
ABSTRACT  

Numerical Simulation of a Single Fracture with Various Parameters 

Gina G. Pope, M.S.  

Advisor: John A. Dunbar, Ph.D.     

Hydraulic fracturing is the process of enhancing host rock permeability through 

injection of pressurized fluid in order to obtain oil and natural gas. Typically, 

microseismicity is used during the fracturing process to monitor the fractures, but this 

technique fails to describe the degree of fracture connectivity. In this study, the direct 

current resistivity (DCR) survey method is modeled for fractures with varying lengths, 

asymmetry, and orientation in order to determine whether DCR can go beyond detection 

and discriminate fractures based on these parameters. Three different host rock 

resistivities are used and fracture resistivity is held constant at 0.25 ohm-m. Results 

indicate that the contrast between host rock and fracture resistivity determines whether a 

fracture can be detected, and that additional boreholes aid in discerning fractures of 

different lengths and asymmetric fractures. Additionally, DCR provides the most 

information about fractures in highly resistive host rocks (>100 ohm-m).  
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CHAPTER ONE 

Introduction  

Hydraulic fracturing is a process of enhancing rock permeability through injection 

of highly pressurized fluids. It is commonly used in the petroleum industry for the 

recovery of oil and natural gas, in which low-permeability prevents fluids from flowing 

from the reservoir rock to the well (Gidley et al. 1989, Valko and Economides 1995, 

Economides and Nolte 2000, Peirce and Detournay 2008). A mixture of fracturing fluids 

and granular proppant are injected into the rock mass at high rate and pressure, which 

disrupts the balance of internal stress, causing fractures to propagate until equilibrium is 

restored (Chen 2009). Similar to a window shattering, fractures form and propagate 

through the rock in the plane orthogonal to the direction of minimum compressive stress 

(Peirce and Detournay 2008). These fractures create a pathway for trapped fluids to flow 

towards the well. Other applications include enhancing geothermal systems, CO2 

injection, and disposal of toxic or radioactive waste (Li et al. 2015).     

During hydraulic fracturing, aqueous fracturing fluids are injected, left in the 

formation for a shut-in or soaking period, and then allowed to flow back to the surface by 

relieving the pressure (flowback water) (Gregory et al. 2011, Hawkes 2014). However, 

only about 5% of the injected fluids are typically recovered, indicating that most of the 

water is forced into the rock matrix or lost through preexisting fractures (Hawkes 2014). 

Using geophysical methods, it may be possible to find anomalies associated with induced 

fractures within the soaking period. This information could then be used to constrain the 
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geometry of the induced fractures and the degree of connectivity between them. In 

addition, the data could help make wells more productive and aid in water management 

(Gregory et al. 2011, Hawkes 2014).  

Geophysical methods provide a non-invasive, economic option for studying 

fractures. One common method used in fracture exploration is electrical resistivity 

surveying. Resistivity is defined as how strongly a material opposes the flow of charged 

particles, or current. An electrical resistivity survey involves applying direct current to 

the ground or boreholes between two or more points, which moves along curved paths 

between the positive and negative source points, and measuring the potential difference 

between two or more points (Figure 1). Variations in resistivity cause changes in electric 

potential. Measuring these changes yields information about the subsurface.   

Electrical resistivity in the subsurface is controlled by electrolytic conduction in 

aqueous solutions (Ward 1990, Stummer et al. 2004). These aqueous solutions are 

concentrated in fractures, pores, faults, and along grain boundaries (Ward 1990). Hence, 

electric current flows preferentially through fluid-filled pore spaces and fractures (Ward 

1990). Therefore, new fractures within previously intact host rock produce anomalous 

changes in resistivity. In this study, I use the finite element method (FEM) to model the 

electrical resistivity distribution before and after a formation has been hydraulically 

fractured.  Fractures are explicitly represented in the model as conductive surfaces within 

3D volume models.  The model is used to generate synthetic data for hypothetical 

borehole resistivity surveys, in which different scenarios are considered, such as different 

fracture geometry and number of boreholes. This is done to determine if resistivity 

surveys can detect hydraulic fractures, and if they can provide information about fracture 
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length, asymmetry, and orientation. It is expected that the resistivity contrast between the 

reservoir rock and fracture will affect fracture detection, and that fracture length and 

number of boreholes will affect what fracture properties can be delineated. 

Figure 1: Schematic diagram of a resistivity survey. 
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CHAPTER TWO 

Background  

Hydraulic Fracturing 

In the 1930s, the Dow Chemical Company discovered that pressurized fluids can 

be applied down hole to fracture formation rock (Grebe 1935). Hydraulic fracturing has 

allowed many successful wells to be drilled in diverse geological settings (Adachi et al. 

2007). Success rates from hydraulic fracturing have increased with the development of 

horizontal drilling. This is due to the increased contact region between the wellbore and 

shale formations (Arthur et al. 2008).  

Hydraulic fracturing is frequently used in shale gas reservoirs. Shale gas is the 

fastest growing source of natural gas and is expected to be the largest contributor to 

natural gas production in the US (EIA 2011). Shale gas is contained in natural fractures 

or adsorbed onto minerals and organic material within the formation (Jenkins and Boyer 

2008, Gregory et al. 2011). Prior to hydraulic fracturing, a vertical well is drilled to a 

depth of at least 1km and then deviated by 90 degrees. At this point, the well is 

completely horizontal and continues for up to 3km (Gregory et al 2011). Steel casing is 

inserted into the well that extends from the surface to the end of the horizontal segment.  

The casing is perforated near the end of the horizontal segment and the perforated zone is 

hydraulically isolated with packers. During hydraulic fracturing, a mixture of freshwater, 

various chemicals to adjust viscosity and proppant, known as fracturing fluid, is injected 

into the perforations at a pressure high enough to induce fractures. This process is 
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repeated at multiple locations in steps or stages working backwards along the horizontal 

segment towards the vertical segment.  The well is then temporarily sealed in order to 

hold the pressure. This keeps the fracturing fluid in the fractures for hours to days, which 

is known as the soaking period. As the fluid sits in the fractures, it interacts with the 

minerals in the surrounding bedrock and becomes more saline. After a specified amount 

of time, the well is unsealed, releasing the pressure, allowing a mixture of fracturing 

fluid, oil, and gas, to flow up the well to be collected. Over time the recovered fluids 

contain less water and more oil or gas. The period during which the recovered fluid is 

mostly water is called flowback, which may last several weeks. (Gregory et al. 2011, 

Hawkes 2014). During flowback, the fluid mixture is collected and treated. Production 

starts after the flowback phase is complete.    

Geophysical Methods 

Geophysical methods are frequently used to study fractures. This is due to the fact 

that geophysical methods are non-invasive and economic. Common methods for fracture 

detection include ground-penetrating radar (GPR) and self-potential (SP). Ground-

penetrating radar is a survey method that sends pulses of electro-magnetic waves into the 

subsurface at frequencies of tens of megahertz to a gigahertz and measures the response 

of the subsurface. This response is in the form of reflections caused by changes in 

dielectric constant. Lane Jr. et al. (2000) successfully used GPR to distinguish between 

water-filled and hydrocarbon-filled fractures. SP surveying has also been done to monitor 

fluid movement in oil wells. For example, Wurmstich and Morgan (1994) measured 

streaming potentials in boreholes to monitor subsurface flow in oil reservoirs. They found 
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that anomalies depended on the well casing, presence of conductive layers, and presence 

of brine (Wurmstich and Morgan 1994).   

The methods above are used mainly to detect the presence of fractures, but not 

their properties, such as length and orientation. Microseismicity is used to delineate 

fracture attributes, specifically during hydraulic fracturing. The increased pore pressure 

reduces normal stress along fractures, causing shear-slip events to occur during the 

hydro-fracturing process (Pearson 1981). These microseismic events are then located 

using earthquake location methods to image the affected volume of rock (Albright and 

Pearson 1982; Rutledge and Phillips 2002). These images provide information about the 

lateral extent and orientation of the stimulated volume. Since the microseismic events 

may extend beyond the fracture tips and into the formation, microseismicity alone may 

not accurately predict the lateral extension and connectivity of induced fractures (Evans 

et al. 1999).     

DCR survey measurements are used to constrain subsurface electrical resistivity 

models. Fractures typically appear as electrically anomalous regions (i.e. less resistive 

than the surrounding rock) since fluids preferentially flow through them, and these fluids 

contain ions that allow electric current to flow. Hence, the DCR method may add 

additional information about fracture geometry, provided there is sufficient resistivity 

contrast between the fluid in the fracture and the host rock.  Hydraulic fracturing fluids 

are normally made with fresh water, to minimize the cost of disposing of the flow-back 

fluid.  However, using saline water has been done and would enhance the capacity to 

image the resulting fractures with the DCR method. In that case, during the soaking 
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period, prior to flowback, the fracture filling fluid would have the highest salinity and 

lowest resistivity. Therefore, DCR measurements need to be made during this stage.  

Resistivity 

Ohm’s law relates current density ( J
!

) to electric potential (V) using isotropic 

resistivity (r) (Dey and Morrison 1979) 

.1 VJ Ñ=
r

!
     (1)

Current density is defined as the flow of charge per unit time through a unit cross-

sectional area. Electric potential is defined as the voltage resulting from a flow of charge. 

Electrical resistivity is a property that describes a material’s ability to oppose the flow of 

electric current. Ohm’s law simply states that charged particles flow in proportion to the 

gradient of electric potential or voltage. In rock, charged particles are dominantly in 

aqueous fluids found along grain boundaries and in pore space. Therefore, electrical 

resistivity is dependent on fluid content, conductivity of the fluid, saturation, and 

porosity. Since hydraulic fractures form with the invasion of fluid, the electrical 

resistivity images should show where the fluid is concentrated, provided it is less resistive 

than the surrounding rock matrix.     

The observed quantity in DCR is V/I, which is the voltage measured between two 

potential electrodes V, divided by the current injected between two current electrodes, I.  

Apparent resistivity, which is the current-density weighted average resistivity that 

impedes flow between electrodes, is then computed from V/I and the electrode array 

geometry. For surface measurements, apparent resistivity represents the resistivity of a 

uniform half-space that would produce the same measurement as the subsurface. Once 
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these data are collected, they are inverted to find an earth model that fits the data. This is 

done by minimizing an objective function. The objective function consists of two parts: 

misfit between predicted and actual apparent resistivity values; and a model complexity 

term, such as smoothness.  

Numerical Methods 

Numerical techniques used in geophysics include the finite difference method 

(FDM), the finite element method (FEM), and the boundary element method (BEM). 

Prior to the introduction of these methods, it was difficult to fully utilize electrical 

resistivity methods due to the inability to model complex structures. FDM, FEM, and 

BEM are known as continuum methods. FEM was developed in the 1960s and 1970s, 

when FDM failed to solve complex problems considered at the time (Jing 2002). It can 

accommodate material heterogeneity, non-linear phenomena, irregular geometry, and 

complex boundary conditions (Jing 2002). Early adopters of numerical methods applied 

to DCR problems include Dieter et al (1969) and Bakbak (1977), who developed 

numerical techniques to model a single body in a conductive half-space. A rectangular 

prism-shaped anomaly was modeled by Hohmann (1975) and Meyer (1977). Typically, a 

conductive body is portrayed as a simple geometric object, such as a sphere, cylinder, or 

rectangular prism.  

In FEM, a volume is divided into a finite number of units, called elements. These 

units are interconnected at points (nodes) common to at least two elements or boundaries. 

Unknown field variables are calculated at every node. These values are then used to 

estimate solution values at non-nodal points using interpolation.  The volume can also 

have variable element size and shape, which increases the model accuracy.  
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The governing differential equation for the electric potential due to a point source 

of electric current within a conductive medium is 
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where I is the injected current, V is the potential at point (x, y, z, ), xp, yp, and zp are the 

coordinates of the point source, and d(x,y,z) is Dirac’s delta function.  Eq. 2 enforces 

conservation of charge at each point within the medium and Eq. 1. 

For infinite domains, Eq. 2 is subject to the boundary condition 
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The finite element formulation of Eq. 2 for a specified region W is given by 

multiplying both sides of Eq. 2 by an arbitrary weighting function W, reducing the order 

of differentiation on the left hand side by integrating by parts and integration of both 

sides over the model domain.  The remainder term from the integration by parts is then 

converted into a surface integral through the application of Green’s theorem and is 

applied as a boundary condition for the finite model domain.  The resulting expression is 

the so called weak formation of Eq. 2 
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Using the techniques of FEM, Eq. 4 is evaluated numerically for voltage at discrete 

nodal locations within the model domain by first replacing the continuous functions V 

and W with piecewise-polynomial functions spanning polygonal elements, which 
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subdivide the model domain.  The polynomial functions are constrained to take on the 

solution of the equation at node locations within each element.  The volume integrals in 

Eq. 4 are evaluated by piecewise numerical integration over the element volumes and 

completed by global summation of the elemental results.  Similarly, the surface integral 

in Eq. 4 is evaluated by numerical integration over surface elements on the model 

boundary. Collectively, these operations and substitutions convert Eq. 4 from an integral 

equation into a system of algebraic equations of the form 

ijij FVK = (5) 

where Kij is the so-called stiffness matrix, which is a N by N sparse, symmetric matrix of 

terms involving local elemental resistivities, Vj are the N unknown nodel voltages within 

the model domain, and Fi is the so-called load vector made up of zeros at nodal locations 

at which no current is injected and the current I at the location where current is injected.   

Hydraulic fractures are expected to have lateral extents on the scale of hundreds of 

meters and apertures on the scale of a centimeter or less.  Representing features of this 

aspect ratio with volume elements is impractical.  Hence, for fractures, the volume 

integral on the left hand side of Eq. 4 is evaluated by assuming that the functions V and W 

do not vary across the thickness t, of the fracture aperture.  The resulting form of the 

integral becomes 

,)(òò
G

GÑ×Ñ
f

dWVt ds  

where Gf is the surface area of the fracture. 
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CHAPTER THREE 

Methods  

To evaluate DCR as a complimentary tool for quantifying induced fracture 

properties, a series of numerical experiments are conducted in which synthetic resistivity 

data are generated using FEM. Due to the decrease in geometrical resolution with 

distance of the DCR method, the survey geometries involve downhole, resistivity 

measurements. Because steel casings are emplaced in wells prior to hydraulic fracturing, 

electrical measurements are not possible within the well after hydraulic fracturing.  

Therefore, the DCR observations are assumed to be done within nearby, uncased 

observation wells.    

I generate a series of synthetic data collection scenarios, which includes: one or 

three boreholes; varying number of electrodes; resistivity of the host rock; fracture 

orientation, symmetry, and length (Figure 2). A mesh program is used to generate a 3D 

rectangular mesh of 8-node brick elements, 4 node surface elements, as well as boundary 

condition data used for the 3D direct current resistivity problem (Figure 3). This program 

generates a grid of nodes, volume elements, surface elements, applies boundary 

conditions, and assigns resistivities to the elements. The surface elements represent the 

fractures, while the volume elements represent the surrounding continuous host rock 

within the fractures occur.    
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Figure 2: Schematic diagram of borehole, electrode, and fracture configuration. 

Nodes are generated on a rectangular grid. The distance between nodes can vary. To 

ensure accuracy, the mesh for the model is designed with smaller spacing between nodes 

where the boreholes and fractures are, and larger spacing at the edges of the model. The 

model is symmetric in all directions. Therefore, the only model parameters affecting the 

output resistivity are the fracture and borehole data. The model has 31 grid points in the 

x, y, and z direction. The minimum mesh spacing is 10m, and the total extent of the 

model is 2000m in all directions. The mesh generator for the angled fracture follows the 

same protocol, except this mesh is made up of a series of 6-node wedge elements, 

allowing fractures at non-orthogonal angles to be represented.     
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Figure 3: The mesh used in the models.  

 
 Three host rock models are used with constant resistivity values (20, 100, and 

1000 ohm-m) assigned to the volume elements. A uniform fracture aperture of 1cm and 

resistivity 0.25 ohm-m is assumed throughout. 0.25 ohm-m is used since it is about the 

resistivity value of seawater, and it is low enough to create a significant contrast between 

the host rock and the fracture. Fracture length varies from 100m to 700m in the y 

direction, which is done to determine whether fracture length affects the resulting 

resistivity distribution by a detectable amount. Fracture height is held constant because it 

is dominantly controlled by the lithology of the host rock. Fractures extend vertically 
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until they contact a more resilient layer. However, fractures will continue to extend 

horizontally.   

Since the model is 3D, a pole-pole array is used. A pole-pole array uses a single 

source electrode and a single receiver electrode in the study area. The other source and 

receiver electrode are located far away from the study area, so their location has 

negligible effect on the measurements. These are known as infinity poles. In order for the 

current to reach the infinity poles, it travels spherically and distributes itself equally 

around the source point in all directions. Hence, pole-pole arrays are ideal for 3D 

surveys. In this case, the B and N electrodes are the infinity poles. This means that for 

each measurement from an A electrode, all other electrodes are the M electrode.  

A forward model program uses FEM to solve for the electric potential at receiver 

electrodes occurring in response to injected current in a 3D conductive domain. I start 

with a simple reference model, then modify this reference model to monitor how the 

resistivity is affected. The first model consists of one borehole located at the model 

center. The resistivity of the matrix is held constant at 100 ohm-m. There is one fracture 

perpendicular to the borehole, located at a depth of 950m and various lengths (100m, 

150m, 200m, 250m, 300m, 350m, 400m, 500m, and 700m). The fracture is symmetric 

with respect to the borehole array. Then, two other models are introduced. These models 

have the same borehole/fracture configuration, but one has a background resistivity of 20 

ohm-m (to represent shale) and the other 1000 ohm-m (to represent crystaline rocks). 

Changing the background resistivity of the model is done to observe how different host 

rock resistivities affect the survey results.  
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 To determine whether asymmetry of the fracture relative to the borehole can be 

distinguished using DCR, the fracture center is offset by 50m for 100-700m length 

fractures, and then by 100m for 250-700m length fractures. To ensure model accuracy, 

the fractures are then “flipped”, which means the fracture is offset by the same amount, 

but in the other direction, and the results of this model are compared to the original 

model. Both models are checked to make sure the results are the same, so I know the 

direction of asymmetry does not affect the results.  

Using the same borehole configuration, two additional models are made with host 

rock resistivities of 100 and 1000 ohm. Each have a symmetric fracture, but oriented at 

45 degrees relative to orientation of the boreholes in the x-y plane.  All the trials above 

are repeated with the addition of two more boreholes. The additional boreholes are offset 

to either side of the original borehole by 250m in the y-direction, the total borehole 

spacing equaling 500m. Also, each borehole contains 11 additional electrodes, spaced 

10m apart at a depth of 950m.   

Typically, geophysical data are inverted, which means the survey data are fitted 

to a model based on an objective function and parameter constraints. In this study, 

inversions are not done. This is because the resistivity of the host rock needs to be 

constrained, and the inversion needs to be done for just the fractures. This type of 

program is not available at this time. Also, the main objective of this study is to 

determine whether DCR is a practical method for fracture discrimination post hydraulic 

fracturing. Forward modeling is a sufficient approach to this objective.    

The synthetic data generated from these model runs consists of apparent 

resistivity values for each A-M electrode combination. I evaluate the extent to which 
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information about fractures can be extracted from synthetic data sets by comparing the 

apparent resistivities to those of reference models in two ways.  First, to see if a fracture 

or property of a fracture can be detected using the DCR method, I determine the 

maximum difference between apparent resistivities with a fracture for fracture property 

and those of a reference model that lacks the fracture or fracture property. If the 

maximum difference is less than the typical DCR survey noise level of 2-5%, then the 

fracture or fracture property cannot be detected with confidence. This is the most 

optimistic measure of detectability. Then as a more conservative measure of the capacity 

to differentiate fracture lengths, symmetry, and orientation, I compute the RMS 

difference between apparent resistivities versus a reference model. The RMS difference 

represents the overall resistivity change caused by hydraulic fracturing, as well as 

changes caused by fracture length, symmetry, and orientation. The RMS difference is 

used as a conservative measure of information content because readings made farther 

from the fracture are averaged equally with measurements closer to the fracture. All RMS 

differences are normalized by dividing by the apparent resistivity of a reference model to 

produce a percent difference. In this way all RMS differences from each model can be 

compared to one another. Hence, RMS differences greater than 5% indicate a significant 

overall change in the apparent resistivity data set from the reference model.   

To deduce whether fractures can be distinguished using the DCR method, the 

RMS difference is computed between the apparent resistivity values of the test model and 

the apparent resistivity from a reference model. Table 1 lists the test models used and 

their corresponding reference model.     
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Table 1: List of test models and their corresponding reference model used to calculate 
percent RMS difference. 

Test model Reference Model Purpose 
 
Models with a fracture 

 
Unfractured model 

 
Fracture detection 

 
Models with fractures 150-
700m long 

 
Models with a 100m long 
fracture 

 
Differentiation of fracture 
length 

 
Models with an 
asymmetric fracture 

 
Models with a symmetric 
fracture 

 
Differentiation of fracture 
symmetry 

 
Models with an inclined 
fracture 

 
Models with a non-inclined 
fracture 

 
Differentiation of fracture 
orientation 

 

The host rock resistivity represents the apparent resistivity before any fracturing 

takes place, and the apparent resistivity is the survey result after hydraulic fractures have 

been made. Therefore, the RMS difference represents the change caused by the fractures 

themselves. An RMS difference greater than 5% means that the fractures cause a large 

enough resistivity change that they can be delineated using DCR. Additionally, the 

maximum resistivity difference between fracture and host rock is calculated for each 

scenario. If the maximum difference does not exceed 5%, then DCR is not a sufficient 

method to detect fractures. 

RMS differences between the 100m fracture (250m fracture in the case of 100m 

fracture offset) and the other lengths are calculated to see if apparent resistivity values 

change sufficiently (>5%) with fracture length. The purpose of this is to determine if 

DCR is able to distinguish various-length fractures apart from one another. For instance, 

if the RMS percent difference between a 100m fracture and 700m fracture is 2%, then 

they cannot be told apart using DCR. If the RMS difference between a 100m fracture and 
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a fracture of another length is greater than 5%, then DCR is sufficient to distinguish 

fractures of different lengths from one another.   

A similar technique is used to test whether or not fracture symmetry and 

orientation can be determined using the DCR method. The RMS differences between the 

models with asymmetric fractures and models with symmetric fractures are calculated to 

determine if DCR is sufficient at distinguishing asymmetric fractures from symmetric 

fractures. Additionally, the RMS differences between the models with a fracture angled at 

45 degrees and models with a fracture perpendicular to the borehole are calculated. This 

is done to establish the ability of DCR to differentiate fractures based on their orientation. 

Again, RMS differences greater than 5% indicate that fracture symmetry and/or 

orientation will affect the DCR results by a significant amount.  

. 
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CHAPTER FOUR 

 
Results   

 
 

Host Rock – Fracture Resistivity Contrast   
 

Table 2 lists the ranges of RMS differences relative to the reference models 

calculated from each model after hydraulic fracturing. Only models with a host rock 

resistivity of 1000 ohm-m have RMS differences greater than 5%. The larger the contrast 

between host rock resistivity and fracture resistivity, the larger the anomaly created by 

the fracture. This is shown in the RMS differences between 20, 100, and 1000 ohm-m 

model results (Figure 4). The RMS resistivity difference before and after fracturing 

increases with increasing resistivity of the host rock, and in many cases is up to an order 

of magnitude larger (Table 2). This is further confirmed by the smaller range of RMS 

differences with the 20 ohm-m models compared to the 1000 ohm-m models (Figure 4). 

Another result is that the three borehole-models have smaller RMS differences than the 

single borehole models (Figure 4). In all models with a 20 ohm-m host rock resistivity, 

the maximum resistivity difference is less than 5%. For all 100 ohm-m models, the 

maximum difference is up to 13%, and up to 50% for 1000 ohm-m models.      

 

 

 

 



 20 

Table 2: Percent RMS difference ranges for each model. 

Model: RMS Difference Range 
(1BH): 

RMS Difference 
Range (3BH): 

20 ohm-m, symmetric, 
perpendicular 

0.69-0.73 0.22-0.39 

100 ohm-m, symmetric, 
perpendicular 

3.04-3.26 0.98-1.78 

1000 ohm-m, symmetric, 
perpendicular 

13.8-16.3 4.46-9.67 

20 ohm-m, asymmetric 
(50m), perpendicular 

0.07-0.36 0.18-0.31 

100 ohm-m, asymmetric 
(50m), perpendicular 

0.26-1.46 0.78-1.42 

1000 ohm-m, asymmetric 
(50m), perpendicular 

0.82-3.70 3.43-6.72 

20 ohm-m, asymmetric 
(100m), perpendicular 

0.10-0.13 0.07-0.22 

100 ohm-m, asymmetric 
(100m), perpendicular 

0.40-0.59 0.35-0.98 

1000 ohm-m, asymmetric 
(100m), perpendicular 

1.39-3.13 2.60-4.85 

100 ohm-m, symmetric, 
angled 

0.87-0.91 0.30-1.46 

1000 ohm-m, symmetric, 
angled 

3.41-3.81 1.33-8.24 

Fracture Symmetry and Orientation 

Since fractures in the 20 and 100 ohm-m host rock do not create greater than 5% 

change, both asymmetric and inclined fracture models also do not generate a significant 

RMS difference. In the 1000 ohm-m host rock models, a fracture that is asymmetric by 
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50m does create an RMS difference greater than 5% when compared to symmetric 

fractures of the same length, but only when there are three boreholes (Figure 5C). With 

the 50m asymmetric fracture, there is not a significant change in RMS difference in 

fractures 200-700m long when one borehole is used (Figure 5). In contrast, the RMS 

difference increases with fractures 350-700m long in the models with three boreholes. A 

similar result is seen with the RMS differences in the models with fractures offset by 

100m (Figure 6). These models show an increase in RMS difference with three 

boreholes, but the RMS differences peak at around 400m and then start to decrease 

(Figure 6). However, a fracture asymmetric by 100m does not generate a significant 

change in the resistivity and therefore cannot be distinguished from a symmetric fracture 

of the same length, even with three boreholes (Figure 6C).   

In contrast, a fracture that is oriented 45 degrees from the borehole in 1000 ohm-

m host rock can be differentiated from a fracture perpendicular to the borehole at fracture 

lengths greater than 400m when three boreholes are used (Figure 7B).    

 
Fracture Length Differentiation 

 
Fracture length affects the survey results. In the symmetric, perpendicular fracture 

models, the longer the fracture, the larger the RMS difference, and therefore a larger 

resistivity anomaly. Figure 4 shows that symmetric fractures that are 100-400m long have 

similar RMS differences when using three boreholes in 1000 ohm-m host rock. However, 

once fractures are longer than 400m, the RMS difference starts to increase.  

 In regards to distinguishing fractures of different lengths from a 100m long 

fracture, there are various results (Figure 8). With one borehole, fractures longer than 

200m and asymmetric by 50m can be distinguished from an asymmetric, 100m fracture 
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(Figure 8A). This is confirmed by the RMS difference being greater than 5%. The 

symmetric fractures, asymmetric by 100m fractures, and the inclined fractures could not 

be differentiated from a 100m fracture using one borehole. This is shown in Figure 8A by 

the RMS differences being less than 5%.  

Nonetheless, three boreholes do improve the results. With three boreholes, 

symmetric fractures with lengths 500-700m can be distinguished from a 100m long 

fracture, since the RMS differences are greater than 5%. The same can be said for 500-

700m fractures asymmetric by 100m. For fractures asymmetric by 50m, fractures longer 

than 300m create a change in resistivity greater than 5%, with respect to a 100m fracture 

(Figure 8B). None of the inclined fractures could be discriminated from an inclined 100m 

fracture, even using three boreholes.    
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Figure 4: Graphs showing the RMS difference in resistivity caused by an induced fracture 
of various lengths using 1 (A) or 3 (B) boreholes.  
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Figure 5: Graphs showing the change in percent RMS difference in (A) 20 ohm-m host 
rock, (B) 100 ohm-m host rock, and (C) 1000 ohm-m host rock with an asymmetric (by 
50m) fracture when compared to a symmetric fracture of the same length. 
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Figure 6: Graphs showing the change in percent RMS difference in (A) 20 ohm-m host 
rock, (B) 100 ohm-m host rock, and (C) 1000 ohm-m host rock with an asymmetric (by 
100m) fracture when compared to a symmetric fracture of the same length.  
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Figure 7: Graphs showing the change in percent RMS difference in (A) 100 ohm-m host 
rock, and (B) 1000 ohm-m host rock with an inclined fracture when compared to a 
perpendicular fracture of the same length. 
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Figure 8: Graphs showing the RMS difference from fractures when compared to a 100m 
(250m for the asymmetric by 100m model) fracture in a host rock with a resistivity of 
1000 ohm-m when one borehole is used (A) and three boreholes are used (B).  
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CHAPTER FIVE 

Discussion  

Resistivity Contrast 

Fractures in the 20 ohm-m host rock result in smaller resistivity anomalies than 

the 100 and 1000 ohm-m bedrock models. The maximum resistivity difference in the 20 

ohm-m host rock is less than 5%, hence fractures cannot be detected. Since the fractures 

cannot be detected, fracture length, asymmetry, and orientation cannot be differentiated. 

However, the maximum differences in the 100 and 1000 ohm-m models exceed 5%, and 

therefore fractures can be detected by a DCR survey. The maximum differences in the 

1000 ohm-m bedrock model are significantly higher than the maximum differences in the 

100 ohm-m bedrock, which indicates that a larger resistivity contrast increases the 

probability of fracture detection using DCR.  

 The fracture thickness (1cm) and electrode spacing (10m) is the same in all 

models. Because the fracture is so small with respect to the electrode spacing, it is 

difficult to detect, since the current is mostly flowing through host rock. However, a 

model with fractures wider than 1cm would not be realistic for a hydraulic fracturing 

scenario. Since it would not be reasonable to make the fracture wider, the parameter that 

affects the apparent resistivity the most is the contrast between the resistivity of the host 

rock and the resistivity of the fracture, which is controlled by the hydraulic fracturing 

fluid. Electrode spacing could be made smaller, but this would only increase fracture 

detectability near the borehole, and not provide information on fracture length, symmetry, 
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or orientation. Increasing the resistivity contrast makes the fracture easier to detect and to 

delineate its properties using the DCR method.  However, with up to 35% of the fracture 

volume being filled with non-conductive proppant, it would be difficult to reduce the 

resistivity of the fracture-filling material by enough to produce sufficient contrast with a 

20 Ohm-m host rock, even using brines as the base water.  

In the 100 ohm-m models, the resistivity of the host rock is 400x the resistivity of 

the fracture, and the corresponding RMS differences are around 1-3%, which is equal to 

the typical noise level in DCR surveys. However, the RMS differences are around 10-

15% when the host rock resistivity is 1000 ohm-m. This indicates that there must be a 

very large contrast between the resistivity of the host rock and the hydraulic fracturing 

fluid in order to delineate fracture properties via DCR resulting from hydraulic fracturing.    

 
Fracture Length and Orientation 

 
In addition to resistivity contrast, fracture length affects the survey. Longer 

fractures typically cause larger anomalies, since longer fractures tend to have more 

conductive fluid. This is why longer fractures tend to have larger RMS differences. The 

extra boreholes and their spacing also affect this. For example, the two extra boreholes 

are 250m away from the center borehole, and a 400m long fracture is 200m to either side 

of the center borehole, and hence does not intersect the other boreholes. A 500m fracture 

is 250m to either side of the center borehole, which just intersects the boreholes. 

Therefore, the fracture needs to be in the vicinity of the boreholes in order to be detected, 

and longer fractures require multiple boreholes for surveying. This is further confirmed in 

the models with an inclined fracture. With three boreholes, the RMS difference increases 

with inclined fractures longer than 300m. Although this fracture only intersects the center 
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borehole, the ends of the fracture are still close enough to the outer boreholes to cause a 

noticeable resistivity difference.   

Fracture Symmetry 

Multiple boreholes are needed to differentiate symmetric and asymmetric 

fractures. If the fracture intersects all three boreholes, then the boreholes will detect it. If 

only one of the boreholes detects a fracture, then that fracture is in only in contact with 

that borehole. Hence, the fracture is asymmetric with respect to the borehole geometry. 

However, if there was only one borehole to begin with, there is no way to determine if 

the fracture is asymmetric. Either the fracture intersects the borehole and is detected, or it 

doesn’t intersect the borehole and is not detected. If the fracture is not detected, then it is 

assumed to not exist. In reality the fracture is present and is actually offset a distance 

large enough from the borehole to not be picked up from the DCR survey. If the fracture 

was symmetric with respect to the borehole, it would generate an anomaly. Additional 

boreholes can solve this problem.  

Since the detection and discrimination of asymmetric fractures rely on their 

intersection with the boreholes, the number of boreholes needed depends on the length of 

the fracture and its offset. This means that, eventually, three boreholes will not be 

sufficient for fraction discrimination, once the fracture extends beyond the spread of the 

boreholes. For example, a 900m long fracture has a lower RMS difference than a 700m 

long fracture, because the 900m fracture is extended too far away from the boreholes. 

Longer fractures require more boreholes in order to be detected, as well as to be 

differentiated based on their symmetry.  
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Also, the amount of offset in asymmetric fractures affect the survey results. A 

50m offset means the 100m fracture is offset by 50% of its total length, whereas with a 

200m fracture, the fracture is offset by 25% of its length. When compared to the 

symmetric fracture, the 200m asymmetric fracture has a much lower RMS difference 

than the 100m asymmetric fracture, most likely due to the decrease in offset with respect 

to fracture length.     

 
Length Discrimination  

 
Fracture length and number of boreholes affect the ability of DCR to discriminate 

fractures of different lengths from one another. One borehole is not sufficient, since only 

fractures asymmetric by 50m could be discriminated from an asymmetric, 100m long 

fracture. As previously stated, fractures must intersect the borehole in order to be 

detected. Eventually though, a point is reached at which increasing the fracture length 

does not increase its detectability, because the fracture extends too far beyond the extent 

of the DCR survey. In the 1000 ohm-m case, this happens when fracture length exceeds 

1.5 times the borehole spacing. This leads to the DCR survey detecting similar anomalies 

for each fracture, regardless of its length. Since the anomalies are not significantly 

different from one another, these fractures cannot be distinguished from one another, 

even when compared to a shorter fracture.   

 Similar to the case of asymmetric fractures, additional boreholes solve this 

conflict. The extra boreholes expand the extent of the DCR survey, and hence increase 

the ability of the survey to distinguish longer fractures from shorter ones. The spacing of 

the boreholes also affects the survey. Once a fracture extends beyond the boreholes, the 

ability of DCR to discriminate it from other fracture decreases. If the boreholes are 
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spaced 100m apart, then fractures that expand beyond that 100m become difficult to 

discriminate from one another. If the borehole spacing is increased to 500m, then only 

fractures beyond the 500m are difficult to discriminate. Therefore, more fractures can be 

discriminated from one another if the boreholes are spaced farther apart. Depending on 

the purpose of the survey, it may be more efficient to have three boreholes placed 500m 

apart from one another than 6 boreholes placed 250m apart. However, the effect of the 

number of boreholes and their spacing on DCR surveys should be studied in the future, as 

well as the effects of electrode spacing. 
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CHAPTER SIX  
 

Conclusion 
 

 
 Currently, the only method to estimate the length of fractures created during the 

process of hydraulic fracturing is microseismicity, which fails to provide any information 

on fracture connectivity. The purpose of this study is to evaluate whether downhole DCR 

measurements are sufficient to determine fracture length, symmetry, and orientation 

using FEM. My model is a rectangular mesh with a single fracture of various lengths, and 

one or three boreholes in host rock with constant resistivity. The array is 100m long and 

contains 11 electrodes. The models have host rock resistivities of either 20, 100, or 1000 

ohm-m to represent different lithologies. Fractures vary in length from 100-700m, are 

either symmetric, asymmetric by 50m, asymmetric by 100m, or inclined by 45 degrees. 

The asymmetric and inclined fractures are compared to symmetric fractures of the same 

length by calculating the percent RMS difference in order to establish whether DCR 

could differentiate asymmetry and orientation. Each fracture is also compared to a 100m 

long fracture in the same way to discern whether DCR could distinguish 100m fractures 

from fractures longer than 100m.  

 The largest changes in resistivity occur in models with the 1000 ohm-m host rock, 

indicating that fracture detection using DCR is heavily dependent on the resistivity 

contrast between the host rock and the hydraulic fracturing fluid. Therefore, DCR is not 

useful in shale. However DCR could be useful for characterizing fractures in crystalline 

and carbonate rock. In addition to resistivity contrast, additional boreholes aid in the 
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differentiation of fracture asymmetry, inclination, and fracture length. The discrimination 

of these parameters is dependent on the distance between boreholes. Also, additional 

boreholes do improve the delineation of fracture length, but mostly only for fractures 

greater than or equal to the total borehole spacing.   
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