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ABSTRACT 

This thesis describes an algorithm based on data obtained during underbalanced drilling 

operations to identify the location and properties of productive natural fractures that are 

intersected by the wellbore.  Fluid production during the drilling process provides the basis for 

locating conductive natural fracture zones along the wellbore.  In addition, an approach is 

described for estimating the permeability of each conductive feature.  A validation technique is 

employed in order to quantify the level of confidence in the proposed methodologies. 

The methodologies developed in this report are applied to drilling and mud log data from 

six horizontal wells in tight gas reservoirs that were drilled underbalanced.  Conductive natural 

fracture zones are determined through a screening process using a set of fracture identification 

criteria.  The permeability of each fracture zone is then calculated using estimates of gas influx 

rate.  The wells investigated consist of three sets of parallel wells with horizontal spacing of 

roughly 700 ft.  The results from the natural fracture characterization analysis for each pair of 

wells are compared.  It is argued that patterns in the locations of conductive natural fractures in 

parallel wells could be an indication of the orientation of the natural fracture system in the region.   

In two of the three well pairs considered, the majority of identified conductive fracture 

locations in one well aligned with a corresponding feature in the parallel well.  The confidence 

level in these methodologies is moderate to high. 

The flow contribution from natural fractures is known to dominate production from tight 

gas reservoirs, however, gaining information about the geometry and permeability of the natural 

fracture system is often impossible or cost prohibitive.  The methodologies described in this 

thesis make use of data that is commonly recorded for virtually every new well that is drilled, 

reducing the need to contract expensive image log tests.  Additionally, the methodologies can be 

applied in near real-time as the well is drilled.  The information obtained from this type of natural 

fracture characterization analysis can be used to improve hydraulic fracture treatment designs. 
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CHAPTER 1: INTRODUCTION 

As a result of the decline in gas reserves worldwide and an increase in energy 

consumption, the oil and gas industry has recently experienced a dramatic shift towards the 

development of reservoirs of extremely low permeability previously considered uneconomic 

(Stewart 1970; Vairogs et al. 1971; Agarwal et al. 1979).  It is recognized that the development of 

these tight gas resources will play a key role in attaining energy security for the future.  Currently, 

many of the largest known natural gas reservoirs, especially in North America, are considered 

low-permeability, or tight gas, reservoirs (see Figure 1.1).  As illustrated in Figure 1.2, North 

America is estimated to hold over a quarter of the world’s natural gas resource.  Effectively 

tapping into these reserves will undoubtedly help to reduce the U.S.’s foreign oil and gas imports.   

Additionally, with the recent concerns regarding climate change as a response to carbon 

dioxide emissions, natural gas presents a great opportunity to establish a precedence to promote 

low CO2 emissions.  As indicated by Table 1.1, burning natural gas produces roughly two-thirds 

the amount of CO2 as oil and nearly half the amount of CO2 as coal (Moore 2010).   

In order to stimulate extensive production of tight gas reserves, new techniques for 

analyzing the long-term production capabilities of the wells must be implemented.  Although the 

preferred method is production data analysis, there are many limitations encountered when 

attempting to apply these techniques to tight gas reservoirs.  Most notably, it has often been 

reported that tight gas wells require economically prohibitive shut-in times, on the order of 

months, before the data can be used for decline curve analysis and type curve matching 

(Anderson et al. 2010).  Additionally, engineers have realized that in order for tight gas reservoirs 

to be considered economic, vast fracture networks must be present.  Both natural and hydraulic 

fractures have large impacts on production performance analysis of tight gas reservoirs.  In a 

conventional reservoir, perhaps the most influential reservoir property on the performance of a 

well is the reservoir permeability.  Permeability is a measure of how efficiently a rock can 

transmit fluids, typically measured in darcies or millidarcies.  However, in a tight gas reservoir 

there is an intense interaction between the fractures that intersect the well and the intact formation 

(Wei and Economides 2005).  The number of fractures in a formation and their connectivity, as 

well as the fracture characteristics, will have a large impact on the overall productivity of a well. 

Characterization of the individual natural fractures and fracture networks has been 

recognized to be an extremely important factor for determining hydraulic fracturing procedures, 

well completion strategies, and estimating well performance (Aguilera 2008).  There are currently 
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many well-testing methods used to deduce fracture properties including use of production data, 

core analyses, acoustic and resistivity image logs, and, most recently, use of drilling data.  Any 

data that the engineer can obtain that will help to infer fracture properties such as fracture width 

fracture length, fracture permeability, fracture conductivity, and fracture orientation can have 

significant economic implications. 

 

Figure 1.1  Cartoon illustrating the principle of unconventional gas resources.  Globally, large 

quantities of natural gas exist in low permeability reservoirs.  Technical and economic limitations 

impede progress in the development of these substantial resources.  (Xiong and Holditch 2006). 

 

 

Figure 1.2  Chart illustrating the estimated worldwide distribution of natural gas resources.  Over 

a quarter of the world’s natural gas resource exists in North America.  (Xiong and Holditch 2006). 

 

North 

America: 
8,230 TCF

Asia:

5,090 TCF

Other:

19,240 TCF

Natural Gas Resources Worldwide

Total: 32,560 Trillion 
Cubic Feet (TCF)
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Table 1.1  Table portraying the emission levels of various pollutants for natural gas, oil, and coal.  

Natural gas is considered a “clean” burning fossil fuel source with roughly half the CO2 

emissions as coal.  Note that burning natural gas produces zero mercury emissions.  (Moore 

2010). 

 

1.1 Motivations for Research and Problem Statement 

The economic viability of a well drilled in an unconventional gas reservoir is largely 

influenced by the level of connectivity between natural fractures, stimulated fractures, and the 

wellbore.  Engineers have the ability to control the wellbore path and, to some extent, the 

hydraulic fracturing process.  On the other hand, natural fracture systems are outside of the 

engineer’s control.  While knowledge of the geologic conditions and stress history are helpful to 

estimate the characteristics of the natural fracture system in a given reservoir, the true extent of 

the natural fracture system in any specific location is typically unknown (i.e., near wellbore).  

Several well testing methods are available to the industry to identify natural fractures near the 

wellbore, including acoustic and resistivity image logs, but the poor-quality results of these 

techniques do not compensate for the expensive costs in most cases.  The desire to learn as much 

as possible about the natural fracture systems present in tight gas plays while striving to keep 

drilling and completions costs to a minimum has led researchers to explore the use of drilling data 

as a means for natural fracture characterization. 

Several reports in the literature indicate that it is possible to locate and characterize the 

permeability of natural fractures intersected by the drillbit during conventional, overbalanced 

drilling operations through the use of mud loss data.  However, most wells in unconventional gas 

reservoirs are drilled underbalanced.  For the case of underbalanced drilling, the downhole 

pressure condition requires that an alternate approach for natural fracture characterization be 

developed.   

The investigation discussed within this thesis is essentially an exploitation study to 

determine whether valuable information concerning natural fracture systems that intersect 

horizontal wellbores in tight gas reservoirs can be discovered through the use of underbalanced 

drilling data.  Methodologies are developed to determine highly probable conductive natural 



4 

 

fracture “zones” and, hence, characterize natural fracture permeability at these locations.  The 

methods make use only of data that is commonly recorded by drilling engineers in practice during 

underbalanced drilling operations.  The ability to apply the methods in a practical manner is 

facilitated by the development of a computational tool.  Due to the high level of uncertainty 

inherent to this type of analysis, several practical validation analyses are identified and 

subsequently performed. 

1.2 Background Material 

In order to develop methodologies to use underbalanced drilling (UBD) data to locate and 

characterize the permeability of natural fractures which intersect the wellbore, it is necessary to 

introduce some relevant background material.  First, it is essential to understand the current 

practice by which reservoir engineers are able to characterize reservoir and fracture properties.  

Special attention will be paid to the limitations of these conventional approaches when applied 

towards tight gas reservoirs.  Second, an overview of the types of data collected during the 

drilling process will be discussed.  Several categories of data that have potential to be indicators 

of the presence of natural fractures will be identified.  Third, fundamentals of gas flow through 

porous and fractured media will be described.  Specifically, flow of gas through tight formations 

where permeability is less than 0.1 md and gas flow through fractures will be reviewed to provide 

a basis for characterization of natural fracture permeability.    

1.2.1 Reservoir Characterization 

Production data analysis (PDA) is the most common technique used to evaluate 

production performance of wells by providing estimates of reservoir permeability, fracture length, 

fracture conductivity, well drainage area, original gas in place (OGIP), estimated ultimate 

recovery (EUR), and skin effects.  The advantage of PDA is that production rate and cumulative 

production data are two pieces of information that are recorded for every well.  A disadvantage to 

this method is that it can often take years to obtain the necessary data.  Many different PDA 

methods have been proposed, but no single approach has been proven to always give the most 

accurate results (Gaskari et al. 2006).  All available methods can be categorized into one of two 

subsets of PDA techniques: decline-curve analysis (DCA) or type-curve matching (TCM). 

The first DCA approach was proposed by Arps (1945) and was based purely on an 

empirical extrapolation of production rate data.  The relationship between production rate and 

time is illustrated by the following equation representing a declining trend (Arps 1945): 
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Here ( )q t is the oil or gas production rate at time t , iq is the initial production rate, and b and 

iD are two constants.  For the two special cases of 0b  and 1b  , Equation 1.1 will take the 

following forms, respectively: 
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Equation 1.2 represents production rate data that exhibits an exponential decline, whereas 

Equation 1.3 represents production rate data that exhibits a harmonic decline.  Any values of b

between 0 and 1 represent a hyperbolic decline of production rate. 

 Production rate can also be shown to be a function of cumulative production.  For the 

example of exponential decline: 
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Here ( )q t represents cumulative production as a function of time.  Solving Equation 1.4 yields: 

 
1

( ) ( )iD t i
i

i i

q
q t q e

D D


    (1.5) 

Combining Equations 1.2 and 1.5, and rearranging for production rate, ( )q t , results in: 

 ( ) ( )i iq t D q t q    (1.6) 

Similar results can be obtained for the harmonic and hyperbolic cases.  The results indicate that 

plots of rate vs. time and rate vs. cumulative production are both useful for determining the 

correct values of iD and b for a given well. 

 In general, it is difficult to predict which behavior a particular reservoir will exhibit.  

Type-curves can be generated for the empirical Arps (1945) equation based on different values of 
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b  ranging between 0  and 1 .  Using records of production rate and cumulative production, field 

data can be plotted over the type-curves, and the resulting match will provide a good estimate of 

the values for iD  and b .  The power behind the DCA method is that once the correct match has 

been determined for a given well, the trend can then be extrapolated to a specific time in the 

future to estimate ultimate recoveries.  Figures 1.3a-d illustrate examples of shapes of rate vs. 

time and rate vs. cumulative production curves exhibiting the three types of behavior.  

Additionally, making use of properties of logarithms further enhances the ability of the engineer 

attempting to match the correct parameters for a well.  Depending on the type of plot and the type 

of behavior, when plotted on a semilog scale some trends will appear linear which can make it 

easier to determine the behavior of field data. 

Lee and Wattenbarger (1996) remind users of PDA methods that Equation 1.1 is based on 

four important and widely violated assumptions. 

1. The equation assumes that the well analyzed is produced at constant BHP [bottomhole 

pressure].  If the BHP changes, the character of the well’s decline changes. 

2. It assumes that the well analyzed is producing from an unchanging drainage area (i.e., 

fixed size) with no-flow boundaries. 

3. The equation assumes that the well analyzed has constant permeability and skin factor.  If 

permeability decreases as pore pressure decreases, or if skin factor changes because of 

changing damage or deliberate stimulation, the character of the well’s decline changes. 

4. It must be applied only to boundary-dominated (stabilized) flow data if we want to 

predict future performance of even limited duration.  If the data “fit” with a decline curve 

are transient, there is simply no basis for predicting long-term performance.  Until all the 

boundaries of the drainage area (or reservoir) have influenced the well’s decline 

characteristics, predictions of the long-term decline rate are not unique and, except by 

sheer accident, are incorrect,”  (Lee and Wattenbarger 1996). 

It should be emphasized that the Arps (1945) DCA curves have no physical basis and rely 

on empirical trends.  Because of this shortcoming, several publications have attempted to provide 

a theoretical basis for type-curves (e.g., Fetkovich 1980; Carter 1985; Cox et al. 1996).  These 

sets of type-curves relate the production rate decline trend to practical engineering flow 

parameters and are based on theoretical solutions to flow equations. 

Although PDA techniques have been an extremely useful tool for reservoir 

characterization, they have been developed mostly for conventional reservoirs and vertical well 
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systems.  Application of these techniques towards tight gas reservoirs results in numerous 

problems.  Most TCM techniques are based on the assumption that the reservoir exhibits radial 

flow.  This implies that flow is converging towards the wellbore in all directions.  However, 

analysis of decline curves for tight gas wells has suggested that these reservoirs can often exhibit 

linear flow for over 10 or 20 years, never reaching radial flow throughout the entire productive 

life of the well (Millheim and Cichowicz 1968; Wattenbarger et al. 1998).  Linear flow, which is 

characterized by flow paths that act parallel to each other, is thought to be caused by presence of 

fractures (see Figure 1.4a).  In addition, conventional type-curve methods only allow for the 

interpretation that linear flow is the result of a single fracture associated with the well (Anderson 

et al. 2010).  Tight gas reservoirs are commonly completed with a horizontal well that intersects 

multiple transverse fractures.  Conventional PDA methods cannot account for the complexity of 

this occurrence.  In an attempt to overcome the restraints of the conventional models, several 

publications have proposed DCA/TCM techniques that are directly applicable to extremely low-

permeability and highly fractured formations (e.g., Wattenbarger et al. 1998; Anderson et al. 

2010).  Regardless, the PDA methods are somewhat limited for application in tight gas reservoirs, 

and more advanced techniques must be developed to characterize the natural and stimulated 

fracture systems. 

 

Figure 1.3  These charts are generalized plots of production rate, q , and cumulative production, 

q , versus time.  Both Cartesian plots and semi-log plots are shown. (Lee and Wattenbarger 1996). 

 

(a) (b) 

(c) (d) 
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Figure 1.4  a) Flow from the formation into the fracture is linear followed by b) converging 

radial flow within the fracture.  These flow patterns are the most common assumptions for fluid 

flow models (Wei and Economides 2005). 

1.2.2 Overview of Drilling Data 

At least two data sets are almost universally generated while drilling an oil or gas well.  

The first is called the drilling log.  This provides measurements that are critical to evaluating the 

overall drilling process.  The drilling log contains information about the progress of the well such 

as measured depth (MD), true vertical depth (TVD), inclination, weight on bit (WOB), rate of 

penetration (ROP), and gamma ray.  It also provides information about the drilling mud 

circulation system such as mud pit volume, pump pressure, and mud flow rate.  This type of data 

can be used for QA/QC purposes as the well is drilled.   

The second data set is called the mud log.  This log is generally created by the on-site 

geologist as the well is drilled.  Many things can be recorded in the mud log depending on the 

contractor, but two features should exist in all mud logs: formation geology and total gas 

measurements.  As the drillbit penetrates the formation the rock is crushed, and these cuttings are 

flushed from the well and carried to the surface by the circulating drilling mud.  A geologist will 

examine the cuttings and inform the drilling engineer which type of formation is currently being 

penetrated.  This information is recorded in the mud log on a depth basis as the well is drilled in 

order to create a geologic profile of the entire well.  However, for the purposes of this study, the 

total gas measurements are far more interesting and useful. 

Total gas measurements indicate the relative concentration of hydrocarbons (methane, 

ethane, propane, etc.) present in the circulating drilling mud at any given time.  In general, there 

will be gasses entrained within the drilling mud as a response to the following four scenarios 

(Mercer 1974).  Liberated fluids occur when gas that is originally trapped within the pore spaces 

of the formation rock is released into the drilling mud as the drillbit crushes the rock.  Liberated 

(a) (b) 
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fluids will be an indicator of the type of hydrocarbon contained in the rock at the time of drilling.  

Produced fluids will enter the circulating drilling mud in the case that the reservoir pore pressure 

exceeds the downhole pressure.  During conventional drilling operations the drilling mud density 

is maintained above the reservoir pore pressure for wellbore stability issues.  As such, produced 

fluids can only occur when an unexpected overpressured zone is encountered or when a transient 

mud pressure reduction occurs as the drillstring is raised (swabbing).  Recent innovations in 

drilling techniques have led to the development of underbalanced drilling, in which the 

circulating mud pressure is deliberately maintained below the reservoir pore pressure throughout 

the drilling process.  In this case, hydrocarbon production will occur consistently during drilling, 

especially as a high permeability zone is intersected (e.g., natural fracture).  Produced fluid as a 

result of the underbalanced pressure condition is a major focus of this investigation.  Recycled 

fluids may occur if the gas contained within the circulating mud is not entirely released at the 

surface.  In this instance, the remaining gas will be re-circulated through the system and will be 

detected again on the next pass.  Finally, contamination will always occur due to various 

unavoidable causes.  Reasons for contamination of the total gas readings include petroleum 

products intentionally added to the drilling mud, chemical reactions and degradation of organic 

mud additives, and even emissions from construction equipment on-site.  It is very important to 

understand all of these processes so that one can effectively interpret the mud log analysis.  

The drilling fluid circulation system is essentially a closed loop system in which the mud 

is pumped down the well through the center of the drillstring, flows through the drillbit nozzle, 

and is then forced back up to the surface through the annular section.  This process ensures that 

the drillbit stays cool, creates a hydrostatic pressure that is exerted against the wellbore wall for 

well stability issues, and flushes the cuttings to the surface.  At the surface, the mud is transported 

through a shaker table to remove the cuttings and then released into a mud pit to complete the 

cycle.   

To obtain the total gas measurements a gas trap is installed at the mud pit that is able to 

capture a sample of gas from the mud.  Figure 1.5 illustrates the concept of a gas trap.  An 

impeller agitates the mud releasing gas into the air.  A mixture of this gas-air sample is then sent 

to the mud logging unit for analysis.  The total gas reading is a measure of the relative 

concentration of all hydrocarbons combined.  The unit of measurement for total gas is simply 

called a “unit.”  Each contractor has their own definition of a unit, but, regardless of the 

conversion factor, the unit is effectively a concentration (i.e., ppm).  The total gas measurements 

are recorded on a time basis and then converted to a depth basis through knowledge of the ROP.  
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It is then corrected to account for the lag time, which is the time it takes the drilling mud to travel 

from the bottomhole to the surface. 

 

Figure 1.5  Illustration of the gas trap system.  The stream of circulating drilling mud enters the 

gas trap where an impeller agitates the mud, releasing trapped gasses into the air.  A portion of 

this gas-air sample is pumped to the gas logging unit where the total gas measurements are 

recorded.  (Geosearch Logging Inc.).  

Conventionally, the total gas readings have two main purposes.  An obvious application 

of the mud log is that total gas “shows” help to delineate productive, hydrocarbon rich zones 

along the wellbore.  Completion engineers will use this information to design effective 

completion strategies in order to maximize production.  The second purpose is perhaps the more 

critical application.  Total gas measurements can provide a means for the early detection of large 

gas kicks that can threaten to blow out a well.  The drilling engineer will usually adjust the 

density of the drilling mud to overcome the formation pore pressure.  A gas kick is a dangerous 

situation that can occur if the well intercepts an unexpected overpressured zone.  A gas kick 

implies that a large gas bubble has entered the annular section of the wellbore and may or may 

not be rapidly rising towards the surface.  “Loss of well control during drilling operations 

constitutes one of the major hazards faced by rig personnel, and can lead to loss of life and major 

destruction of a drilling installation,” (Wang et al. 1994).  Figure 1.6 illustrates the importance of 

the mud log data.  The picture shows a flare from a zone that was previously unknown to contain 

hydrocarbons and exhibited no change in drilling characteristics.  However, the mud logging unit 
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detected a large presence of gas in the drilling fluid and the drilling engineer and company man 

were immediately notified.  The well was controlled and the gas was flared with no impact to the 

safety of the crew.   

 

Figure 1.6  Photograph of a gas flare.  The mud log indicated that the well had taken a dangerous 

kick and the well was subsequently controlled.  (Geosearch Logging Inc.). 

Interpretation of the mud log requires a deep understanding of the fundamental processes 

that that contribute to the recorded total gas measurements.  Many considerations must be 

accounted for if the mud log is to provide meaningful information.  The present study is heavily 

reliant upon high quality mud log interpretations so the following example of a mud log analysis 

is well deserved. 

The example shown in Figure 1.7 represents an ideal mud log report.  This particular 

mud log contains measurements or estimates of ROP, mud density (mud weight), static and 

circulating mud pressure, reservoir pore pressure, and total gas.  Additionally, it is observed that 

information regarding the points at which drillstring connections were made is reported.  In fact, 

knowledge of the measured depth locations of where the connections are made is one of the most 

critical pieces of data necessary to perform a mud log analysis, especially for the purposes of this 

study.  As a drillstring connection is made the circulation of drilling fluid is halted.  During the 

time it takes to make the connection any produced or liberated fluids will accumulate at the 

bottom of the well.  Once the drilling mud returns to circulation, this gas will cause an artificially 

high total gas peak on the mud log.  This process is called a connection gas event.  Another 

common event is called trip gas, which occurs whenever a trip is performed.  These events are 

manifestations of the drilling operation and must not be mistaken as responses to reservoir 

conditions. 
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In Figure 1.7, the first appearance of a total gas reading is due to a connection gas event 

at the point when the formation pore pressure begins to exceed the static mud pressure.  Once the 

formation pore pressure becomes greater than the circulating mud pressure, a true gas show is 

observed.  The drilling engineer understands that this gas show is a result of the mud density 

being too low, and the decision is made to increase the mud density.  Subsequently, both the static 

and circulating mud pressure exceed the formation pore pressure, suppressing any gas entry into 

the wellbore. 

This idealized case is relatively straightforward, however, in practice the task of 

interpreting the mud log can be much more difficult.  For instance, the true formation pore 

pressure gradient is usually unknown, and an empirical estimate is often the best available 

information.  In many cases, the information regarding drillstring connections is not appropriately 

labeled on the mud log.  Additionally, the total gas measurements are never as clear as is 

indicated in Figure 1.7, and in reality are quite noisy.  

 

Figure 1.7  Depiction of an idealized mud log report.  This diagram is helpful for understanding 

how to interpret gas shows observed on the mud log.  (Geosearch Logging Inc.). 
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The focus of this study is on tight gas shale reservoirs with matrix permeability less than 

0.1 md.  These reservoirs are known to contain a high density of natural fractures and production 

is in fact dominated by fracture flow.  Typically, it is presumed that vertical natural fractures exist 

in-situ.  Therefore, to produce economically from these types of reservoirs it is most efficient to 

drill horizontal wellbores.  The lateral sections of these wellbores are often drilled underbalanced.  

During underbalanced drilling operations, gas is expected to flow into the wellbore consistently 

throughout the drilling process.  The combination of low permeability matrix, high permeability 

natural fractures, and the underbalanced pressure condition leads to the result of highly 

complicated mud logs.  However, a thorough analysis of the mud log data can reveal critical 

information about the natural fracture system near the wellbore. 

1.2.3 Gas Flow through Porous and Fractured Media 

A large focus of the present study is on characterization of the permeability of natural 

fractures that intersect horizontal wellbores.  It is necessary to have a fundamental understanding 

of the methods used to model gas flow through porous media and fractures.  Special attention will 

be paid to highly fractured natural gas reservoirs with extremely low matrix permeability.  First, 

gas flow at the reservoir scale will be introduced.  Then, gas flow through individual fractures 

will be discussed.     

 Fluid flow through a porous media is fundamentally governed by Darcy’s law: 

 
k

v P


    (1.7) 

Here v is fluid velocity, k is formation permeability,  is fluid viscosity, and
 P is pressure.  

Formation permeability is an intrinsic property of the porous media that describes the ability or 

ease for fluid to flow through the media.  In the context of petroleum engineering, permeability 

has units of area.  Permeability is not to be confused with the term commonly called hydraulic 

conductivity in civil engineering, which has units of velocity.  Hydraulic conductivity is 

specifically used for flow of water through porous media and is a property of both the porous 

media and the fluid.  The following comparison illustrates the relationship between permeability, 

hydraulic conductivity, and water properties.   

Consider Equation 1.7 rewritten in terms of fluid velocity in one dimension for simplicity: 
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where L is the sample length.  This is the convention used commonly in petroleum engineering.  

Now consider the form used commonly in civil engineering applications: 

 
h

v
L




   (1.9) 

Here  is hydraulic conductivity and h is hydraulic head.  These two expressions effectively 

describe the same process, the difference in notation being that the petroleum engineering 

approach is in terms of a pressure drop and the civil engineering approach is in terms of a 

hydraulic head loss.  In fact, the following relationship can be shown: 

 P g h    (1.10) 

Substituting Equation 1.10 into 1.8 and equating Equations 1.8 and 1.9 gives the following: 

 
k g h h
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 (1.11) 

Rearranging Equation 1.11 to solve for hydraulic conductivity results in the following expression: 
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k





  (1.12) 

From Equation 1.12 it is clear that the civil engineer’s hydraulic conductivity is indeed related to 

the petroleum engineer’s permeability.  The distinction is that permeability is solely a property of 

the porous media, whereas hydraulic conductivity incorporates the permeability of the porous 

media as well as the properties of the fluid (e.g., water). 

Most models used for characterizing fractured hydrocarbon reservoirs are based on 

pressure transient flow.  Assuming Darcy flow, single phase, slightly compressible fluid flow 

through a porous medium can be expressed by the following diffusivity equation: 

 
2

t

k P
P c

t





 


 (1.13) 
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In this partial differential equation P is pressure, k is formation permeability,  is formation 

porosity,  is fluid viscosity, and tc is total compressibility.  The diffusivity equation assumes 

constant reservoir and fluid parameters.  Equation 1.13 describes how fluid pressure within the 

formation varies both spatially and temporally.  The diffusivity equation forms the basis for most 

reservoir simulation packages used throughout industry.   

For gas reservoirs Equation 1.13 poses two major problems.  The most obvious problem 

arises due to the high compressibility of gas and its variation of viscosity with changes in pressure.  

The second problem is that due to the low cross-sectional area of wellbores, velocities near the 

wellbore can become very high.  Darcy’s law states that the relationship between volumetric flow 

rate and pressure gradient is linear.  At high velocities Darcy flow is not valid because of 

turbulent effects (Basquet et al. 2004).  To account for non-Darcy flow, the Forchheimer equation 

is often used to describe turbulent behavior as follows (e.g., Zeng and Zhao 2010):   

 
2P v v

k


    (1.14) 

Here  is the fluid density and   is an inertial factor and is a property of the porous media.  The 

first term on the right hand side of Equation 1.14 represents viscous flow that is dominant at low 

velocities.  The second term on the right hand side represents the additional pressure drop 

resulting from the friction or inertial effects during non-Darcy flow.  Equation 1.14 indicates that 

at low velocities the second term is negligible, and the equation reduces to Darcy’s law.  At high 

velocities, the second term dominates and can substantially affect the pressure gradient.  An 

alternate form of Equation 1.13 can be derived to include the Forchheimer equation. 

 Recent interest in unconventional reservoirs in which fluid flow is dominated by flow 

through a fracture network has led to development of analytical models and reservoir simulators 

that can handle the complex interaction between matrix rock and fractures.  The double porosity 

approach was introduced by Warren and Root (1963) (see Figure 1.8).  The approach operates on 

the concept that fractures have large permeability but low porosity as a fraction of the total pore 

volume.  The matrix rock has the opposite properties: low permeability but relatively high 

porosity.  This approach describes the observation that fluid flow will only occur through the 

fracture system on a global scale.  Locally, fluid may flow between matrix and fractures through 

interporosity flow, driven by the pressure gradient between matrix and fractures. 
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Figure 1.8  The classic Warren and Root dual porosity model.  This model provides the basis for 

many fractured reservoir numerical simulation codes.  (Warren and Root 1963).  

Fluid flow within individual fractures is most commonly modeled through the cubic law 

relationship (Snow 1965): 

 
3Q

Cw
P



 (1.15) 

Here Q is volumetric flow rate, P is pressure, C is a constant dependent on the type of flow, and 

w is fracture aperture.  For radial flow, the value of C is given by the following equation 

(Witherspoon et al. 1979): 

 
1 2

12 ln( / )e w

C
R R





  
   
   

 (1.16) 

In this expression /e wR R is the ratio of the extent of the fracture to wellbore radius.  The cubic 

law assumes steady-state, laminar flow between two parallel surfaces.  The assumptions are not 

generally valid for the conditions observed in the present research, but in most practical research 

applications the cubic law is used to gain insight into fracture properties, even in transient 

analyses (Wu, personal communication). 

 Fracture permeability is defined in the same way that the formation permeability 

is defined, in that it is an intrinsic property of the medium that measures the ability for flow to 

occur through the fracture.  Poiseuille’s law indicates that fracture permeability depends on the 

width of the fracture (e.g., Chen et al. 2000):  

 

2

12
f

w
k   (1.17) 
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 Fracture geometries are often idealized to simplify modeling efforts.  In most cases the 

width is assumed to be constant, and the fracture is usually considered either a perfect rectangle 

(e.g., Wei and Economides 2005) or a perfect circle (e.g., Huang et al. 2010).  In reality, fracture 

geometries are very complex (Figure 1.9), and many different factors could affect the behavior of 

fluid flow (Mourzenko et al. 1995).  For application in dynamic reservoir characterization using 

real-time mud log data, the term “sweet spot” is used when the drill bit intersects a transverse 

natural fracture.  It is generally assumed that these sweet spots are natural fractures with idealized 

geometries. 

 

Figure 1.9  Illustration of a hypothetical fracture model developed to analyze the effects of 

fracture geometry on fluid flow through fractures.  (Mourzenko et al. 1995).  
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CHAPTER 2: LITERATURE REVIEW 

 The topic discussed in this thesis brings together several areas of petroleum engineering, 

including drilling engineering, reservoir engineering, petrophysics, and production and 

completion engineering.  An extensive literature review has been performed in order to 

understand previous work that has been published on issues related to natural fracture 

characterization and underbalanced drilling.  First, the innovations that have made economic 

production from tight gas reservoirs will be addressed.  Specifically, the ability to drill horizontal 

wells and then stimulate the lateral sections with massive hydraulic fracturing will be discussed.  

Second, conventional methods for characterizing the natural fracture system in these types of 

reservoirs will be investigated.  These methods generally consist of image log techniques or core 

description.  Third, recent efforts to make use of drilling data to enable “real-time” natural 

fracture and reservoir characterization are presented.  These methods can be separated into two 

groups: those that use overbalanced drilling data and those that use underbalanced drilling data.  

It is observed that the topic addressed in the present research is a novel concept that has collected 

limited published material. 

2.1 Advances in Tight Gas Exploration and Production 

Increasing global energy demand requires developing innovative and cost effective 

drilling techniques and well completion strategies in order to efficiently access and produce from 

deep tight gas reserves.  Significant progress has been made towards improving drilling methods 

since the 1990’s.  A key issue with respect to drilling in tight gas formations is that horizontal 

wells, rather than vertical wells, are often more likely to intersect the natural fractures that allow 

low-permeability zones to be considered productive (Woodrow et al. 2008).  One technique that 

has been proven to effectively control a broad range of drilling uncertainties that come with 

drilling horizontal wells is termed managed pressure drilling (MPD).  MPD uses tools at the 

surface such as a choke to control the drilling fluid flow rate and bottomhole pressure.  The 

various drilling operations that MPD is comprised of provide economical solutions to many 

drilling problems such as: managing gas kicks, lost circulation and other well control issues, 

improving rate of penetration (ROP), minimizing formation damage, and enabling dynamic 

reservoir characterization from real-time mud log data (Ramalho et al. 2009).  Underbalanced 

drilling (UBD) is a form of MPD that is particularly useful when drilling horizontal wells in tight 

gas formations (Ramalho 2006). 
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In addition to the ability to drill horizontal wells, advances in hydraulic fracturing 

techniques in the last few decades have drastically improved the ability to produce from 

unconventional reservoirs.  Stimulated fractures create a pathway between the natural fracture 

system and the wellbore, allowing fluids to be produced at much larger capacities than in the 

natural state.  The effects of hydraulic fracture treatments on overall well productivity will be 

discussed briefly. 

2.1.1 Underbalanced Drilling 

During UBD operations, a low density drilling fluid is used in order to maintain a 

wellbore pressure profile that is lower than the pore pressure of the formation at all locations 

along the borehole.  One major advantage of UBD over conventional drilling is that formation 

damage is reduced because a filter-cake is not allowed to form near the wellbore.  Wells 

completed with UBD have been shown to perform three to four times better than their 

conventional counterparts in the same formation (Ramalho 2006).  In addition, lost circulation 

can often occur during conventional drilling when a large fracture is either created or encountered.  

Massive mud losses into the fracture can cause a complete loss of drilling fluid circulation 

resulting in extremely long and uneconomic nonproductive times.  UBD techniques can often 

help to avoid these costly lost circulation situations.  An additional benefit that cannot be 

understated is that UBD can greatly enhance the ROP, as illustrated in Figure 2.1, especially in 

tight-hard-rock reservoirs (Ramalho et al. 2009).  This phenomenon is not well understood, but it 

is thought that the increased ROP can be attributed to the lower confining pressure on the 

formation rock under UBD conditions and the fact that cuttings are more easily flushed from the 

bottom of the wellbore reducing the resistance on the drill bit. 

While UBD offers many advantages when drilling into tight gas formations, perhaps the 

most useful aspect of the technique comes from the insight that can be gained from a variety of 

data that can be acquired only while drilling underbalanced.  The deliberate underbalanced 

pressure difference between the drilling fluid and the formation pressure causes an inflow of 

formation fluid into the wellbore along the entire drilled section.  The inflow can be measured or 

determined through various methods and can be used as an indication of different reservoir 

properties.  When applied appropriately, UBD data can be used to enhance our understanding of 

several attributes of the target formation that have significant economic implications, including 

the distribution of fluids within the targeted zones, potential well productivity, and optimal well 

trajectory and completion strategies (Ramalho et al. 2009). 
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Procedures that make use of UBD data have been described as dynamic reservoir 

characterization techniques.  Figure 2.2 is a good illustration of how the technical advantages of 

UBD translate into economic benefits.  It is clear that UBD presents the opportunity for real-time 

decision making regarding drilling and well completion strategies.  Specifically, the knowledge of 

the location of potentially productive fracture zones can influence where engineers decide to 

stimulate hydraulic fractures (King 2010).  In addition, comparison of the early-time UBD data 

with more conventional well testing methods can help to improve accuracy of estimates of 

reservoir properties. 

 

Figure 2.1  Data from a well drilled overbalanced until a certain depth and then switching to 

underbalanced operations.  Immediately as UBD begins, the ROP greatly increases.  (Woodrow et 

al. 2008). 

 

Figure 2.2  This diagram illustrates how the technical advantages of UBD eventually lead to 

economic value throughout the development and production life of a well.  (Woodrow et al., 

2008). 
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2.1.2 Hydraulic Fracturing 

The difficulty in producing from unconventional reservoirs stems from the fact that these 

formations are extremely impermeable or “tight”.  The inability of fluid to flow through these 

formations has extreme economic implications.  While conventional reservoirs often have 

recovery rates of more than 80% of OGIP, many unconventional plays have been estimated to 

recover less than 2% of OGIP without stimulation (King 2010; Moore 2010).  In order to be 

considered economic, unconventional reservoirs must undergo massive hydraulic fracture 

stimulation.  Hydraulic fracturing operations can greatly enhance the effective permeability of the 

formation by increasing the connectivity of the natural fractures that are present. 

Natural fractures within a formation are usually unproductive because they are not 

connected to each other.  Only once they have been opened and connected through hydraulic 

fracturing do they become productive.  However, the locations of these natural fractures are often 

widely unknown and the process for selecting hydraulic fracture initiation points is somewhat 

arbitrary.  Currently, the most widely used method for selecting hydraulic fracture initiation 

points is to simply place them at equally spaced segments along the horizontal portion of the well.  

In practice, this method can often damage the natural fracture system or completely miss the 

fractured zones.   

 Hydraulic fracturing techniques have been researched thoroughly for several decades.  

Techniques have undergone remarkable developments within the last few years that have enabled 

production from many new tight gas reservoirs.  These developments include slickwater 

fracturing, multi-stage fracturing, and the use of horizontal wells instead of vertical wells.  

Through these developments, EUR’s have increased from roughly 2% to nearly 50% in tight gas 

reservoirs (King 2010).  Even though state of the art in hydraulic fracturing has enabled large 

scale production from unconventional gas fields, there is still much to be learned in order to 

maximize production while minimizing risk to the petroleum industry, the public, and the 

environment. 

2.2 Natural Fracture Characterization from Image Log and Core Analysis 

Techniques for directly assessing near wellbore fracture density, fracture aperture, and 

fracture orientation are presently available to the industry by means of image log testing.  

Examples of image log techniques include borehole video camera, acoustic formation image 

technology (AFIT), and resistivity image logs.  These three methods are based on different 

fundamental principles, and each has its own set of advantages and disadvantages.  A common 
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drawback is that the image resolution quality is generally too poor to be able to identify 

conductive features that are believed to be on the order of 100 μm wide.  When core samples are 

available, core analysis can also be a very effective tool for characterizing natural fractures.  A 

description of each characterization method and an overview of the various analyses performed 

using the respective data is presented in this section. 

 Perhaps the most intuitive method one can think of to gain information about natural 

fractures that intersect a wellbore is to employ a camera downhole to make visual observations.  

Conventionally, borehole video cameras have been used in oil and gas wells to investigate 

wellbore integrity, but they have also been utilized for the purposes of natural fracture 

characterization with limited success.  One report by Overbey et al. (1988) presents a horizontal 

well drilled with air in which borehole video was used to identify fractures.  The wellbore was 

clean and free of debris.  More than 200 features were identified as natural fractures over the 

2,217 feet of wellbore that was surveyed with the video camera.  The report presents an approach 

to interpret the fracture orientation based on the geometry of the observed feature.  The report 

makes no attempt to quantify the aperture of the features identified or to distinguish between 

conductive and non-conductive features.  The report concludes that borehole video cameras can 

be implemented as a natural fracture identification technique in air-drilled horizontal wells in 

low-pressured reservoirs. 

 The use of AFIT has been implemented to characterize the permeability of feed zones in 

oil and gas and geothermal wells.  A description of the AFIT tool is given by McLean and 

McNamara (2011): 

As the AFIT tool is lowered and raised in the well an 

acoustic transducer emits a sonic pulse.  This pulse is reflected 

from a rotating, concave mirror in the tool head, focusing the 

pulse and sending it out into the borehole.  The sonic pulse 

travels through the borehole fluid until it encounters the borehole 

wall.  There the sonic pulse is attenuated and some of the energy 

of the pulse is reflected back towards the tool.  This is reflected 

off the mirror back to the receiver and the travel time and 

amplitude of the returning sonic pulse is recorded.  Through the 

use of the rotating mirror (≤ 5 rev/sec) 360° coverage of the 

inside of the borehole wall can be obtained (McLean and 

McNamara 2011). 

In practice, the interpretation of AFIT data is quite sophisticated.  Planar natural fractures appear 

as sinusoids in the imaged data set (see Figure 2.3).  Data processing software allows for 
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characterization of geologic features including strike and dip, fracture aperture, and fracture 

density.  The signal amplitude can be used to distinguish between open and closed fractures.  Low 

amplitude signals are seen as a dark features on the acoustic image and often interpreted as open.  

High amplitude signals are seen as light features on the acoustic image and are thought to be 

attributed to mineral fill.  These high amplitude features are usually considered closed fractures 

that do not contribute to flow.  While McLean and McNamara (2011) report a good level of 

correlation between measured feedzone fluid velocity and fracture aperture determined from 

AFIT, the fracture apertures reported range from several centimeters to greater than 50 cm.  This 

implies that the resolution of AFIT can at best distinguish fractures of roughly one to two 

centimeters.  This is nowhere near the level of resolution quality necessary for fracture 

characterization in highly fractured tight gas reservoirs.  

 

Figure 2.3  Example of an AFIT image log.  The vertical axis is depth.  The horizontal axis is 

azimuth around the wellbore.  The sinusoids are interpreted as planar geologic features.  (Mclean 

and McNamara 2011). 

 Resistivity image logs, also called formation micro-image (FMI) logs, have been 

documented as an improved technique to characterize geologic features along the wellbore.  

These techniques make use of a tool that places an electrode at constant electrical potential 

against the borehole wall and measuring the current.  One type of microresistivity imaging tool is 

described by Kalathingal and Kuchinski (2010) (see Figure 2.4).  The tool is a small-diameter 

imaging tool that can be deployed with or without a wireline.  The high sampling density of these 

tools (e.g., 120 samples per foot) provides extremely high resolution in the image quality.  

Microresistivity imaging tools have the ability to visualize features down to 2 mm in width.  

Careful interpretation of resistivity image logs can provide helpful information about the geologic 

conditions near wellbore, including dip analysis, structural boundary interpretation, fracture 

characterization, fracture description, and fracture distribution.   
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Figure 2.4  Photograph of a microresistivity imaging device (left) passing through drillpipe and 

(right) in the open position.  (Kalathingal and Kuchinski 2010). 

 Data obtained from all three of these image log techniques can be analyzed to gain useful 

insight about the natural fracture system and state of stress system near wellbore.  Barton and 

Zoback (2002) present an approach for discriminating natural fractures from drilling induced 

fractures from different types of image logs, and using this knowledge to determine the state of 

stress in-situ.  It has been well documented that drilling induced tensile fractures will form in the 

azimuth of the maximum horizontal principal stress.  Alternatively, compressive stresses 

concentrate in the azimuth of minimum horizontal principal stress, and shear failure in this region 

often causes breakout to occur (see Figure 2.5).  If the three in-situ principal stresses can be 

determined and the formation fluid pressure is known, then a Coulomb failure analysis can be 

applied to the natural fractures identified in the image logs.  Shear and effective normal stresses 

acting on each fracture plane can be determined from knowledge of the orientation of the fracture 

plane with respect to the orientations of the principal stresses.  The Mohr-Coulomb failure 

envelope for fractures is determined from laboratory measurements on prefractured rock.  The 

failure line is constructed assuming no cohesion and using the friction angle of the prefractured 

rock.  Poles to fracture planes are then displayed on the Mohr diagram.  Critically stressed 

fracture planes lie above the Mohr-Coulomb failure envelope (see Figure 2.6).  Barton and 

Zoback (2002) report a strong correlation between critically stressed fracture planes and hydraulic 

conductivity of the fractures.  These findings indicate that only a small percentage of the total 

number of fractures are likely to contribute to flow. 

 The most direct method for characterizing the natural fractures present in the reservoir is 

to perform core sample analyses.  Fracture density and fracture spacing can be determined 

through visual analysis of the core (e.g., Gale et al. 2007; Kubik and Lowry 1993).  Plugs are 

typically taken for laboratory experiments to measure permeability and other flow properties.  

These experiments can only measure an “effective” permeability of the core sample.  Generally, it 

is not possible to determine the natural fracture contribution to flow unless the fracture geometry 
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is well known.  The key issue, however, is that experience has shown that using laboratory 

measurements to represent reservoir-scale properties can be vastly misleading.  Nonetheless, 

engineers are faced with the challenge of interpreting the few available direct measurements of 

the reservoir rock and translating them to field-scale properties.  

 

Figure 2.5  Illustration of wellbore stability fundamentals.  Drilling induced tensile fractures 

occur in the direction of the maximum horizontal stress.  Compressive stresses concentrate in the 

direction of minimum horizontal stress, and shear failure in this region can cause breakout to 

occur.  (Kalathingal and Kuchinski 2010). 

 

Figure 2.6  These figures illustrate the concept that critically stressed natural fractures 

predominantly contribute to fluid flow through reservoirs.  (Barton and Zoback 2002). 



27 

 

2.3 Natural Fracture Characterization in Real-Time 

Recently, there has been much literature generated attempting to characterize fractures 

and formations using data that is obtained while drilling.  Early estimates of reservoir 

permeability and location of natural fractures have significant economic impacts and can help 

reservoir and drilling engineers to make real-time decisions during drilling to optimize the 

completion process.  Many analysis methods, such as core description or image log analysis, 

cannot distinguish conductive natural fractures from those that are practically impermeable 

because they do not measure fluid flow properties directly (Dyke et al. 1995).  While core sample 

analyses may be able to measure flow rates and permeabilities across the entire sample, it is not 

possible to directly quantify the flow within the natural fractures.   

Fracture characterization during conventional overbalanced drilling has been studied in 

depth since the 1990’s (e.g., Dyke et al. 1995; Sanfillippo et al. 1997; Liétard et al. 1999; Verga 

et al. 2000; Lavrov and Tronvoll 2003; Majidi et al. 2008a; Majidi et al. 2008b; Huang et al. 

2010).  These publications use mud-loss data acquired during drilling in order to characterize 

fracture width.  UBD dynamic reservoir characterization has also been employed as a method to 

quantify formation parameters while drilling (Ramalho 2006; Ramalho et al. 2009).  While 

methods to estimate formation parameters during UBD have been successful, methods to provide 

real-time estimates of natural fracture characteristics during UBD have received limited 

discussion. 

2.3.1 Overbalanced Drilling Methods 

Overbalanced drilling approaches for fracture characterization mostly consist of methods 

that take advantage of mud-loss data and the rheological properties of the circulating drilling fluid.  

Drilling mud is usually a non-Newtonian fluid that exhibits shear-thinning behavior.  Shear-

thinning implies that the fluid viscosity decreases with an increase in the shear rate.  During 

drilling, the drilling mud is constantly circulated through a closed-loop system.  If the circulation 

is stopped, the drilling mud will develop into a thick gel.  The mud will remain in this state until a 

pressure exceeding the mud’s yield stress is applied, at which point it will return to its “fluid” 

state.  This non-ideal fluid behavior has allowed engineers to develop methods to characterize 

fracture permeability using mud-loss data.    

 During overbalanced drilling, when a sweet spot is encountered the mud pressure is 

greater than the fluid pressure contained in the fracture resulting in a flood of drilling mud into 

the fracture (Figure 2.7).  At the surface, this is observed as a loss of volume in the mud pit 
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which can be measured.  The mud losses eventually stop once the difference between the pressure 

driving the mud and the fluid pressure in the fracture is equal to the yield stress of the drilling 

mud.  Liétard et al. (1999) provide type curves describing mud loss volume versus time that can 

be used to determine the hydraulic width of fractures through a curve matching approach.  The 

type curves are based on an analysis of the local pressure drop in the fracture (Liétard et al. 1999):  
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Here mv  is the local velocity of the mud in the fracture, p is the plastic viscosity of the mud, w  

is the fracture aperture, and y  is the yield stress of the mud.   

Huang et al. (2010) improved upon the work of Liétard et al. (1999) by deriving a cubic equation 

in fracture aperture, w , with coefficients dependent on known values of well radius, wR , 

overpressure ratio, OB yP  , and the maximum mud-loss volume,  
maxmV : 
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Using root finding techniques, this equation can be solved for the hydraulic width of the fracture.  

This method is much simpler to use than the curve matching techniques previously employed 

while providing consistent results. 

 

Figure 2.7  During conventional (overbalanced) drilling, the mud pressure in the wellbore is 

greater than the fluid pressure contained in the fracture.  When the drill bit intersects the fracture 

drilling mud will flow into the fracture.  In reality some leak off into the formation will occur, 

however it is commonly assumed that the formation permeability is sufficiently low to prevent 

any leak off.  (Dyke et al. 1995). 
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2.3.2 Underbalanced Drilling Methods 

As discussed in previous sections, underbalanced drilling provides many benefits to a 

drill team (increased rate of penetration, decreased formation damage, reduction of lost 

circulation).  Engineers have also realized that since the well is actually producing hydrocarbons 

during the drilling process, analysis of UBD data can provide information similar to that of a 

pressure transient test (Kardolus and van Kruijsdijk 1997).  The production rates offer an 

opportunity to evaluate formation properties in real-time.  Several methods have been proposed in 

the literature (e.g., Kardolus and van Kruijsdijk 1997; Larsen and Nilsen 1999; Hunt and Rester 

2000; Kneissl 2001; Biswas et al. 2003; Erlend et al. 2003; Friedel et al. 2008). 

 All methods are based upon data that can be acquired while drilling underbalanced.  The 

most important piece of data is the rate of fluid flow from the formation into the wellbore.  Very 

rarely are flow rates actually measured at bottomhole.  In almost all cases, the formation fluid 

flow rate is estimated from surface measurements of inflow and outflow of the drilling fluid.  The 

difference between the mud injected into the wellbore and the outflow of mud from the annulus is 

often estimated as the formation fluid flow rate.  Methods to account for the expansion of gas due 

to changes in temperature and pressure must be taken into account to obtain accurate data (Aremu 

and Osisanya 2008).  Other data that models tend to utilize include: bottomhole pressure, rate of 

penetration, formation porosity, wellbore diameter, and wellbore length.  Models generally 

provide profiles of formation permeability and pore pressure versus depth. 

 Models are usually derived from the diffusivity equation for single phase, slightly 

compressible fluid flow through porous media (see Equation 1.13).  Applying Equation 1.13 to 

drilling, however, can be difficult due to the fact that boundary conditions change with time 

during the drilling process.  Specifically, the wellbore length and bottomhole pressures are 

changing with time.  Modeling this behavior has been attempted using the boundary element 

method (BEM) (e.g., Kardolus and van Kruysdijk 1997).  These methods are not necessarily 

useful for calculator or spreadsheet analysis, and therefore have limited practical value to 

engineers wishing to make real-time decisions.  Additionally, the reports discussed in this section 

thus far do not address the application of their methodologies to characterization of natural 

fracture systems. 

Some reports in the literature discuss the idea of using UBD data to characterize natural 

fracture systems, but very few present case studies.  At least one report has indicated an attempt 

to use mud log gas shows as a means to detect natural fracture locations while drilling 
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underbalanced (Myal and Frohne 1992).  The report investigates the effectiveness of directional 

drilling in a tight gas formation located in the Piceance Basin of Western Colorado.  The 

formation is known to be highly naturally fractured, and consequently the decision was made to 

drill a large section of the well underbalanced in order to reduce formation damage and lost 

circulation.  From analysis of the mud log it is clear that at least ten major gas shows were 

detected (see Figure 2.8).  These gas shows were attributed to the presence of natural fractures 

intersected by the wellbore.  No effort was made to characterize the permeability of each of the 

natural fractures in this particular study, however, it is conceivable that the persistence of the gas 

shows could be correlated to productivity or permeability.  

 

Figure 2.8  Mud log data from a portion of a well drilled underbalanced in the Piceance Basin.  

The large gas peaks were attributed to natural fractures that were intersected by the wellbore.  

(Myal and Frohne 1992). 

 

 

 

 

 

 

 

 

 

 

 

 



31 

 

CHAPTER 3: METHODOLOGIES 

The purpose of the present study is to determine whether it is feasible to use UBD data to 

gain useful information about the condition of the natural fracture system near the wellbore.  The 

hypothesis is that if a natural fracture is intersected by the wellbore while an underbalanced 

pressure condition exists at bottomhole, then a rapid influx of the gas originally contained within 

the natural fracture will occur into the wellbore.  The influx will occur almost instantaneously due 

to the extremely high permeability of the fracture.  The possibility exists that several indicators of 

this phenomenon can be observed in the drilling log and mud log data.  Since this data is recorded 

for virtually every new well that is drilled, it is extremely practical to investigate the ability to 

gain useful information about the natural fracture system from these logs. 

 The methodologies described in this section have two primary stages.  The first stage is to 

determine the locations along the wellbore where natural fractures are highly likely to be present.  

In order to accomplish this task, two types of data from drilling and mud logs are used as 

indicators of the presence of natural fractures.  These indicators are total gas concentration and 

mud pit volume response.  If these two indicators occur simultaneously at a particular location 

along the wellbore, then this location is considered a “candidate conductive natural fracture 

location.”  Once all of the candidate natural fracture locations have been identified, then the next 

task is to characterize the permeability of each of the fractures.  The width of the natural fracture 

can be determined through use of the cubic law and estimates of gas flow rate through the 

fracture.  The flow rate of gas is estimated from the mud pit volume response. 

3.1 Natural Fracture Location 

Methods to determine the location of natural fractures that intersect wellbores through the 

use of UBD data have been developed.  There are two types of data found in the drilling log and 

mud log that have been explored as criteria for indicating the location of natural fractures along 

the wellbore.  The basis for the use of these data for natural fracture identification is founded on 

physical processes as well as drilling engineering experience. 

 The first criterion is the use of total gas concentration measurements from mud logs.  

Using a gas chromatograph, the mud logging unit is able to determine the concentration of gas 

present in the drilling fluid at any given time.  The hypothesis is that as a natural fracture is 

encountered by the drill bit, the volume of gas contained within the fracture will rapidly flow into 

the wellbore and enter the stream of circulating drilling fluid.  This will be seen as a sudden 

“spike” in total gas concentration in the mud log, which will eventually return to normal 
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operating levels after all of the trapped gas has exited the fracture (see Figure 3.1).  For the 

purposes of the present research, these spikes have been expressed as “gas peaks”, and offer the 

potential for reliably locating conductive natural features. 

 The second criterion is based on observations of the mud pit volume.  Observations of the 

mud pit volume at the surface also show potential as a fracture identification criterion.  It is 

widely accepted that decreases in mud pit volume (mud losses) correspond to encounters with 

natural fractures while drilling overbalanced.  Drilling engineers have indicated that they are 

confident that the “reverse” case is also true during underbalanced drilling operations.  While 

underbalanced conditions exist in the wellbore, as a natural fracture is encountered with the drill 

bit, the formation fluid influx will cause a displacement of drilling fluid in the mud pit.  This 

response is observable at the surface.  An increase in the mud pit volume has been termed a “mud 

pit volume peak” for the purposes of this research.  Determining the location of the drill bit as 

relatively large mud pit volume increases are observed at the surface will be used as an indicator 

of natural fractures.  

  Members from industry are confident that the gas peak (Criterion 1) and mud pit volume 

peak (Criterion 2) criteria are good indicators of conductive natural fractures.  Thus, Criteria 1 

and 2 are used to identify candidate natural fracture locations.   

 

Figure 3.1  Example of a mud log.  (Left) A mud log contains many types of information 

recorded during drilling operations including ROP, gamma ray, total gas, and lithology.  (Right) 

The red line represents total gas.  Total gas spikes are used to identify productive features (natural 

fractures) during drilling. 

3.2 Natural Fracture Permeability 

The major advantage of using underbalanced drilling data over image log techniques is 

that UBD data provides the opportunity to distinguish natural fractures that actually contribute to 
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flow from fractures that are essentially closed.  Since the rates of gas influx from the natural 

fractures are being measured directly, the fluid flow properties of the fractures, most notably 

permeability, can be estimated.  This concept is truly what makes the prospect of UBD dynamic 

reservoir characterization so exciting. 

In order to estimate natural fracture permeability, several assumptions are made: 

1. All natural fractures that have been intersected by the wellbore are transverse to the 

wellbore and have circular geometry with finite extent (see Figure 3.2). 

2. Natural fractures have constant aperture. 

3. Gas contained within natural fractures is composed 100% of methane.  Methane density 

and viscosity remain constant while flowing through fractures. 

4. Fluid flow through fractures follows the cubic law relationship. 

5. Matrix permeability is much lower than fracture permeability.  No charging of the 

fractures occurs during the time spans considered. 

6. The gas influx volume is equal to the mud pit volume increase. 

For practical purposes, the first three assumptions are valid.  Some work has been done 

on the effects of tortuosity and roughness of fractures, and this could be included in the model if 

enough information is known.  The radial extent of the natural fracture must be estimated by the 

user.  A sensitivity study could be performed to quantify the effect of fracture diameter on the 

estimates of fracture aperture. 

The cubic law relationship assumes steady-state, laminar flow between two parallel plates.  

The cubic law can be derived from a force balance between the forces due to the pressure 

gradient and the shear resistance on the boundaries, as opposed to the diffusivity equation which 

is derived using the principles of conservation of mass.  As such, no compressibility term is 

present in the cubic law relationship.  However, the high compressibility of gas will most likely 

have significant effects on the flow rate through the fracture.  Nonetheless, it is assumed that at 

the high pressure conditions present in the reservoir, compressibility effects will be negligible 

over the relatively low magnitude pressure drop between reservoir and bottomhole pressures. 

The final assumption is the most critical.  Because no direct measurements of gas flow 

rate at bottomhole are recorded on today’s drilling rigs, it is assumed that the observed mud pit 

volume increase is equal to the volume of gas that entered the wellbore from the fracture.  Again, 

compressibility effects could be significant and add to the uncertainty of this analysis.  Also, it is 
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well known that methane is highly soluble in oil-based drilling mud, and it is has been reported 

that observations of mud pit volume increase as a response to a gas kick will be reduced because 

of solubility effects. 

The following estimates can be obtained from the drilling and mud log data:  

 Gas flow rate 

 Pressure drop (underbalance) 

 Methane viscosity 

 Wellbore radius 

If an assumption about the radial extent of the fracture can be made, then fracture aperture can be 

determined as follows: 
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 (3.1) 

The fracture permeability can then be estimated using Equation 1.17. 

 

 

Figure 3.2  Illustration of the model used for characterization of natural fracture permeability.  It 

is possible to estimate natural fracture permeability using measurements of gas influx rate 

recorded during drilling.  
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CHAPTER 4: DEVELOPMENT OF COMPUTATIONAL TOOL 

The drilling and mud log data are typically presented in Excel spreadsheet format.  The 

data are recorded on a depth basis at constant intervals (e.g., every 0.5 feet).  The length of the 

horizontal segment of wellbores drilled in tight gas reservoirs usually ranges from 4,000 to 6,000 

ft.  The data sets prepared for this study are extremely large, and the length of the data arrays is 

inconsistent between wells.  Processing this amount of data by hand is clearly impractical, and the 

use of a spreadsheet analysis is very cumbersome.  Hence, a computational tool has been 

developed using the MATLAB framework.   

 The tool is capable of determining the locations of conductive natural fracture zones, 

subject to a set of fracture identification criteria.  Once the candidate natural fracture locations 

have been determined, the tool then calculates the fracture permeability at each of these locations.  

Engineers must be able to apply the computational tool with relative ease and little training.  

MATLAB was chosen as the appropriate software for this analysis because it has the ability to 

interact with Excel.  Input data is prepared in an Excel spreadsheet template, the analysis is 

performed through MATLAB, and the output data is exported back into an Excel spreadsheet.  

Several useful charts are also exported within the MATLAB framework.  

 The program developed in this research for characterizing the natural fracture system 

near the wellbore in wells drilled underbalanced is called fracid_ubd. 

4.1 Input Data and Data Preparation 

 Most drilling logs and mud logs come in the form of Excel spreadsheets or can be 

transformed into Excel spreadsheets.  In accordance with this convention, an Excel spreadsheet 

template has been created to prepare the input data for fracid_ubd (see Figure 4.1).  There are 

six arrays of data from the drilling and mud logs to be stored: measured depth, true vertical depth, 

rate of penetration, drilling mud density, mud pit volume, and total gas concentration.  Only the 

data corresponding to the horizontal section of the wellbore is relevant to this analysis; all data 

corresponding to the vertical and heel sections of the well must be removed.  Special care must be 

taken to remove any “connection gas” events due to drillstring connections from the total gas 

array (see Section 1.2).  This step is imperative to the analysis, as the connection gas events will 

appear as large gas peaks and could be mistaken for the presence of natural fractures.  These 

mechanically induced gas peaks will also negatively impact the fracture identification procedure.  

In many instances, the drillstring connections will cause disruptions in the mud pit volume 

measurements and should be accounted for.   
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 Three additional input values are required for the analysis: ratio of radial extent of 

fracture to wellbore radius, average reservoir pressure, and unit type.  In order to characterize the 

permeability of the candidate natural fractures, an assumption must be made about the radial 

extent of the fracture.  This parameter can be chosen and adjusted by the user to investigate the 

effect of fracture diameter on the estimate of fracture permeability.  In order to estimate the level 

of underbalance, the reservoir pressure in-situ must be known.  In practice, the reservoir pressure 

is not well known at all locations along the wellbore.  An estimate of the reservoir pressure for a 

given well can often be determined from well tests or empirical relationships.  Finally, 

fracid_ubd has been designed to operate in both metric units and U.S. oil field units.  A 

binary system is used to indicate the appropriate unit system for the analysis according to the log 

data.  The user must enter 0 or 1 to specify metric units or U.S. oil field units, respectively. 

 

Figure 4.1  Example of the Excel spreadsheet template used to prepare the input data for the 

computational tool; spreadsheet is populated with example input data. 

4.2 Computational Procedure 

In the following sections the computational routine is deconstructed into three stages: 

preliminary operations, determination of the locations of conductive natural fracture zones, and 

characterization of fracture permeability at these locations.  The steps taken to process the drilling 

and mud log data are described briefly.  For a more detailed description of the code see the user’s 

manual (see Appendix A). 

4.2.1 Preliminary Operations 

The input data file is read through a MATLAB command called xlsread.  This 

command provides the link between Excel and MATLAB frameworks.  In many instances, the 

drilling and mud log data contain several missing or erroneous values due to equipment errors, so 

once the data has been stored a simple routine is performed to resolve any erroneous points within 
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the data.  This is done by replacing the erroneous value with the value of the previous step.  It 

should be noted that there must be no missing or erroneous values contained in the measured 

depth data array.   

 The ROP data array is used to create a time series consisting of elapsed time between 

intervals.  This will later be used to estimate gas influx rates.  The downhole pressure is 

calculated using the mud density and true vertical depth measurements: 

 DHP mud TVD annP D P    (4.1) 

Here DHPP is the downhole pressure, mud is the mud density gradient or unit weight of the 

drilling mud, TVDD is the true vertical depth, and annP represents the frictional losses through the 

annulus.  The pressure loss term is positive because the direction of the flow in the annulus is 

upwards, and the frictional force acts in the opposite direction to flow.  In this analysis, the 

frictional losses through the annulus are assumed to be zero.  This will be shown to be a 

conservative assumption.   

4.2.2 Natural Fracture Locations 

 As discussed in Section 3.1, conductive natural fracture locations are determined using a 

set of fracture identification criteria.  It is reasonable to assume that a fracture may exist at 

locations where all fracture identification criteria are satisfied simultaneously.  Additionally, a 

threshold must be established to determine the magnitude of total gas and mud pit volume 

response that will be considered as an indication of the presence of a natural fracture.  The 

concept of the “standard deviation coefficient” is now introduced. 

 In order to ensure the portability of the code between data sets collected at different wells 

or by different contracting companies, a general statistical approach is used to process the total 

gas and mud pit volume data.  The premise for this analysis is that any gas peaks or mud pit 

volume peaks that exceed the average level of noise in the data by some threshold are considered 

of interest.  The following formula is used as a cutoff criterion for a particular measurement: 

 ( ),      0M MM N N      (4.2) 

Here M is the value of the measurement of interest, M is the mean of all the measurements, 

M is the standard deviation of all the measurements, and N is the “standard deviation 

coefficient.”  The measurements of interest are the changes in total gas concentration and mud pit 



38 

 

volume between two consecutive recordings.  The value of N can be controlled by the user to 

raise the threshold to the desired magnitude.  Through the use of Equation 4.2, the user is able to 

define an appropriate level of stringency on the fracture identification criteria based upon the 

confidence level in the data. 

 The mean of all the measurements, M , and standard deviation of all the measurements, 

M , is computed through the following procedure: 

 1i i iM X X    (4.3) 
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where X is either the total gas concentration or the mud pit volume depending on the criterion of 

interest, and n is the total number of data entries.  Equation 4.3 indicates that the changes in the 

total gas concentration and mud pit volume measurements are relevant to the present study.  This 

ensures that any sudden spikes in total gas concentration or mud pit volume will be highlighted in 

the analysis.  Using the changes in measurements also has a practical purpose; the method 

accounts for any gas production from the matrix.  While the final step in the analysis will only 

identify increases in total gas concentration or mud pit volume, a sense of the average level of 

random noise in the data is quantified in Equation 4.4 through the use of the absolute value 

function.  Equation 4.5 will also provide a sense of the variation within the data.   

For a normally distributed random variable, the probabilities that the value of the random 

variable lies within the range of ( )M MN   are well understood.  The present analysis takes 

advantage of this knowledge to define appropriate thresholds for the fracture identification 

criteria.  If a particular measurement has a relatively low probability of occurring with regards to 

the normal noise found within the data, then perhaps this measurement is the result of abnormal 

reservoir conditions.  If more than one independent, low-probability measurement is observed, 

then the confidence level in the presence of an abnormal reservoir condition becomes even higher.  

One abnormal reservoir condition that could be attributed to simultaneous gas peaks and mud pit 

volume peaks has been previously identified as a conductive natural fracture feature (see Section 
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3.1).  Of course, it should be noted that a low-probability event could occur as a result of 

experimental error as well. 

One additional fracture identification criterion is defined to overcome the high variability 

of the total gas concentration measurements: 
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where G is total gas concentration.  Equation 4.6 effectively represents a rolling average of total 

gas concentration.  This constraint ensures that only true gas peaks will be considered, filtering 

out any total gas increases that have simply returned to normal operating levels after a short 

period of low readings. 

 Three conductive natural fracture criteria have now been established.  Equation 4.2 

constitutes Criterion 1 and Criterion 2 when applied to total gas concentration and mud pit 

volume, respectively.  Criterion 3 is given by Equation 4.6.  The computational tool runs the 

analysis eleven separate times for values of N ranging from 0  to 1 .  After all data points have 

been constrained by these three criteria, the result is a set of highly plausible conductive natural 

fracture zones for each value of N .  These locations are recorded as measured depths along the 

well.  The user is then free to select the most appropriate value of N for a given data set. 

4.2.3 Natural Fracture Permeability 

 At this point in the computational procedure, the candidate locations of conductive 

natural fracture zones have been established.  The goal is to now characterize the permeability of 

these natural fracture features.  This is accomplished through the application of the cubic law 

relationship for flow through fractures.  The model used in this study assumes a circular, 

transverse fracture with pure methane as the reservoir fluid. 

 The cubic law is given by Equation 3.1 in terms of fracture aperture.  For radial flow, the 

constant, C , is calculated using Equation 1.16.  The user selects a value for the ratio of the radial 

extent of the fracture to wellbore radius.  Estimates for methane viscosity can be determined from 

tables if the reservoir’s temperature and pressure are known or have been estimated (e.g., 

Gonzalez et al. 1967).  Perhaps the least understood term in Equation 3.1 is the gas flow rate from 

the fracture into the wellbore.  Direct measurements of the formation fluid influx rate during 

UBD are not typically recorded on today’s drilling rigs for natural gas wells.  Honoring the 
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requirement that this project must maintain its practicality in industry, the gas influx rate is 

computed using data that is commonly recorded during UBD operations.  Section 3.2 describes 

the rationale behind using mud pit volume peaks as a measure of the fluid influx volume.  The 

volume is then transformed into a rate through knowledge of the ROP: 
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Here t is the elapsed time between measurement intervals, MDD is measured depth, R is rate of 

penetration, gasQ is the gas influx rate, and pitV is mud pit volume.  The remaining term in 

Equation 3.1 is the pressure loss term.  This term effectively represents the pressure difference 

between the reservoir and the bottomhole pressure in the wellbore during drilling, or level of 

underbalance: 

 UB res BHPP P P    (4.9) 

Here UBP is the level of underbalance, resP is the reservoir pressure, and BHPP is the bottomhole 

pressure during drilling.  All of the terms on the right hand side of Equation 3.1 have now been 

determined, and the natural fracture aperture can be calculated.  The fracture aperture can then be 

substituted into Equation 1.17 in order to estimate the permeability of the natural fracture of 

interest.  Note that in Equation 4.1, if annular friction losses were accounted for in the bottomhole 

pressure calculation, the underbalance would decrease.  For the same flow rate in Equation 3.1, 

fracture aperture increases as underbalance decreases.  From this quick analysis, it is clear that the 

assumption of no annular friction losses leads to a conservative estimate of fracture aperture.   

4.3 Output Data 

 Several pieces of output information are generated for each value of N .  First, relevant 

data is exported to the results section of the Excel spreadsheet template (see Figure 4.2).  

Relevant data includes measured depth locations of conductive natural fractures, fracture aperture, 

fracture permeability, associated mud pit volume and gas peaks, and level of underbalance at the 

given fracture location.  In addition, the correlation coefficient between mud pit volume peak and 

gas peak is calculated.  This value represents the degree of linear dependence between two 
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variables.  Two helpful plots are also generated.  The first illustrates the locations of the natural 

fractures along the lateral section of the wellbore.  The second is a cross-plot of mud pit volume 

peaks and gas peaks corresponding to each natural fracture location. 

 

Figure 4.2  Example of the types of output data that are exported into an Excel spreadsheet after 

the natural fracture identification and characterization analysis has been performed.  
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CHAPTER 5: APPLICATION OF COMPUTATIONAL TOOL AND VALIDATION 

The purpose of this investigation is to evaluate the potential for using drilling data as a 

practical means for determining natural fracture properties near wellbore.  To this end, the 

methodologies developed in Chapters 3 and 4 are applied to six wells that were drilled 

underbalanced.  Candidate conductive natural fracture zones are determined for each well.  Hence, 

the natural fracture permeability of each of these zones is estimated. 

The wells are from two tight gas shale formations, one located in the U.S. and the other in 

Canada.  The lateral sections of these horizontal wells range from 3,000 to 6,000 ft.  It is assumed 

that no overpressured zones were intersected and the underbalance condition was maintained at 

all times while drilling the lateral sections of the wells.  The lateral sections of all wells were 

drilled using oil-based mud.   

The nature of this problem suggests that it may be very difficult to confirm the accuracy 

of the results obtained from the fracture characterization analysis.  Borehole image logs are not 

available for any of the wells used for this study, typical of wells drilled in unconventional 

reservoirs.  Therefore, it is necessary to develop validation techniques in an attempt to quantify 

the level of confidence in the candidate natural fracture locations.  The main validation technique 

used in this study takes advantage of a commonly used horizontal drilling technique in which 

wells are drilled in parallel.  In fact, the six wells selected for study in this investigation constitute 

three sets of parallel wells drilled to similar elevations.  The spacing of these wells is between 500 

and 800 ft.  The parallel well sets should penetrate similar natural fracture systems.  The results of 

the natural fracture identification analysis for each parallel well set are compared to determine if 

any patterns exist that may be indicative of the orientation of natural fracture planes. 

5.1 Natural Fracture Identification and Characterization Analysis 

 This project has been highly motivated by concerns from industry that current methods to 

characterize natural fracture systems are too expensive and often impractical.  The computational 

tool discussed in Chapter 4 has been designed with ease of implementation as a topmost priority.  

The analysis makes use only of data that are commonly recorded during underbalanced drilling 

operations.  In this section, field data from wells drilled underbalanced in tight gas reservoirs is 

processed using the computational tool. 

Conductive natural fracture locations are determined according to the fracture 

identification criteria outlined in Chapters 3 and 4.  The result is a set of probable conductive 
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natural fracture zones along the lateral of the wellbore recorded as measured depths.  For each 

conductive natural fracture location, fracture permeability is estimated based on the approach 

described in Section 4.2.3.  This estimate for permeability is dependent upon level of 

underbalance, rise in mud pit volume, and estimate of fracture extent.  A chart illustrating the 

locations of the natural fracture zones along the wellbore accompanied by a table of the estimates 

of permeability values gives the engineer the ability to effectively visualize the natural fracture 

system in the near wellbore region.  A cross-plot of the mud pit volume peak and gas peak 

associated with each natural fracture encounter is also provided.  It is hypothesized that the 

magnitudes of the peaks should have a positive correlation based on the underlying physical 

principles. 

  Data preparation for this analysis is relatively straightforward.  The engineer requires the 

drilling data log, mud log, and an estimate of average reservoir pore pressure.  Data 

corresponding to the vertical and heel sections of the well are removed.  The engineer must then 

manually remove any noticeable erroneous data points that may be mechanically induced by 

routine drilling operations.  At this point the data is transferred to the provided Excel spreadsheet 

data input template.  The analysis itself runs within seconds.  Careful engineering judgment must 

be used to screen any “false” indicators due to mechanical disruptions to mud pit volume and 

total gas measurements or data manipulation that were not identified in the data preparation stage.  

If all of the data sets are available beforehand, it should take the engineer less than one day to 

prepare the input data, perform the analysis, and analyze the results.  

5.1.1 Field A 

Two wells have been selected for study from Field A: Well A-1 and Well A-2.  The 

horizontal spacing between these two wells is roughly 800 ft.  Well A-1 runs in a South-North 

orientation and Well A-2 runs in the opposite direction.  Well A-1 was drilled toe-down and Well 

A-2 was drilled toe-up.  The geometric properties and the average reservoir pressure for each well, 

obtained from DFIT testing, are listed in Table 5.1.  Mud logs are available in *.pdf format for 

both wells, aiding in the normalization of the total gas and mud pit volume data.  The targeted pay 

zone is roughly 175 feet thick.   
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Table 5.1  Length of lateral sections, average true vertical depth of lateral sections, and average 

reservoir pore pressures for corresponding true vertical depth for Wells A-1 and A-2.   

 

 

 The analysis of Well A-1 indicates that ten conductive natural fractures were intersected 

during the drilling process (see Table 5.2).  Two of these natural fractures are within very close 

proximity to each other and are considered a single conductive natural fracture zone.  In total, 

nine natural fracture zones are present along the lateral of this well.  It is clear from Figure 5.1 

that the stretch of lateral between 14,000 and 15,500 ft MD contains no conductive natural 

fracture zones.  This is a primary example of the insight that can be gained from this type of 

analysis.  Decisions regarding hydraulic fracture treatment design can be influenced greatly from 

knowledge of the extent, or lack thereof, of the natural fracture system.  The fracture apertures 

range from 13 to 53 μm.  The cross-plot indicates a general positive correlation between mud pit 

volume peak and gas peak for these conductive natural fracture zones (see Figure 5.2). 

 

Table 5.2  Results from the natural fracture identification analysis for Well A-1. 

 

Well Name

Length of Lateral 

(ft)

Average TVD of 

Lateral (ft)

Average Reservoir Pressure 

(psi)

A-1 4280.0 12381.8 11550

A-2 3131.0 12389.8 11575

Well A-1

Candidate Fracture Location                                                 

(ft)

Fracture Aperture                              

(μm)

Fracture Permeability                                       

(md)

Mud Pit Volume Peak                                              

(bbls)

Gas Peak  

(units)

Underbalance                    

(psi)

12533.0 30 7.500E+04 4.000 988 1093

12826.0 35 1.021E+05 3.000 171 1081

12835.0 53 2.341E+05 3.200 156 1081

12950.0 44 1.613E+05 1.600 286 1080

13235.0 42 1.470E+05 1.700 182 1143

13529.0 37 1.141E+05 1.700 69 1138

13884.0 36 1.080E+05 1.600 74 1135

13960.0 42 1.470E+05 2.300 150 1133

15613.0 35 1.021E+05 1.900 103 1178

16156.0 13 1.408E+04 1.600 644 1234



46 

 

 

Figure 5.1  Locations of conductive natural fractures along the lateral of Well A-1. 

 

Figure 5.2  Cross-plot of mud pit volume peak vs. gas peak corresponding to each conductive 

natural fracture location identified for Well A-1. 

 A total of nine conductive natural fracture zones are identified for Well A-2 (see Table 

5.3).  The zones are relatively evenly spaced along the lateral (see Figure 5.3).  The fracture 

apertures are generally smaller than for Well A-1, ranging from 15 to 38 μm.  These estimates 
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could be largely due to the higher level of underbalance maintained while drilling A-2.  

Additionally, the observed rise in mud pit volume due to the presence of these fractures is 

relatively low.  The cross-plot does not show a strong trend for the relationship between mud pit 

volume peak and gas peak for these fractures, however, it is a positive correlation (see Figure 

5.4). 

Table 5.3  Results from the natural fracture identification analysis for Well A-2.   

 

 

 

Figure 5.3  Locations of conductive natural fractures along the lateral of Well A-2. 

Well A-2

Candidate Fracture Location                                                  

(ft)

Fracture Aperture                             

(μm)

Fracture Permeability                                      

(md)

Mud Pit Volume Peak                                                

(bbls)

Gas Peak 

(units)

Underbalance                    

(psi)

13467.0 27 6.075E+04 1.177 88 1262

13867.0 29 7.008E+04 0.811 53 1334

13943.0 32 8.533E+04 1.000 75 1335

14192.0 38 1.203E+05 1.176 67 1339

14598.0 16 2.133E+04 0.774 682 1339

14788.0 15 1.875E+04 0.790 328 1336

14990.0 32 8.533E+04 1.170 924 1334

14991.0 35 1.021E+05 1.460 715 1334

15296.0 25 5.208E+04 0.768 70 1338

15750.0 25 5.208E+04 0.930 88 1421
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Figure 5.4  Cross-plot of mud pit volume peak vs. gas peak corresponding to each conductive 

natural fracture location identified for Well A-2. 

5.1.2 Field B 

 Four wells have been selected for study from Field B.  These four wells are single lateral 

wells that were drilled from a common pad.  This drilling approach helps to reduce environmental 

impact and operational costs.  These wells were all drilled toe-up.  DFIT testing data was not 

provided for these wells specifically, so reservoir pore pressure was estimated using DFIT data 

from nearby fields.  The average true vertical depth of these wells, and correspondingly the 

reservoir pore pressure, is quite a bit lower than in Field A.  Well geometries and reservoir pore 

pressure estimates are given in Table 5.4.  The mud logs for these wells were not provided in 

*.pdf form, so the exact locations of the drillstring connections are unknown.  Care was taken to 

manually remove obvious connection gas events from the mud log data.   

Table 5.4  Length of lateral sections, average true vertical depth of lateral sections, and estimated 

reservoir pore pressures for the wells in Field B. 

 

Well Name

Length of Lateral 

(ft)

Average TVD of 

Lateral (ft)

Average Reservoir Pressure 

(psi)

B-1 5214.6 8763.5 4641

B-2 4054.5 8726.2 4641

B-3 5676.5 8737.0 4641

B-4 5280.2 8741.8 4641
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 Out of the total number of natural fractures detected, thirteen conductive natural fracture 

zones are identified for Well B-1 (see Table 5.5 and Figure 5.5).  The majority of these zones 

are located along the first half of the lateral section; only three zones are identified between 

12,500 ft and total depth.  The estimated fracture apertures are considerably higher than observed 

in Field A, ranging from 53 to 112 μm.  The data in the cross-plot again show a weak positive 

correlation (see Figure 5.6). 

Table 5.5  Results from the natural fracture identification analysis for Well B-1. 

 

 

Figure 5.5  Locations of conductive natural fractures along the lateral of Well B-1. 

Well B - 1

Conductive Natural Fracture Location 

(ft)

 Aperture 

(μm)

Permeability 

(md)

Mud Pit Volume Peak 

(bbl)

Gas Peak 

(units)

Underbalance 

(psi)

10295.2 66 3.63E+05 2.1 96 719

10385.0 69 3.97E+05 1.3 56 719

10498.6 99 8.17E+05 3.2 314 717

10513.7 66 3.63E+05 1.5 143 717

10656.7 99 8.17E+05 4.0 79 720

10832.5 101 8.50E+05 2.9 234 719

10844.4 69 3.97E+05 0.8 33 719

11347.6 76 4.81E+05 0.9 25 720

11560.2 86 6.16E+05 1.0 24 720

11591.1 71 4.20E+05 2.4 24 719

11822.0 112 1.05E+06 3.0 36 718

11887.0 87 6.31E+05 3.0 350 719

11910.6 107 9.54E+05 2.2 62 719

12253.1 88 6.45E+05 2.9 97 725

12289.2 94 7.36E+05 1.5 46 725

13056.3 53 2.34E+05 2.4 519 727

13884.3 53 2.34E+05 1.9 814 734

14113.3 73 4.44E+05 1.8 235 733
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Figure 5.6  Cross-plot of mud pit volume peak vs. gas peak corresponding to each conductive 

natural fracture location identified for Well B-1. 

A total of eleven conductive natural fracture zones have been identified for Well B-2 (see 

Table 5.6 and Figure 5.7).  The zones are relatively evenly spaced over the lateral section.  The 

natural fractures are estimated to have relatively high apertures ranging from 62 to 154 μm.  In 

this case, the data seems to indicate a strong positive correlation between mud pit volume peak 

and gas peak (see Figure 5.8). 

Table 5.6  Results from the natural fracture identification analysis for Well B-2. 

 

Well B - 2

Conductive Natural Fracture Location 

(ft)

 Aperture 

(μm)

Permeability 

(md)

Mud Pit Volume Peak 

(bbl)

Gas Peak 

(units)

Underbalance 

(psi)

10680.3 87 1.45E+04 1.6 29 736

11081.2 76 1.27E+04 1.2 35 742

11102.9 122 2.03E+04 3.5 40 742

11428.3 73 1.22E+04 1.3 35 742

11541.9 66 1.10E+04 1.6 365 742

11874.5 78 1.30E+04 1.2 47 744

12824.6 73 1.22E+04 1.0 31 743

12957.8 136 2.27E+04 7.5 447 742

13012.3 76 1.27E+04 1.0 33 742

13072.0 73 1.22E+04 1.4 47 742

13627.1 62 1.03E+04 2.2 183 741

14158.6 154 2.57E+04 2.0 141 748
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Figure 5.7  Locations of conductive natural fractures along the lateral of Well B-2. 

 

Figure 5.8  Cross-plot of mud pit volume peak vs. gas peak corresponding to each conductive 

natural fracture location identified for Well B-2. 

A total of ten conductive natural fracture zones are identified for Well B-3 (see Table 5.7 

and Figure 5.9).  The majority of the zones are concentrated in the center of the lateral section.  

Two zones are located near the heel and three zones are located near the toe.  Two large spans of 

the lateral contain no indications of conductive natural fractures.  The estimated fracture apertures 

for these zones range from 36 to 114 μm.  The cross-plot does not show much of a correlation at 
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all between mud pit volume peak and gas peak (see Figure 5.10).  The trendline is heavily 

influenced by the single point associated with the fracture at a measured depth of 14,559.5’ MD. 

Table 5.7  Results from the natural fracture identification analysis for Well B-3. 

 

 

 

Figure 5.9  Locations of conductive natural fractures along the lateral of Well B-3. 

Well B - 3

Conductive Natural Fracture 

Location (ft)

 Aperture 

(μm)

Permeability 

(md)

Mud Pit Volume Peak 

(bbl)

Gas Peak 

(units)

Underbalance 

(psi)

9929.0 66 3.63E+05 5.3 72 730

10023.5 67 3.74E+05 5.8 102 730

11640.3 98 8.00E+05 3.1 75 735

11878.5 64 3.41E+05 4.3 67 736

12004.4 103 8.84E+05 4.2 125 738

12099.6 67 3.74E+05 6.5 190 740

12355.5 83 5.74E+05 5.9 81 742

14514.3 36 1.08E+05 3.3 77 748

14559.5 114 1.08E+06 7.2 946 749

14735.4 90 6.75E+05 3.5 189 752
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Figure 5.10  Cross-plot of mud pit volume peak vs. gas peak corresponding to each conductive 

natural fracture location identified for Well B-3. 

Only six conductive natural fracture zones are identified for Well B-4 (see Table 5.8 and 

Figure 5.11).  Three spans of the lateral contain no indications of conductive natural fractures: 

10,000 to 11,000 ft, 11,750 to 12,500 ft, and 13,000 to 14,000 ft MD.  Estimated fracture 

apertures range from 79 to 112 μm.  The cross-plot indicates a weak positive correlation between 

mud pit volume peak and gas peak (see Figure 5.12).   

Table 5.8  Results from the natural fracture identification analysis for Well B-4. 

 

Well B - 4

Conductive Natural Fracture 

Location (ft)

 Aperture 

(μm)

Permeability 

(md)

Mud Pit Volume Peak 

(bbl)

Gas Peak 

(units)

Underbalance 

(psi)

11254.5 88 6.45E+05 3.9 87 732

11710.5 107 9.54E+05 4.8 52 733

12735.4 85 6.02E+05 5.3 71 740

14107.4 88 6.45E+05 4.0 82 741

14354.2 90 6.75E+05 4.5 80 740

14399.4 112 1.05E+06 4.4 50 740

14995.9 79 5.20E+05 5.7 132 742
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Figure 5.11  Locations of conductive natural fractures along the lateral of Well B-4. 

 

Figure 5.12  Cross-plot of mud pit volume peak vs. gas peak corresponding to each conductive 

natural fracture location identified for Well B-4. 
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5.2 Validation 

 No image logs are available for the data under investigation.  An alternative method must 

be used to validate the results obtained in the previous section.  These six wells have been 

selected for study specifically because they constitute three sets of parallel wells.  In tight gas 

reservoirs it is common to drill wells in the direction believed to be perpendicular to the natural 

fracture system orientation.  This practice ensures that the well will intersect the highest possible 

number of transverse natural fractures.  Therefore, it is presumed that if two wells are drilled 

parallel to each other in close proximity there is a good chance they will penetrate similar natural 

fracture systems.  The results of the natural fracture identification analysis from each set of 

parallel wells are compared.   

 Patterns in the locations of conductive natural fracture zones are considered an indication 

of the orientation of natural fracture planes.  If the wells were truly drilled in the direction 

perpendicular to natural fracture system orientation, then conductive natural fracture locations of 

the parallel wells should pair up evenly on a plan view.  If the natural fracture system is 

predominantly oriented in a different direction, the conductive natural fracture locations of 

parallel wells should pair up slightly offset.  A consistent pattern of conductive natural fracture 

pairs is a strong indication that there is a physical basis for the results obtained in Section 5.1.  

This approach will be used to evaluate a confidence level for the methodologies developed in this 

thesis. 

 The measured depths of each well are transformed to a field-wide location (see Figures 

5.13 and 5.14).  The conductive natural fracture zones for each parallel well set are compared to 

determine if any dominant patterns are observed.  If a pattern exists, the average orientation of the 

natural fracture system for the given field will be determined.  It is important to remain objective 

when identifying natural fracture orientation patterns.  While it is not assumed that natural 

fracture planes physically connect the two wells, it is conceivable that natural fractures along the 

same plane of weakness will have similar characteristics.  Estimated fracture apertures of natural 

fracture zones that correspond to a unique natural fracture plane will be compared.   
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Figure 5.13  Plan view of Field A.  Wells A-1 and A-2 are parallel wells drilled in the South – 

North direction.  The lateral spacing between these wells is roughly 800 ft.  Red diamonds 

indicate the locations of conductive natural fractures determined through the fracture 

identification analysis. 

 

Figure 5.14  Plan view of Field B.  These four wells were drilled from a common pad located 

near 0,0.  Red diamonds indicate the locations of conductive natural fractures determined through 

the fracture identification analysis. 
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5.2.1 Field A 

Consider the spans of Wells A-1 and A-2 that “overlap.”  Well A-1 contains seven 

natural fracture zones and Well A-2 contains nine.  From visual inspection of Figure 5.13 two 

dominant patterns are distinguished.  Orientation #1 is illustrated in Figure 5.15.  This orientation 

is the stronger of the two patterns.  Of the possible 16 natural fracture zones between the two 

wells, 14 zones constitute “pairs” of natural fractures aligned at similar orientation.  Upon further 

examination, it is clear that only one natural fracture zone from Well A-2 does not have a 

corresponding zone in Well A-1.  If Orientation #1 is accepted as the natural fracture system 

orientation for Field A, then it is unfair to include the most southern natural fracture zone from 

Well A-2 in this comparison because Well A-1 does not extend far enough South to draw any 

conclusions. 

Orientation #1 suggests that these two wells intersect a minimum of seven natural 

fracture planes.  The average orientation of the suggested natural fracture planes is N65°E.  The 

results of the fracture aperture comparison study for this orientation are portrayed in Table 5.9.  

With the exception of Pair #4 and Pair #5 (numbered from North to South), the estimated fracture 

apertures agree relatively well.        

 Orientation #2, illustrated in Figure 5.16, suggests that these wells intersect a minimum 

of four natural fracture planes.  The average orientation of the suggested natural fracture planes is 

N84°E.  The results of the fracture aperture comparison study for this orientation are portrayed in 

Table 5.10.  Estimated fracture apertures for these pairs do not seem to agree well.   

Table 5.9  Comparison of estimated fracture aperture between “pairs” of conductive natural 

fractures for Wells A-1 and A-2.  These pairs assume Orientation #1.  Pairs are numbered from 

North to South. 

 

 

Orientation #1

Pair #

A-1 Aperture 

(μm)

A-2 Aperture 

(μm)

1 42 29

2 36 32

3 37 38

4 42 16

5 44 15

6 44 34

7 30 25

Average 39 27
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Figure 5.15  Natural Fracture System Orientation #1 for Field A.  A dominant pattern exists that 

seems to indicate the presence of a natural fracture system oriented at N65°E. 

Table 5.10  Comparison of estimated fracture aperture between “pairs” of conductive natural 

fractures for Wells A-1 and A-2.  These pairs assume Orientation #2.  Pairs are numbered from 

North to South. 

 

 

Orientation #2

Pair #

A-1 Aperture 

(μm)

A-2 Aperture 

(μm)

1 39 38

2 37 16

3 42 15

4 44 25

Average 41 24
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Figure 5.16  Natural Fracture System Orientation #2 for Field A.  A moderate pattern exists that 

seems to indicate the presence of a natural fracture system oriented at N84°E. 

5.2.2 Field B 

 Field B consists of two parallel well sets.  Wells B-1 and B-2 were drilled in the opposite 

direction as Wells B-3 and B-4.  A field-wide comparison is made to determine if any patterns 

exist that would seem to indicate natural fracture planes (see Figure 5.14).  In general, it is 

observed that the natural fracture zones identified for Wells B-3 and B-4 do not display many 

strong patterns.  Wells B-1 and B-2, however, display two distinct patterns. 

 Orientation #1 suggests that Wells B-1 and B-2 intersect seven natural fracture planes, 

and Wells B-3 and B-4 intersect two planes (see Figure 5.17).  The average orientation of the 

suggested natural fracture planes is N12.5°E.  First, consider the “overlapping” spans of Wells B-

1 and B-2.  Four natural fracture zones do not have a corresponding zone in the other well.  In 

contrast, 14 natural fracture zones constitute pairs.  Now consider the “overlapping” spans of 

Wells B-3 and B-4.  Out of the total number of natural fracture zones identified for these two 
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wells, 12, four zones constitute pairs while eight zones do not have a corresponding match.  The 

results of the fracture aperture comparison study for Orientation #1 are given in Table 5.11.   

 Orientation #2 suggests that Wells B-1 and B-2 intersect a minimum of six natural 

fracture planes, and Wells B-3 and B-4 intersect a minimum of one plane (see Figure 5.18).  The 

average orientation of the suggested natural fracture planes is N2°E.  First, consider Wells B-1 

and B-2.  Of the total number of identified natural fracture locations, 18, there are 12 fractures 

that have a corresponding match in the other well.  Now, consider Wells B-3 and B-4.  Only one 

pair exists at this orientation out of the possible 12 identified natural fractures.  The results of the 

fracture aperture comparison study for Orientation #2 are given in Table 5.12.   

Table 5.11  Comparison of estimated fracture aperture between “pairs” of conductive natural 

fractures for all wells in Field B.  These pairs assume Orientation #1.  Pairs are numbered from 

West to East. 

 

 

Figure 5.17  Natural Fracture System Orientation #1 for Field B.  A strong pattern exists that 

seems to indicate the presence of a natural fracture system oriented at N12.5°E. 

Orientation #1

Pair #

North Well Aperture 

(μm)

South Well Aperture 

(μm)

1 53 62

2 53 73

3 88 78

4 112 66

5 79 73

6 76 99

7 85 87

8 83 85

9 114 79

Average 83 78
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Table 5.12  Comparison of estimated fracture aperture between “pairs” of conductive natural 

fractures for all wells in Field B.  These pairs assume Orientation #2.  Pairs are numbered from 

West to East. 

 

 

Figure 5.18  Natural Fracture System Orientation #2 for Field B.  A moderately strong pattern 

exists that seems to indicate the presence of a natural fracture system oriented at N2°E. 

 

 

 

 

 

 

Orientation #2

Pair #

North Well Aperture 

(μm)

South Well Aperture 

(μm)

1 73 154

2 53 76

3 97 78

4 79 66

5 76 73

6 99 87

7 75 79

Average 79 88



62 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



63 

 

CHAPTER 6: DISCUSSION AND FUTURE WORK 

6.1 Introduction 

 A total of six wells in tight gas reservoirs that were drilled underbalanced have been 

analyzed.  Conductive natural fracture zones have been identified for each well and the 

permeability of each zone has been estimated.  Several techniques used to validate the results 

have been implemented.  The results of the study are presented in Chapter 5.  In this chapter, the 

results will be interpreted.  Based upon the validation study the author’s level of confidence in the 

methodologies is moderate to high and future research is warranted.  Future areas of research 

related to this topic are discussed. 

6.1.1 Natural Fracture Identification and Characterization 

The natural fracture identification and characterization analysis has been performed on 

six wells from tight gas reservoirs that were drilled underbalanced.  On average, the 

computational tool identifies between nine and ten conductive natural fracture zones for each well.  

The true number of natural fractures that intersect each well is unknown, but focusing on roughly 

ten zones seems to be a practical target in terms of hydraulic fracture treatment designs.  

Identifying too many zones may not provide a helpful sense of the most productive zones along 

the wellbore, whereas identifying too few zones may not give engineers confidence in the results.   

For each conductive natural fracture zone, the fracture aperture and fracture permeability 

has been estimated.  The estimated fracture apertures all lie within the expected range of values 

(i.e., 10 to 1000 μm).  This is very encouraging, because several non-trivial assumptions were 

made in order to estimate fracture aperture.  The true level of underbalance at any location along 

the wellbore is generally unknown because the downhole drilling mud pressure and reservoir pore 

pressure profiles are not measured directly.  However, it was discussed in Section 4.2.3 that the 

method used in this research for determining bottomhole pressure leads to a conservative estimate 

of fracture aperture.  In addition, estimates of gas flow rate through each fracture are based on the 

mud pit volume response.  This is a major assumption that neglects several important 

considerations.  Pressure and temperature will play a key role once the gas bubble has left the 

fracture and entered the stream of circulating drilling fluid.  The volume of space in the annulus 

occupied by the gas bubble, and therefore the mud pit volume response, is largely influenced by 

the high compressibility of gas.  Reports have indicated that natural gas is highly soluble in oil-

based mud, which was the type of mud used to drill all six of the wells investigated in this study.  

As a consequence, the true mud pit volume response to a gas influx will be masked by a smaller 
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magnitude spike.  This observation also leads to a conservative estimate of fracture aperture.  In 

summary, although the estimates of fracture aperture may not be entirely accurate, they should be 

considered as a lower-bound for the true fracture apertures. 

The fracture identification criteria are based on observations of mud pit volume and total gas 

concentration.  Comparisons between mud pit volume peak and gas peak at each conductive 

fracture location for each well have been presented.  In theory, the magnitudes of these two 

responses should have a positive correlation.  The cross-plots presented in Section 5.1 are used to 

validate this hypothesis.  Overall, the quality of the results from this portion of the study is 

moderate, but acceptable.  Each cross-plot does indeed show a positive correlation, as expected.  

Cross-plots for Well A-1, Well B-2, and Well B-4 show moderate to strong correlations with 

consistent data.  The remainder of the wells, while exhibiting a positive correlation, do not 

display data that garners a high level of confidence.  For example, in Figure 5.10 it is observed 

that the trendline is highly influenced by a single point of relatively high mud pit volume peak 

and gas peak magnitude.  The other data points do not seem to suggest a strong correlation.  

However, it should be noted that the identified natural fracture zones have passed a rigorous set 

of screening criteria as well as engineering judgment, and based on the drilling and mud logs 

there is no reason to exclude any of the locations determined through the analysis.  Due to the 

high level of noise present in the data and uncertainty in the methodologies, the fact that all cross-

plots indicate a positive correlation is considered encouraging.  Nonetheless, it is not 

recommended that this data set be used to establish any type of empirical relationship between 

mud pit volume response and total gas concentration response. 

6.1.2 Validation 

 Three sets of parallel wells are considered for this study.  The results of the natural 

fracture identification and characterization analysis for each pair of wells are compared.  It is 

argued that patterns in the locations of conductive natural fracture zones between wells could be a 

means to validate the results because each pair of wells should penetrate similar geologic 

conditions.  In addition, patterns could indicate the orientation of the natural fracture system in 

each region.  Overall, the results of the validation analysis are encouraging.  Two out of the three 

parallel well pairs exhibit strong patterns.  If the orientation of the natural fracture system has 

been determined from geologic data, then the results could be further validated and the 

confidence level in the proposed methodologies would be greatly enhanced.   
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 From visual inspection of the results obtained for Field A two dominant patterns can be 

observed (see Figure 5.13).  A total of seven pairs of natural fractures are aligned at an 

orientation of roughly N65°E (see Figure 5.15).  Only one identified natural fracture from Well 

A-2 does not have a corresponding feature in Well A-1.  For each of the seven natural fracture 

planes identified, the estimated apertures of the corresponding pair of natural fractures compare 

well, with the exception of Pairs 4 and 5 (see Table 5.9).  In order to remain objective, more than 

one pattern orientation must be considered.  For Field A, an alternate orientation is observed at 

which four pairs of natural fractures are aligned at roughly N84°E (see Figure 5.16).  The pattern 

in Orientation #2 is clearly not as strong in Orientation #1.  The correlation between estimated 

fracture apertures in Orientation #2 is not as strong as Orientation #1 (see Table 5.10).  If the 

results of this investigation are to be trusted, Orientation #1 is recommended to be considered 

representative of the natural fracture system in Field A. 

 From visual inspection of the results obtained for Field B a dominant pattern is observed 

between Wells B-1 and B-2, and a weak pattern is observed between Wells B-3 and B-4 (see 

Figure 5.14).  A total of nine pairs of natural fractures align at the orientation of roughly N12.5°E 

across the four wells (see Figure 5.17).  For each of the nine identified natural fracture planes, the 

estimated apertures of the corresponding fracture pair agree quite well (see Table 5.11).  A 

second pattern is observed for Field B, corresponding to an orientation of N2°E (see Figure 5.18).  

A total of seven natural fracture planes are identified assuming this orientation.  The estimated 

fracture apertures of these seven pairs of fractures agree relatively well, with the exception of Pair 

#1 (see Table 5.12).  

 Please note that no physical connection is implied to exist between pairs of fractures 

associated with a common fracture plane.  The motivation behind these comparisons is that for a 

given in-situ horizontal stress distribution natural fractures will tend to develop along a particular 

orientation.  It is reasonable to assume that multiple natural fractures will develop along the same 

line of action in a given region.   

 The purpose of this study is to develop methodologies that are helpful in gaining 

information about the natural fracture spacing along the wellbore, the permeability of conductive 

fractures intersected by the wellbore, and the natural fracture system orientation.  In order to 

demonstrate the practicality of the techniques, the methodologies have been implemented to 

characterize the natural fracture system in six existing wells in tight gas reservoirs.  A validation 

analysis has been performed to develop a sense of confidence in the proposed methodologies 
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because no other methods are currently available to identify the true locations of natural fractures 

downhole in these six wells.  As it stands, the confidence level in the proposed technique is 

moderate to high.  In two of the three parallel well pairs considered, the application of several 

fracture identification criteria based upon physical processes has provided a strong indication of 

the presence of a natural fracture system. 

6.2 Future Work 

This report represents one of the first of its kind to propose methodologies to characterize 

natural fracture systems making use only of data that is recorded during underbalanced drilling 

operations.  The project has been industry-driven, with practical implementation as a topmost 

priority.  As such, the types of data considered and the analysis techniques employed have been 

subject to certain constraints that act to limit the accuracy of the results.  This study seeks to set 

precedence for future research that aims to exploit inexpensive underbalanced drilling data for the 

purposes of natural fracture characterization.  In this section, several suggestions are made to 

direct future research projects related to this topic. 

 One of the main issues addressed in this study is the fact that, in the absence of any other 

data, the results of the fracture identification analysis are dubious because the true geometry of 

the natural fracture system is unknown.  Without any previous experience published in this type 

of work, it is difficult for an engineer to genuinely believe the results of natural fracture locations 

subject to the fracture identification criteria described in this report.  A validation approach 

making use of wells there were drilled in parallel attempts to quantify the level of confidence in 

the results for the six wells used in this study.  However, if the required data is available, several 

additional validation tests could be applied towards this type of analysis.  The most obvious 

option is to compare the results to optical, acoustic, or resistivity image logs.  This is potentially 

the most accurate validation technique, provided that the resolution quality of the image log is 

sufficient to identify the productive features.  In many cases, geologic knowledge of a site is well 

known before drilling commences.  Predictions or estimates of the in-situ stress conditions aid in 

determining the optimal drilling path.  The in-situ stress condition (past and present) determines 

the orientation of the natural fracture system of the site.  In fact, drilling engineers orient the 

horizontal section of wells drilled in tight gas reservoirs in the direction that will intersect the 

largest number of natural fractures.  If this type of detailed geologic information is known about a 

particular site, then the validation approach described in this thesis becomes even more effective.  

Recent advances in 3-D seismic technology have produced techniques for delineating natural 

fracture systems, which could be compared with the results from the technique proposed in this 
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thesis.  Lastly, microseismic monitoring during hydraulic fracture treatments provides another 

method to evaluate the results of the proposed methodologies.  The early-time events recorded 

during pad fluid injection are often attributed to existing natural fractures that effectively re-open 

during initial injection.  The location of these types of events could be compared to the fracture 

identification analysis results.    

 For the purposes of the present research, conductive natural fracture zones are identified 

at locations where simultaneous “large” peaks in the mud pit volume and total gas concentration 

are observed.  More fracture identification criteria could be applied to increase the user’s 

confidence level.  For example, it is well known that when a fracture is intersected by the 

wellbore during conventional overbalanced drilling operations the bottomhole pressure decreases 

as fluid is lost into the fracture.  A unique downhole pressure response is likely to occur in the 

reverse case during underbalanced drilling, as gas influx rapidly enters the wellbore.  While it is 

not common to obtain direct downhole pressure measurements during drilling at this time, the 

technology does exists to place pressure sensors downhole to record a continuous downhole 

pressure profile during drilling.  Investigation into the type of bottomhole pressure response that 

is to be expected as a natural fracture is intersected at underbalanced conditions would be very 

beneficial to the industry.  Similar investigations could be implemented to determine the response 

of ROP or WOB to a natural fracture.  Contracting the mud logger to record the locations where 

sudden gas peaks occur would aid in the identification of sweet spots.  Additionally, the 

computational routine used to define the appropriate magnitude of peak to be highlighted 

deserves discussion.  A statistical approach based on the average noise level in the data is used to 

determine the appropriate cut off level for mud pit volume peak and gas peak.  A more 

sophisticated approach for processing the data would take account for the high coefficient of 

variation observed in the data sets used in this study, i.e. typically ≥ 1.  It is recommended to 

investigate the possibility of mud pit volume peaks and gas peaks exhibiting a log-normal 

distribution. 

 The model used in this study to estimate fracture aperture is the cubic law for fracture 

flow.  The estimates reported in this study have been shown to be conservative, however, the 

accuracy of these estimates could be enhanced through consideration of the following concepts.  

First and foremost, direct measurements of gas flow rate should be recorded if at all possible.  

Research into advanced methods for separating produced gas from the drilling fluid stream would 

be greatly beneficial to this type of project.  Correlations between total gas concentration and gas 

flow rate would be helpful to compare with observations of mud pit volume if gas influx rate 
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cannot be measured directly.  Further study into the effects of gas solubility in oil-based mud and 

PVT relationships in wellbore conditions are necessary to improve gas influx rate estimates based 

on data that is currently available.  Precise measurements of downhole drilling fluid pressure and 

reservoir pore pressure profiles are helpful to classify the level of underbalance.  Finally, a 

numerical model that considers transient flow of a highly compressible gas through fractured 

media would certainly be a useful tool to obtain more accurate estimates of fracture aperture. 
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CHAPTER 7: CONCLUDING REMARKS 

 Fluid flow through the fracture network is known to dominate production from 

unconventional, low permeability oil and gas reservoirs.  In many deep tight gas reservoirs it is 

expected that the natural fracture system is predominantly comprised of vertical fractures.  In 

order to intersect the maximum number of natural fractures, it has therefore become common 

practice to drill horizontal wellbores in these types of reservoirs.  Among other technical 

advantages, it has been recognized that drilling underbalanced greatly enhances the rate of 

penetration; in many cases the lateral section of horizontal wellbores are drilled underbalanced to 

reduce drilling costs.  The downhole pressure condition while drilling underbalanced has the 

consequence of inducing hydrocarbon production throughout the drilling process.  Experience has 

shown that if the production rate can be accurately determined, then information about the 

reservoir properties such as formation permeability and pore pressure can be determined, similar 

to pressure transient testing.  This thesis describes an approach to identify and characterize the 

permeability of natural fractures that are intersected by the wellbore using data that can be 

obtained during underbalanced drilling operations. 

 The project is industry-oriented and the practical application of the methodologies 

developed within this thesis has been a primary consideration.  The investigation discussed within 

this thesis is essentially an exploitation study to use data that is commonly recorded for every new 

well that is drilled underbalanced to gain useful information about the natural fracture system 

present near-wellbore.  Properties of the natural fracture system near-wellbore, such as fracture 

spacing, permeability, and orientation, have extreme economic implications from the perspective 

of the hydraulic fracture treatment design. 

 For the purposes of this study, two pieces of data recorded during drilling operations have 

been identified as having a physical basis for indicating the presence of natural fractures: mud pit 

volume measurements and total gas concentration measurements.  The premise behind this 

physical basis is that as a natural fracture is intersected by the wellbore while the underbalance 

pressure condition exists, the volume of gas originally contained within the fracture will rapidly 

flow into the wellbore.  As opposed to a normal gas kick situation, this phenomenon is primarily 

due to the extremely high permeability of the fracture and in general is not considered unsafe.  As 

the gas enters the wellbore, it will displace a volume of the drilling fluid which is observable at 

the surface.  In addition, as the drilling fluid circulates back to the surface a noticeable “spike” 

should appear on the mud log.  Current mud logging practice accounts for the circulation lag time, 

and an accurate position along the wellbore at which the gas influx originally occurred can be 
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determined.  It is plausible that a natural fracture exists at the location along the wellbore where 

these two events occur simultaneously. 

 A computational tool has been developed that processes the drilling and mud log data 

from wells that were drilled underbalanced.  Spikes in both mud pit volume and total gas 

concentration are used as fracture identification criteria.  A threshold can be set by the user to 

quantify an appropriate magnitude of spike that serves to distinguish a response to a natural 

fracture from random noise in the data.  The input data can be prepared in a relatively short time 

frame (i.e., less than a day) and the analysis can then be performed immediately.  In theory, this 

type of analysis could actually be performed in near real-time as the well is being drilled.  The 

results from the analysis indicate the zones along the wellbore at which the presence of a natural 

fracture is highly probable.  The effective fracture permeability is estimated for each zone that is 

identified using estimates of gas influx rate.    

The approach described within this thesis has been applied to six data sets from 

horizontal wells that were drilled underbalanced in tight gas reservoirs.  The wells consist of three 

sets of parallel well pairs.  No information was provided by the sponsor about the natural fracture 

systems in the fields considered in this study that would help to prove the existence of the 

identified natural fractures (i.e., FMI logs, in-situ stress condition, geologic history).  In an 

attempt to quantify the level of confidence in the proposed methodologies the results from the 

analysis are compared for each pair of parallel wells.  It is argued that patterns in the locations of 

conductive natural fractures in parallel wells could be an indication of the presence of the natural 

fracture system in the region.  In two of the three well pairs considered, the majority of identified 

conductive fracture locations in one well aligned with a corresponding feature in the parallel well.  

Based on these comparisons, the author’s confidence level in these methodologies is moderate to 

high.  The methodologies warrant further research. 

This study provides a foundation for future studies on the topic of natural fracture 

characterization using data that can be obtained during underbalanced drilling operations.  Many 

basic assumptions were made in this analysis because of practical considerations.  As experience 

is gained in this area many of these assumptions could be relaxed.  Improvements to this analysis 

could be made to enhance the accuracy of the natural fracture identification procedure and 

estimates of natural fracture permeability.  In particular, the most critical component of this type 

of analysis is the measurement of the rate of produced fluids; industrial research into effective 

techniques for measuring fluid production rate throughout the drilling process is essential to 
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progress the effort to use underbalanced drilling data for the purposes of natural fracture 

characterization.  Furthermore, it is recommended to include any additional types of data 

recorded on individual drilling rigs that would serve as fracture identification criteria in order to 

bolster confidence in the fracture identification procedure.  Finally, if any means exist to further 

validate the proposed methodologies, then they should be exploited.  The framework has been 

presented and can be easily updated as further insight into the problem is achieved.  

This thesis presents a novel method to characterize natural fracture systems using 

inexpensive data.  At this time, sound engineering judgment must be exercised while interpreting 

the results of the analysis.  The economic implications of this type of work are yet to be seen, but 

the results obtained from this analysis could have potentially large impacts on the practice of 

hydraulic fracture treatment design.   
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NOTATION 

b   Constant used for Arps’ decline-curve analysis method, [dimensionless] 

C   Constant used in cubic law relationship, 
1 1L t     

tc  Total compressibility; equal to the sum of fluid and pore compressibility, 

2L F    

iD   Constant used for Arps’ decline-curve analysis method, 
1t    

MDD   Measured depth,  L  

TVDD   True vertical depth,  L  

g   Gravitational constant, 
2L t    

G   Total gas concentration,  units  

h   Hydraulic head,  L  

k   Permeability, 
2L    

fk   Fracture permeability, 
2L    

L   Sample length for Darcy experiment,  L  

M  Measurement of interest; either mud pit volume peak or gas peak, 
3L    or 

 units  

n   Total number of rows of data in drilling and mud log data, [dimensionless] 

N   Standard deviation coefficient, [dimensionless] 

P   Pressure, 
2F L    

BHPP   Bottomhole pressure, 
2F L    

DHPP   Downhole pressure of drilling fluid, 
2F L    
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resP   Reservoir pore pressure, 
2F L    

annP   Frictional pressure loss in the annulus during drilling fluid circulation, 
2F L    

OBP   Overbalance pressure, 
2F L    

UBP   Underbalance pressure, 
2F L    

q   Cumulative production, 
3L    

q   Production rate, 
3L t    

iq   Initial production rate, 
3L t    

Q   Fluid flow rate, 
3L t    

gasQ  Influx rate of gas from fracture into wellbore during underbalanced drilling, 

3L t    

r   Radius,  L  

R   Rate of penetration,  L t  

eR   Radial extent of fracture,  L  

wR   Wellbore radius,  L  

t   Time,  t  

v   Darcy fluid velocity in three dimensions,  L t  

v   Darcy fluid velocity in one dimension,  L t  

mv   Velocity of drilling mud invasion front,  L t  

 
maxmV  Maximum mud loss volume, 

3L    

pitV   Mud pit volume, 
3L    
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w   Fracture aperture,  L  

X   Mud pit volume level or total gas concentration, 
3L    or  units  

Greek Symbols 

   Inertial factor for non-Darcy flow, 
1L    

mud   Unit weight of drilling mud; mud weight gradient, 
3F L    

   Hydraulic conductivity,  L t  

   Fluid viscosity, 
2F t L    

M   Average of measurement of interest, 
3L    or  units  

p   Plastic viscosity for non-Newtonian fluid, 
2F t L    

   Pi, dimensionless 

   Fluid density, 
3M L    

M   Standard deviation of measurement of interest, 
3L    or  units  

y   Yield stress for non-Newtonian fluid, 
2F L    

   Porosity, [dimensionless] 
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GLOSSARY 

AFIT:   Acoustic formation imaging technology – type of image log 

BEM:   Boundary element method 

BHP:   Bottomhole pressure 

Bottomhole:  Used to refer to the location of the drillbit during drilling 

Connection  

Gas Event:  Mechanically induced “spike” in the total gas concentration that appears on the 

mud log after each drillstring connection is made 

DCA:   Decline-curve analysis 

DFIT: Diagnostic fracture injection test analysis which can be used to estimate 

formation pore pressure 

Downhole:  Used to refer to an arbitrary location along the wellbore during drilling, not 

necessarily at bottomhole (see Bottomhole) 

EUR:   Estimated ultimate recovery 

FMI:   Formation micro-image – type resistivity of image log 

Gas Peak:  The observed increase in total gas concentration on the mud log as a natural 

fracture is intersected by the wellbore 

MD:   Measured depth 

MPD:   Managed pressure drilling 

Mud Pit  

Volume Peak:  The observed increase in mud pit volume as a natural fracture is intersected by 

the wellbore 

OGIP:   Original gas in place 

ROP:   Rate of penetration 

TCM:   Type-curve matching 

Tight Gas  

Reservoir:  Natural gas reservoir with matrix permeability less than 0.1 md 

TVD:   True vertical depth 

UBD:   Underbalanced drilling 

WOB:   Weight on bit 
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APPENDIX A: CONTENTS OF THE CD 

Please see accompanying CD for a copy of the user’s manual for the computational 

program, the Excel spreadsheet template used for input and output, and a copy of the code for the 

computational program. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


