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ABSTRACT
The purpose of this thesis is to evaiuate and demonstrate the performance of new circular
scanline and circular window estimators of joint intensity, density and mean tracelength.
The estimators are distribution independent and provide a rapid means of estimating
parameters, because only counts of fracture trace intersections and/or trace endpoints are
needed. These estimators defeat the problems of orientation bias, censoring and length
bias, which plagued previous methods. Using synthetic patterns with known parameters,
the estimators reliably match control values. When applied to nine different joint sets or
pavements, the estimators also correctly estimate fracture characteristics. A 95%
prediction interval is used to establish confidence in measurements by defining the likely
range for new predicted values. Plots for prediction interval show that the interval for
predicted values is reduced and hence, estimate quality improved more efficiently by
using sampling schemes that increase radius rather than number of circles. Larger circles
are more efficient because they effectively average out spatial heterogeneity. When
estimating mean tracelength, reliability of estimates is also improved by sampling
schemes that yield large counts of fracture endpoints. Analysis of synthetic patterns
shows that for trace centers described by a Poisson process, sampling schemes that
capture 20 endpoints, on average, are needed to produce reliable results. This value
should not be applied literally to natural patterns, as they are not typically Poissonian, but
this analysis emphasizes the benefits of large sample size. These estimators may be
applied to any type of data set that consists of linear traces, including fault traces on a

planar slice through a 3-d seismic reflection data cube.
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1. INTRODUCTION

The purpose of this thesis is to evaluate and demonstrate the performance of new
estimators for joint intensity, density and mean tracelength utilizing circular scanlines and
circular windows as measurement tools (Mauldon, 1998; Mauldon et al., 1999a, b). By
estimating these parameters in fractured rock volumes, geoscientists can more accurately
assess hydrocarbon flow and storage (Reiss, 1982; Nelson, 1985; Dershowitz and
LaPointe, 1994; Narr, 1996), groundwater flow and storage (Long and Witherspoon,
1985; Bear et al., 1993; McKay et al., 1993; Anna and Wallman, 1997), slope stability
(Hoek and Bray, 1977), rockmass mechanical behavior (Jaeger and Cook, 1969;
Goodman and Shi, 1985; Amadei and Savage, 1993; Kulatilake et al., 1993a), and elastic
rock properties (Segall and Pollard, 1983; Fossum, 1985; Hu and Huang, 1993). The
quality of the new circular scanline/window estimators will be evaluated for both
synthetic and natural patterns. This approach will be used to (1) confirm that the
estimated values tend toward the true values for the underlying population of joint traces;
(2) compare the performance of these new estimators to existing estimators; (3) establish
95% confidence levels for predictions from applying the estimators; and (4) determine the
minimum sample size for which the mean tracelength estimator will reliably estimate

mean tracelength.

Fracture Characteristics
Fracture density in the past has often been treated as identical to the apparent

density, i.e., the number of fractures observed per unit volume, area or length (Dershowitz




and Herda, 1992; Ghosh and Daemen, 1993). Apparent density, however, which in two
dimensions is defined as the number of fractures per unit area, overestimates the true
density (Kulatilake and Wu, 1984b; Mauldon, 1994). The magnitude of the overestimate
decreases as the sample size increases (Figure 1A, B). For example, set 1 in Figure 1A
has an apparent density of 0.0020 m™ for a circular window of radius 25 m. The estimate
decreases to 0.0014 m™ for a radius of 75 m, which more closely approximates the true
density of 0.0010 m™. Obtaining the true density requires identifying unique points, such
as centers or terminations on the fractures. Only those fractures with the unique points
exposed in the sample region are counted. For example, if centers are counted to
determine density for set 1, the estimate is 0.0011 m™ for a circle of radius 25 m and
0.0010 m™ for radius 75 m. Compared to the apparent densities, these estimates are more
accurate and show little sensitivity to window size. In natural exposures, centers are
typically difficult to identify. Terminations are easier to deal with as will be done in this
work.

Fracture size can be defined in three, two or one-dimension, where size denotes
fracture volume, area and tracelength, respectively. Typically, only tracelength is
measured for joints because it may be directly observed (Figure 1A), whereas joint areas
and volumes usually cannot.

Fracture intensity is a pattern characteristic that incorporates both the number and
size of the fractures. The most desired measure of fracture intensity is volumetric
intensity, defined as the area of fractures per unit volume of rock (Wheeler and Dixon,

1980; Dershowitz and Einstein, 1988; Dershowitz and Herda, 1992; Mauldon, 1994).
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Figure 1- Problems due to censoring and length bias when sampling fracture
traces. (A) Same fracture pattern with two sets sampled by three progressively
larger circles (dots represent fracture centers). (B) Apparent density overestimates
for smaller samples due to censoring and length bias. (C) Mean trace length
underestimated due to censoring. (D) Undersampling of joint trace lengths due to
censoring as shown by the probability distribution function (pdf). (E)
Oversampling of longer traces due to length bias as shown by the pdf.



Volumetric intensity maybe used to determine fracture porosity, when fracture aperture is
known, but, since volumetric joint intensity cannot easily be observed without rockmass
disaggregation, this measure is not easily obtained. Instead, a pair of dimensionally
similar but measurable characteristics are used: areal intensity, defined as the length of
fracture traces per unit area of a planar sampling region (Dershowitz and Herda, 1992;
Mauldon, 1994; Ehlen, 1998); and linear intensity, defined as the number of fractures per
unit length of scanline or borehole (linear intensity) (Priest and Hudson, 1981; Lacazette,
1991; Dershowitz and Herda, 1992; Mauldon, 1994; Becker and Gross, 1996).
Volumetric intensity can then, in principle, be extrapolated from linear or areal intensity
measurements (Dershowitz and Herda, 1992; Mauldon, 1994). It should be noted that
intensity is the product of density and size, unless density and size are correlated variables

(e.g., Ang and Tang, 1975).

Current Measurement Methods and Sampling Biases

As joints are commonly observed along lines or surfaces, two common sampling
methods exist for estimating intensity, density and mean tracelength: straight scanlines
and areal sampling (Figure 2) (LaPointe and Hudson, 1985; Priest, 1993; Wu and Pollard,
1995). Straight scanlines sample the fractures that intersect the scanline and may be used
to systematically record number, orientation, aperture, semi-tracelength, etc. (Priest and
Hudson, 1981). The area method samples joints that intersect a surface area and usually
involves mapping the joint pattern (Wu and Pollard, 1995). Number, tracelength,

orientation, aperture, tracelength, etc. may be recorded for all observed joint traces.



Figure 2 - Straight scanline (thick dotted line), areal sampling (irregular joint
pavement window), and a circular scanline/window (thick dotted circle) sampling
of a population of joints. Solid lines represent visible joint traces, and dashed lines
represent covered portions of joint traces.




A key issue for quantifying characteristics of a joint pattern with samples from
straight scanlines or areas is avoiding sampling biases that skew measured values from
true values. Sampling biases due to orientation bias, censoring, length bias, and pattern
heterogeneity (Baecher and Lanney, 1978; LaPointe and Hudson, 1985) are discussed at
length in this thesis.

Orientation bias results if a straight scanline or the long axis of an inequant
sampling area is not normal to a joint set (Terzaghi, 1965; Priest, 1993; Mauldon and
Mauldon, 1997). For parallel joints, intensity estimates from scanlines can be corrected
by dividing by cos a, where a is the angle between the scanline and the normal to the
joint set (Terzaghi, 1965). This correction factor, however, produces spurious results as
o approaches 90°, and equals infinity when o is 90° (Terzaghi, 1965; Mauldon and
Mauldon, 1997). To reduce the effects of this correction artifact, arbitrary upper limits
for the correction factor of 10° to 20° have been proposed (Yow, 1987; Priest, 1993).

Censoring occurs for joints that extend beyond the visible exposure, so that one or
both ends of the joint cannot be seen (Figure 1A) (e.g., Cruden, 1977; Baecher and
Lanney, 1978; Einstein and Baecher, 1983; LaPointe and Hudson, 1985 ; Pickering et al.,
1995). Such joints are referred to as singly or doubly censored, respectively. If the
censored portion of such data is ignored when estimating density or tracelength (Figure ‘
1A-D), the estimated parameters will be incorrect. Density is overestimated due to
censoring if the count of observed ﬁaé:tures is used as a proxy for the number of fracture

centers. Mean tracelength is underestimated with visible traces because censoring hides

portions of some traces (Figure 1D). The error decreases as the size of the sampling



window increases relative to the length of the joints (Figure 1C). For example, in Figure

1A, the estimated mean tracelength of set 2 increases from 10.29 m for a circular window
of radius 25 m to 17.12 m for a circular window of radius 75 m, which more closely
approaches the true mean tracelength of 20.00 m.

Length bias occurs because longer joint traces having a greater probability of
being sampled than shorter fracture traces (Baecher and Lanney, 1978; Einstein and
Baecher, 1983; LaPointe and Hudson, 1985). Oversampling of longer traces causes the
estimated tracelength distribution and estimates for mean tracelength to be positively
skewed (Figure 1E).

Pattern heterogeneity is a change in joint characteristics, such as intensity, with a
change in position. To prevent this effect from biasing estimates for joint characteristics,
subregions within the pattern, with statistically homogeneous joint characteristics, are
identified and sampled separately (LaPointe and Hudson, 1985; Ghosh and Daemen,
1993; Kulatilake et al, 1993b; Kulatilake et al., 1996; Kulatilake et al., 1997). If
homogeneous subregions cannot be found, geostatistical methods may be employed to
characterize the magnitude and rate of change as a function of distance and direction
(LaPointe and Hudson, 1985; Priest, 1993; LaPointe, 1993; Jian et al., 1996). For this
thesis, fracture pavements will be subdivided into homogeneous subregions based on

visual inspection.



Advantages/Disadvantages of Current Estimation Methods

Straight scanlines (Figure 2) provide a rapid means for estimating fracture
intensity and mean fracture tracelength (Priest and Hudson, 1981; LaPointe and Hudson,
1985; Becker and Gross, 1996). Straight scanlines, however, are subject to orientation
bias, length bias, censoring, and the spatial heterogeneity of the fracture set (Terzaghi,
1965; Baecher and Lanney, 1978; Pahl, 1981; Priest and Hudson, 1981; Kulatilake and
Wu, 1984a, b; LaPointe and Hudson, 1985; Priest, 1993; Wu and Pollard, 1995; Mauldon
and Mauldon, 1997).

Areal sampling (Figure 2), which considers fracture traces over a two-dimensional
region, is subject to orientation bias for anything except a circular sampling area, and
reduces censoring and length bias as compared with a scanline sample. Because areal
sampling averages trace parameters over an area, spatial heterogeneity is reduced (e.g.,
Wu and Pollard, 1995; Kulatilake et al., 1997). The effects of censoring and length bias
are reduced as the size of the sampling region increases with respect to the length of the
joint traces because most traces become completely visible. Drawbacks of the area
method are that: (1) it is time consuming; (2) it may disguise spatial heterogeneities; and
(3) inequant or small sampling areas such as those commonly available to the geologist
reintroduce biases (LaPointe and Hudson, 1985; Kulatilake et al, 1993b; Wu and Pollard,
1995; Kulatilake et al., 1996). Thus, neither areal sampling nor straight scanlines are

completely satisfactory in terms of efficiency and accuracy.



2. NEW FRACTURE ESTIMATORS

To combine the time efficiency of scanlines with the improved accuracy of areal
sampling, this thesis examines a third approach that uses circular scanlines and circular
windows (Figure 2) to estimate intensity, density and mean tracelength. An unbiased
estimate of intensity is obtained from a count of the number of joint intersections with a
circular scanline (Figure 3A) (Mecke, 1981; Stoyan et al., 1995; Mauldon et al., 1999a).
An unbiased estimate of density is obtained from a count of the number of joint endpoints
inside the circular window (Figure 3B) (Mauldon, 1998; Mauldon et al., 1999b). An
asymptotically unbiased estimate of mean tracelength is obtained from the ratio of
number of intersections on the circle to the number of endpoints inside the circle (Figure
3B) (Mauldon, 1998; Mauldon et al., 1999b).

The use of circular scanlines and windows combines the speed of straight
scanlines with the bias reduction of areal measurements. The estimators are distribution-
free, and do not require particular fracture spacing, tracelength or orientation distributions
to estimate intensity, density or mean tracelength (Mauldon, 1998; Mauldon et al., 1999a,

b).

Intensity

Previous workers have suggested the use of circular scanlines to eliminate
orientation bias (Baecher and Lanney, 1978; Titley et al., 1986; Davis and Reynolds,
1996), but intensity estimators using circular scanlines have not been described
previously in the geologic literature. Using principles of stochastic geometry, a circle-
based intensity estimator for microscopy was described by Mecke (1981) and Stoyan et

9




(A) (B)

Figure 3 - Fracture pattern with circle illustrating » and m. (A) Solid dots represent
the intersection pormts () between jomts and circle. (B) Dots for the mtersection
points () of joints with the perimeter and triangles for joint endpoints (m) ina
circular window
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al. (1995) (see also Santal6, 1976). The intensity estimator, which was derived using a
simplified analysis and applied to rock fractures by Mauldon et al. (1999a) is:

I=n/4r, ¢y
where [is the estimate of fracture intensity, » is the number of fractures intersecting the
circumference of the circle (Figure 3A), and r is the radius of the circular scanline. For
example in Figure 3a, n is 11, the circle radius is 1 m, and so the intensity estimate is 2.75

m.

Density

To eliminate censoring and length bias when estimating the number of fracture
centers in a sampling domain, Kulatilake and Wu (1984a) assumed a negative
exponential tracelength distribution and determined the probability that the midpoint of a
given fracture trace lies inside the window. ‘A significant drawback of this method is that
the tracelength distribution of a joint population is not generally known. Mauldon (1998)
derived a distribution-free (Maritz, 1981) density estimator for sampling windows using
the principle of associated points (Parker and Cowan, 1976), utilizing the two-to-one
correspondence between trace endpoints and trace centers. The estimator simplifies for
circular windows (Mauldon, 1998; Mauldon et al., 1999b):

m
2zr

pP=-—3, @)

where p is the estimate of fracture density, m is the number of fracture endpoints inside

the circular window, and r is the radius of the circular window (Figure 3B). For example



in Figure 3B, m is 17, the circle radius 1 m, and the estimate of density is 2.71 m™.

Mean Tracelength

Estimates of mean tracelength using straight scanlines or rectangular windows
have been suggested (Cruden,1977; Baecher and Lanney,1978; Baecher,1980; Priest and
Hudson,1981; Panek,1985; Rouleau and Gale,1985; Villaescusa and Brown,1992;
Kulatilake et al., 1993b). These estimates of mean tracelength, however, assume
underlying tracelength distributions, which are generally not known because the observed
distributions themselves are subject to censoring and length bias. A quasi-distribution-
free method of estimating mean fracture tracelength for traces with a fixed orientation,
using a rectangular window, was introduced by Pahl (1981) and later modified by
Kulatilake and Wu (1984b) to allow variable orientation. Mauldon (1998) derived a
distribution-free estimator for mean fracture tracelength using an arbitrary convex
window that is valid for any distribution of tracelength and trace orientation. The
estimator simplifies for circular windows (Mauldon, 1998; Zhang and Einstein, 1998;

Mauldon et al., 1999b):
~ 7mr(nm
= 3
H== ( ) €)

where 1 is the estimate of mean fracture tracelength, # is the radius of the circular

window, » is the number of fractures intersecting the circumference of the circular

window (Figure 3B), and m is the number of fracture endpoints inside the circular

12



window (Figure 3B). For example, in Figure 3B, nis 11, m is 17, the circle radius is 1 m,

and so the estimated mean tracelength is 1.02 m.

13



3. DATA COLLECTION AND ANALYSIS
The performance of these new estimators is examined in this thesis via Monte
Carlo simulation of synthetic fracture sets, and by application to natural fracture
pavements from Llantwit Major and Amroth, Wales, UK; Tequesquite Creek (near Del
Rio); Texas, USA; Rocky Creek (near Great Falls), South Carolina, USA; Telpyn Point
(near Amroth), Wales, UK; Ward Lake (near Bishop), CA, USA; and P100, Yucca

Mountain, NV, USA (Figures 4-10).

Synthetic Fracture Patterns

Synthetic fracture patterns were used to evaluate the fracture intensity, density and
mean tracelength estimators, because all parameters for synthetic patterns can be
controlled. Since all pertinent fracture parameters are known, the estimated values can be

compared to the known values to evaluate the performance of the new estimators.

JAWS

Monte Carlo simulation (Hammersly and Handscomb, 1965) of fracture traces
using JAWS (Joint Analysis using Windows and Scanlines, Appendices A and B),a
Visual Basic® 5.0 computer program developed for this research, was used to evaluate the
quality of the fracture intensity, density and mean tracelength estimators. In the program,
synthetic sets of fracture traces, with centers generated from a Poisson distribution, were
generated over a square generation region with an edge length of D + L (Figure 11). The

estimators were evaluated over a smaller square analysis region (Gilmour et al., 1986)

14



Figure 4 - Llantwit Major fracture trace map. Gray areas are covered or
not mapped.
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Figure 5 - Amroth fracture trace map. Lightly stippled region represents a
homogeneous subdomain.
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Figure 6 - Tequesquite Creek fracture trace map (modified from Wiltschko et al.,

1991). Gray areas represent fossils or covered areas. Thick black joints were not

analyzed. Lightly stippled region represents a homogeneous subdomain.
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Figure 7 - Rocky Creek fracture trace map (modified from Schaeffer, 1998,
unpublished data). Gray areas are covered or not mapped. Lightly stippled
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region represents a homogeneous subdomain.
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Figure 8 - Telpyn Point fracture trace map.
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Figure 9 - Ward Lake fracture trace map (modified from Segall and Pollard, 1983).
Gray areas are covered. Lightly stippled region represents portion of pavement
analyzed. Pair of closely spaced, dashed lines show an aplite dike and was not analyzed.
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Figure 10 - P100 fracture trace map (modified from Barton et al., 1993).
Lightly stippled region represents the portion of the pavement analyzed.
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generated in a generation region (dashed box) of size D + L,
where L is the length of the longest fracture. The fractures are
analyzed in the analysis region (box) of size D.




that was centered on the generation region and had an edge of length D, so as to avoid
edge effects (Figure 11). The variables in these simulations were the density of fracture
centers, mean tracelength, fracture orientation and the number and size of circular
scanlines or windows used to sample these synthetic traces. Fracture intensity, which is
not directly input, is a dependent variable because it is the product of density and mean

tracelength.

Natural Fracture Patterns

The fracture patterns (Figures 4-10) formed in various geologic settings and
lithologies, and represent a range of network geometries (Table 1). By applying the new
estimators to this variety of natural fracture patterns, it was hoped to demonstrate the
robustness of the new estimators for natural joint patterns. Only the trace maps shown in
Figures 4-7 were used for initial analysis, but all fracture pavements were used to

determine the 95% prediction interval for intensity estimates.

Data Analysis

A simple field procedure for gathering the new data sets would have been to use
string, chalk and a measuring tape to establish circular scanlines and windows for the
measurement of » and m. However, because the results needed to be compared to other
methods fracture trace maps were constructed for the new field sites (Table 1).

New and existing maps were digitized and imported into JAWS where the

patterns could be rapidly analyzed. After specifying the number and size of the circular

23
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scanlines or windows to be used, JAWS uniformly distributed the center coordinates of
sampling circles on a fracture pavement. Only circles that were completely contained

within the fracture map were retained for the analysis (Stoyan et al., 1995).
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4. RESULTS
Do Circles Defeat the Biases?

The performance of the new estimators was first investigated qualitatively by
sampling known synthetic fracture patterns in a square analysis region of edged
dimensions 100 L (Table 2) using 100 circles of radius 20 L. L is an arbitrary unit of
length for which any standard unit of length can be substituted. The individual sample
results and their running means were calculated for comparison with the known input
values of the parameters (Figure 12).

To show that the new estimators are unaffected by orientation bias, a fracture
pattern with joint orientations uniformly distributed over a 60° spread between 30° and
90° was analyzed (Table 2, O.B.). To show that that the estimators are unaffected by
censoring, a fracture pattern with censored traces was analyzed (Table 2, C.B.). Ifthe
estimators do not defeat censoring, they should underestimate intensity, density and/or
mean tracelength. To show that the intensity and mean tracelength estimators are
unaffected by length bias, a fracture pattern consisting of two fracture sets was analyzed
(Table 2, L.B."). The two fracture sets have similar densities but different fracture
intensities of (0.51 L™ versus 1.0 L") and mean tracelengths (50 L versus 100 L). To
demonstrate qualitatively that the density estimator is unaffected by length bias, two more
fracture sets of equal intensity, but differing densities and mean tracelengths were
analyzed (Table 2, L.B.2). If the estimators do not defeat length bias, estimates should be
skewed towards the value of the longer set for average intensity, density and mean

tracelength.
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Figure 12 - Calculated estimates (black lines) and running means (small open circles) for
intensity, density and mean tracelength for synthetic patterns where sampling biases
could be present. Dashed line and corresponding values represent the input values. (A)
Orientation bias. (B) Censoring. (C) Length bias.
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In all cases, the new estimators fluctuate about the input value, while the running
means of the estimates approach the input values of the sample (Figure 12). So, on
average, under- or overestimates are not produced, and the estimators are asymptotically

unbiased with respect to orientation bias, censoring and length bias.

Comparison to Other Estimators

Having established that the new estimators overcome sampling biases, their
performance was compared qualitatively to estimates from straight scanlines and areal
sampling. A synthetic pattern (Figure 13) was generated for this comparison. Also, four
natural patterns were used to compare to estimates from the area method, using the entire
pavement as a single sample (Figures 4-7). The estimates using circular scanlines and
windows were determined by averaging individual estimates from two to ten randomly

positioned circles.

Fracture Intensity: Synthetic Fracture Patterns

A circular scanline radius of 10 L, an area sample equal to the circle area (=314
1%, and a straight scanline of length equal to circle circumference (=63 L) were used for
the comparison of the fracture intensity estimates. The circular scanline estimates of
fracture intensity fluctuate about the input intensity, while their running mean approaches
the input intensity as sample size increases (Figure 14A). Estimates from areal samples
of the circular windows are almost identical to those for the circular scanlines. The time

spent constructing a trace map to determine intensity is not efficient. To illustrate the
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Figure 13 - Synthetic fracture pattern analyzed to test the new
estimators versus existing estimators (input values: intensity = 2.0
L1, density = 0.05 172, tracelength = 40 + 20 L, ortentation = 060° +
30°). Pavement appears more intensely fractured, because the traces
are artificially thick due to image resolution of 72 dpi. Orientation
and length ranges bound uniform distributions.
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orientation bias problem, a straight scanline oriented at 090° (E-W) was used to sample
the pattern. Even though the data were corrected for orientation bias with a trigonometric
correction applied to the mean set orientation (Terzaghi, 1965), intensity estimates still

underestimated input intensity by a factor of 1.7.

Fracture Intensity: Natural Fracture Patterns

Generally, the variance of the new intensity estimator decreases with increasing
circle radius at Llantwit Major, Amroth and Rocky Creek (Figure 15A, B, C, E). Circular
scanlines do detect spatial heterogeneity in natural patterns, much like straight scanlines
and unlike areal samples from the entire pavement (Wu and Pollard, 1995). At Llantwit
Major, estimates for circular scanlines larger than = 1 m slightly underestimate intensity
as compared to the whole pavement. This effect occurs because large circles are
restricted to the northwestern portion of the pavement where intensity is slightly lower
(Figure 4, 15A, B). Similar heterogeneities are identified in the other three pavements,
producing overestimates occur in these cases (Figure 15C-E). The overestimates occur
for all circle sizes at Amroth, in a transition between 7 = 1 m and = 2 m at Tequesquite
Creek, and for circles of ¥ > 2 m at Rocky Creek. In all cases, the estimates for circular
scanlines and the sample from a pavement “window” become quite comparable when
homogeneous subdomains are identified (stippled region, Figures 5-7). It should be noted
that the circular scanlines also correctly estimate the intensities in the domains of the

unstippled portions of the pavements.
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Figure 15 - Intensity estimates from circular scanlines (diamonds) versus areal sampling
(dashed line). (A) Master joints at Llantwit Major. (B) Cross joints at Llantwit Major.
(C) All joints at Amroth. (D) All joints at Tequesquite Creek. (E) All joints at Rocky
Creek. The numbers in parentheses give intensities, in m™,of the stippled portions of the
pavement; numbers without parentheses give the intensities of the entire pavement.
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Fracture Density: Synthetic Fracture Patterns

Density estimates based on trace terminations in circular windows fluctuate about
the input density and the running average approaches this density as the number of
samples increases (Figure 14B). If the circular windows are treated as areas and the
number of fractures in the window are counted, the apparent density overestimates the
true density by a factor of 3.5 because of censoring and length bias. Increasing the size of
the sample area (e.g., using the entire analysis square) reduces the overestimate (dashed
line, Figure 14B) to a factor of 1.6, but nonetheless, counting all exposed pieces of

fracture traces still generates a significant overestimate.

Fracture Density: Natural Fracture Patterns

Density estimates from circular windows at Llantwit Major, Amroth, Tequesquite
Creek and Rocky Creek (Figure 16) are compared to the apparent density of the whole
pavement. For natural patterns, the apparent density estimate from the entire pavement is
closer to the unbiased density estimates from circular windows, especially at Rocky Creek
(Figure 16E), than was the case for the synthetic example (Figure 14B vs. Figure 16).
This difference occurs because the natural sample areas are mostly much larger in size,
relatively, than the average length of the joints they contain as compared to the synthetic
example (Figures 4-7 vs. 13). The clear exception is the master joint set at Llantwit
Major (Figure 4, 16A) where almost all fractures are doubly censored. In this case, the
apparent density overestimates by a factor of more than 3, as compared to the unbiased

density estimates from the circular windows (1.5 vs. 0.35 m™). This significant
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Figure 16 - Density estimates from circular windows (diamonds) versus areal sampling
(dashed line). (A) Master joints at Llantwit Major. (B) Cross joints at Llantwit Major.
(C) All joints at Amroth (D) All joints at Tequesquite Creek. (E) All joints at Rocky
Creek. The numbers in parentheses give the apparent densities, in m™>,of the stippled
portions of the pavement; numbers without parentheses give the apparent densities of the
entire pavement.
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overestimate occurs because the dimensions of the pavement are small compared to the
length of the fractures (i.e., the fractures are highly censored).

Significant changes in the estimates for windows with larger radii are again a
function of spatial heterogeneity in the natural fracture patterns. As with the spatial
variations in intensity, the larger circles are restricted to the same subdomains where
density is also higher at Amroth and Tequesquite Creek. At Amroth the apparent density
for the subdomain is still larger than the estimated density because the apparent values are

censored.

Mean Fracture Tracelength: Synthetic Fracture Patterns

The circular window estimates of mean tracelength fluctuate about the input mean
tracelength and the running average approaches this input value as the number of samples
increases (Figure 14C). If the circular windows are treated as area samples and observed
lengths are averaged, the measured tracelength yields a significant underestimate (i.e., a
factor of 11) because of censoring. Increasing sample area size to the whole square
analysis window decreases the magnitude of the underestimate (dashed line, Figure 14C)

to a factor of 1.6. Nonetheless, censoring of traces is still a significant issue.

Mean Fracture Tracelength: Natural Fracture Patterns
The mean tracelength estimates from circular windows at Llantwit Major,
Amroth, Tequesquite Creek and Rocky Creek (Figure 17) are compared to mean

tracelength as determined for the whole pavements. Average estimates using multiple
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Figure 17 - Tracelength estimates using circular windows (diamonds) versus areal
sampling. (A) Master joints at Liantwit Major. (B) Cross joints at Llantwit Major. (C)
290° set at Amroth. (D) 200° set at Amroth. (E) 316° set at Amroth. (F) All joints at
Tequesquite Creek. (G) All joints at Rocky Creek.
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circles (for example, 10 circles) are calculated using

iz=(§)ﬂ, @

m) 2

where 7 is the average number of intersections and 7 is the average number of endpoints,

instead of

= (nfm) 7, )

as suggested by Zhang and Einstein (1998). By using equation 4, instead of equation 5,
the effect of an individual mean tracelength estimate being infinity (i.e., m = 0) is
reduced. For plotting points with zero 7 in equation 4, a nonzero value of 1 was
substituted to allow the data point to be plotted. Such estimates are shown as solid
diamonds and represent a lower bound for the estimator (Figure 17). The mathematical
basis for the choice of equation 4 over equation 5 is given in Mauldon et al. (in review).
For the natural patterns, the apparent mean tracelength obtained from the entire
pavement is comparable to the true mean tracelength estimates from circular windows,
especially for the cross joints at Llantwit Major, 316° set at Amroth, and all joints at
Rocky Creek and Tequesquite Creek (Figure 17B, E-G), than is the case for the synthetic
example (Figure 14C). Again, this relationship exists because the natural exposures are
mostly much larger relative to the average length of the joints as compared to the
synthetic examples (Figures 4-7 vs. 13). The clear exception is the master joint set at
Llantwit Major, which are mostly doubly censored and hence, should yield the worst
estimates from the apparent tracelength (Figure 17A). Sampling the entire pavement,

yields an apparent measure of 2.2 m, whereas circles with 7 = 2 m yield a tracelength
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estimate of 8.7 m, which, based on field observations (Figure 18), is closer to the true
tracelength. In contrast, the degree of censoring for the 200° set at Amroth (Figures 5,
17D) is less than for the master joints at Llantwit Major, and hence the estimated mean
tracelength is relatively close to the apparent mean. The 290° set at Amroth yields
estimates that have a high degree of variability and center on the apparent mean
tracelength of 3.1 m (Figure 17C). This variability occurs because visible tracelengths
cover a large spectrum of values while the median is only 1.6 m (Figure 19). Long
fractures skew the tracelength estimates such that the true mean tracelength happens to be

approximately equal to the apparent mean tracelength in this case.

Summary

The new circular scanlines and window estimators successfully handle sampling
biases, which plague the straight scanline and area methods (Figure 12). When applied to
synthetic and natural patterns, the estimates of intensity, density and mean tracelength are
representative of the population values (Figures 14-17) and for the cases of density and
mean tracelength perform more accurately than the estimates using areal sampling.
Accuracy of the estimates improves (i.e., variance decreases) as the sample size increases
(Figures 15-17). These estimators are also extremely time efficient because they only

require knowledge of » and m, as opposed to constructing a full trace map.
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Figure 18 - Oblique aerial view of Llantwit Major site illustrating
the length of the master joints (roughly vertical in figure).

16 |median= 1.6

Frequency

0 2 4 6 8 1012 14
Tracelength (m)

Figure 19 - Frequency plot of 30 visible tracelengths for the 290° set
at Amroth.
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Quantitative Analysis

A remaining issue is determining the confidence in the estimators. Previous
approaches to determining the level of confidence in fracture sampling results include
determining relative error versus scanline length for exponentially and lognormally
distributed fracture spacings (Sen and Kazi, 1984), confidence bands for tracelength
estimates using straight scanlines where the mean tracelength distribution is known
(Zhang and Liao, 1990), confidence intervals for fracture spacing from straight scanlines
(Priest, 1993), comparison of average fracture spacing (AFS) predictions from vertical
wells to measured spacings in near-horizontal wells (Narr, 1996), distribution-dependent
confidence intervals for mean tracelength estimates using areal samples (Pahl, 1981), and
estimating the minimum sample size to be within 10% of the assumed value for area
samples (Wu and Pollard, 1995). These approaches were not used because they require a
large length (Narr, 1996) or number of samples (Priest, 1993), or distribution-dependent
characteristics that may not be validated from existing data sets of natural fractures (Sen
and Kazi, 1984; Zhang and Liao, 1990; Pahl, 1981).

The approach taken here is to determine the degree of confidence in predictions
that would be made from a small number of estimates (i.e., 10 or less). This degree of
confidence is determined by calculating the 95% prediction interval (PI) for distribution-
independent estimates of characteristics such as intensity, density, or tracelength. The
procedure identifies an interval on a graph (Figures 20A, B, 21A, B, 22A, B) where, on
average, 95% of future estimates of that characteristic should fall for a particular

sampling scheme (Bowerman and O’Connell, 1990; Hocking, 1996). To determine the
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Figure 20 - Prediction interval data for intensity estimates from synthetic

patterns. (A) 95% PI plot for average intensity estimates (plus signs) from 6

circles of radius 2 L. (B) 95% P1I plot for average intensity estimates (plus signs)

| from 10 circles of radius 20 L. (C) Plot of Al (maximum error in intensity

estimate) for 7 radii and 5 numbers of circles used to generate 35 sampling

schemes for synthetic fracture traces. Dashed lines in (A) and (B) represents a

perfect prediction; black lines m (A) and (B) represent upper and lower 95% P1L.

See Table 3 for input data. :
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Figure 21 - Prediction interval data for density estimates from synthetic patterns.
(A) 95% PI plot for average density estimates (plus signs) from 6 circles of
radius 2 L. (B) 95% PI plot for average density estimates (plus signs) from 10
circles of radius 20 L. (C) Plot of AD (maximum error density estimate) for 7
radii and 5 number of circles used to generate 35 sampling schemes for synthetic
fracture traces. Dashed lines in (A) and (B) represents a perfect prediction;
black lines in (A) and (B) represent upper and lower 95% PI. See Table 4 for

input data.
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Figure 22 - Prediction interval data for mean tracelength estimates from synthetic
patterns. (A) 95% PI plot for average mean tracelength estimates (plus signs)
from 6 circles of radius 2 L. (B) 95% PI plot for average mean tracelength
estimates (plus signs) from 10 circles of radius 20 L. (C) Plot of AMTL
(maximum error between the perfect prediction and the 95% PI) for 6 radii and 5
number of circles used to generate 30 sampling schemes for synthetic fracture
traces. Dashed lines in (A) and (B) represents a perfect prediction; black lines in

(A) and (B) represent upper and lower 95% PI. See Table 5 for input data.
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95% PI, a least-squares model for the data was chosen because estimated versus known
values approximately plot on a 45° line. SAS 7.0® a statistical software package, was

used to calculate the 95% PL

Synthetic Fracture Patterns

To determine the 95% PI for fracture intensity, density and mean tracelength
estimates from different sampling schemes, fracture intensities ranging over two orders of
magnitude from 0.1 to 10 L! (Table 3), densities ranging over three orders of magnitude
from 0.1 to 100 L (Table 4), and mean tracelengths ranging over nearly 2 orders of
magnitude from 0.5 to 32 L (Table 5) were analyzed using the same 35 schemes. A
sampling scheme is a particular combination of circle number and radius. Figures 20A,
B, 21A, B and 22A, B show 95% PI plots for different sampling schemes. Each plot has
a data point for the average estimate of intensity, density or mean tracelength as
calculated for each sampling scheme. The maximum error, Al, AD or AMTL, between
the perfect prediction (dashed lines, Figures 20A, B, 21A, B, 22A, B) and the 95% PI
(solid lines) was determined for each sampling scheme. Since Al and AD are
conservative measures and approximately constant over the range of values for a given
sampling scheme (Figures 20A, B, 21A, B), Al and AD values were summarized for the
35 tested schemes (Figures 20C, 21C). Only 30 schemes were summarized for AMTL
(Figure 22C) because the 95% PI could not be used to quantify estimates from a circular
window of radius 1 L. This situation occurs because some of the mean tracelength

estimates for traces longer than 20 L were infinity (i.e., m = 0 in equation 3). Unlike
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Table 3. Input Data for Intensity Prediction I Intervals

Intensity (L h Densg L Tracelength (L)
0.11 0.003 40 +£20
056 0013 40 +£20
10 0.025 40+ 20
15 0038 4020
20 0.050 40 £ 20
2.6 0063 40 +20
3.0 0.075 40 £20
35 0088 40 £20
4.0 0.10 40 £20
46 0.11 40 £20
5.0 0.13 40 £20
6.0 0.15 4020
70 0.18 40 +£20
80 020 40£20
9.2 023 40 £20
10 025 40 £20

Table 4. Input Data for Density Prediction Intervals

Density (L) Intensit}.'—(L-'l) Tracelength (L)

0.1
0.5
1

2

5
10
25
50
80
100

2.0
2.0
2.0
20
2.0
2.0
20
20
2.0
2.0

20+10

4%2

2+1

1+£0.5
04+0.2
02+0.1
008+0.04
004+0.02
0.025 £0.0125
0.02+001

Table 5. Input Data for Mean Tracelength Predlctlon Intervals

Tracelength (L) Intensity (L ) Den51ty (L )

0.5+0.25
1£0.5
25+1.25
525
8+40
10£5.0
125+625
1680
20+10.0
25+125
32+16.0

20
2.0
20
20
20
20
20
2.0
20
20
20

4.00
2.00
0.80
0.40
025
0.20
016
012
010
008
0.06
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Figures 20C, 21C and 22C, which show absolute magnitudes of error, Figure 23 plots the
delta values as percent error and shows a substantial reduction in percent error with
increasing intensity, density or mean tracelength.

Figures 20C, 21C and 22C suggest that greater quality is achieved by increasing
circle radius rather than circle number. The increase in quality with larger circles occurs
because the effects of pattern heterogeneity are averaged out. Although the fracture
pattern is statistically homogenous for the sample window, the use of a Poisson process
for trace centers allows spatial heterogeneity at the subwindow scale. A measure of this
pattern heterogeneity is determined by considering the endpoints of the synthetic joints
rather than their traces. Visualization of the spatial distribution in terms of endpoints is
particularly appropriate because the number of endpoints () is a key parameter for the
density and mean tracelength estimators. The spatial heterogeneity of points distributed
in an area can be e|valuated via a clustering test (Davis, 1986). A homogeneous pattern is
anticlustered, whereas a spatially heterogeneous pattern exhibits clustering. The degree
of clustering is determined by comparing the mean number of endpoints per subwindow
to the variance of those endpoints.

For example; for an intensity of 2.0 L and a density of 0.1 L, the clustering test
applied to trace endpoints in a grid containing 400 cells of size 5 L by 5 L showed that the
fractures are clustered because the variance (3.8) is larger than the mean number of
fracture endpoints (3.4). Clustering was also found for a larger sampling grid of 10 L by
10 L (variance = 16; mean = 14). For a grid of 20 L by 20 L, on the other hand, the

variance (44) of m is less than the mean (54), and thus at the scale of this larger sampling

51




Figure 23 - Percent error plots for average intensity, density and mean tracelength
estimates. (A) Intensity estimates from 6 circles. (B) Intensity estimates from 10 circles.
(C) Density estimates from 6 circles. (D) Density estimates from 10 circles. (E)
Tracelengths estimates from 6 circles. (F) Tracelength estimates from 10 circles. Long
dashes for a radius of 2 L, solid line for a radius of 4 L, and short dashed for a radius of
10L.
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grid, the effects of clustering are averaged out and the pattern is statistically homogenous.
By averaging the effects of clustering, large circles, which are analogous to the large
sampling grid, record the least variability and hence yield the smallest delta values
(Figures 20C, 21C, 22C).

Figure 24 also illustrates the influence of spatial heterogeneity through clustering,
by plotting error bars based on the standard deviation of 100 intensity and density
estimates using circles of radius 3 L (open diamonds) and 10 L (solid diamonds). The
standard deviation of the estimator increases with smaller circles and/or with lesser
intensity or density because the smaller samples less effectively average spatial

heterogeneities. Tracelength estimates would illustrate a similar effect.

Minimum Count of m for Reliable Tracelength Estimates

Tracelength estimates are particularly affected by the total count of endpoints (n2)
because this parameter is in the denominator of the estimator (Equation 3). Figure 22A
illustrates this effect for a sampling scheme of 6 circles of radius 2 L. For an input mean
length greater than 15 L, the error of the estimate increases dramatically. In fact, it is the
estimates for larger mean tracelengths that are causing the AMTL to be almost equal to 20
(Figure 22C). This increase correlates to a decrease in m with increasing L for a fixed
intensity, as m ranges from 631 to 22 for less than 15 L and from 20 to 6 for greater than
15 L.

Low trace densities or small total sample areas can lead to small values of m, and

consequently, to poor estimates of mean tracelength (e.g., Figure 22A, Table 5). To
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determine a sufficient value of m for reliable tracelength estimates, information about the
distribution of m is needed. Mean m, in all cases, is the product of trace density and
sample area, multiplied by 2 because each trace has two endpoints. Typical frequency
histograms of m, obtained from Monte Carlo simulations, are shown in Figures 25A and
B. Figure 25A is an approximately normal distribution of m with a mean of 16 and a
coefficient of variation (COV) of 0.24, whereas Figure 25B is a skewed distribution with
amean of 0.6 and a COV of 1.3. The COV, defined as standard deviation divided by
mean, is a normalized measure of the spread of a distribution (e.g., Ang and Tang, 1975).
A larger COV results in greater variance in the estimates. For example, mean tracelength
estimates for 6 circles ranged from 15 to 25 L when sampling the normal m distribution
(with a COV of 0.24) and ranged from 8 to 90 L when sampling the skewed m
distribution with a COV of 1.3 (Figure 25A, B). In both cases, the true mean was 20 L.
Thus, an issue becomes constructing a sampling scheme that provides a sufficiently large
mean m to accurately estimate mean tracelength.

Loss of accuracy in the mean tracelength estimator, when m is small, results from
the nonlinearity of the estimator (Figure 25C). As shown by this plot, the estimator is
highly nonlinear (the rate of change of the slope departs significantly from zero) for m
less than 6. Thus, to return a value of m that yields a reliable estimate of mean
tracelength, a sampling scheme is necessary that consistently yields m values of 6 or
greater. Recognizing that useful sampling schemes produce normal distributions for m
(Figure 25A), a mean m of 20, at a minimum, is needed to insure that 99% of the data

(i.e., 3 standard deviations) are greater than 6. The required 7 of 20 is calculated from
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(A) (B)

Figure 25 - Determination of the critical value of m. (A) Frequency plot of m
determined from 400 circular windows of radius 1 L sampling a pattern of intensity
2L" and density 0.1 L. (B) Frequency plot of m determined from 400 circular
windows of radius 5 L sampling a pattern of intensity 2 L™ and density 0.1 L2

(C) Plot of second derivative illustrating nonlinearity of mean tracelength estimator.
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m-30 =6, (6)
where o is the standard deviation. The standard deviation of a Poisson distribution is

equal to the N Solving equation 6 for the required 77 produces the value 20, which is
similar to the breakdown value of m in Figure 22A. For that case, m values less than 22
caused tracelength estimates to deviate significantly from the perfect prediction line.

A specific sample area is required to produce an 7 of 20 for a given trace density.
A plot of density versus total sample area, for an 7 of 20, is shown in Figure 26A. For
example, with a trace density of 2 L2, an area of 5 L? is needed, on average, to achieve an
m of 20. The geometry of the sample area is much less important than the total sample
area size. For example, 1 circle of radius 1.26 L and 4 circles of radius 0.63 L both have
a sample area of 5 1.2 and yield similar populations of sampled m values (Figure 26B, C).
It should be noted that the analysis used to determine the minimum # is for fracture
traces whose centers follow a Poisson distribution. As a result, 77 > 20 may not be
directly applicable to natural patterns, for which trace centers do not follow a Poisson
distribution. Therefore, when characterizing fracture trace geometry, sampling strategies

should be designed to yield sufficient m for reliable estimates of mean tracelength.

Summary

Plots of prediction intervals (PI) for estimated values of fracture characteristics
provide almeans of bounding the range of likely predicted values from a fracture pattern
at the 95% confidence level. The PI plots for intensity, density and mean tracelength

show that the prediction interval is reduced more effectively by increasing circle radius
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Figure 26 - Determination of minimum sampling area for tracelength estimates. (A)
Plot of sampling area versus fracture density. Solid line represents values within 3
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from using 1 circular window of radius 1.26 L sampling a fracture pattern of intensity
10.0 L and density 2.0 L. (C) Frequency plot of 100 counts of total m determined
using 4 circular windows of radius 0.63 L sampling a fracture pattern of intensity

10.0 L™ and density 2.0 L%
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rather than increasing the number of circles. Larger circle radii perform better than
greater numbers of small circles because the larger circles average out the effects of
spatial heterogeneity more effectively. The narrowness of the PI and hence the quality of
the estimate for tracelength is also improved by designing sampling strategies that favor
large values of m. For trace centers that follow a Poisson point process, sampling
schemes should be designed to produce an 7 >20. This value, however, should not be
applied literally to natural patterns, whose fracture centers may not follow a Poisson
distribution. The general principle is that the estimators produce better results with

sampling strategies that achieve large counts of trace endpoints.

Natural Fracture Patterns

Having developed the 95% PI from synthetic patterns, the applicability of these
predictions intervals to natural patterns was tested. Forty sets of a sampling scheme for
estimating intensity was applied to the cross joints at Llantwit Major. The estimates were
compared to the intensity values determined by areal sampling of the cross joints across
the entire pavement, which was taken as a baseline estimate (Figures 14A, 15). All
estimates plot well inside the 95% PI derived from the synthetic patterns (Figure 27).
Rather than being simply good fortune, these results are interpreted to indicate that the
degree of clustering is less in the natural case examined than for the synthetic cases used
to construct the 95% PI. A test of clustering for the cross joints at Llantwit Major, using
counts of fracture centers for a grid containing 36 cells of dimensions 1 m by 1 m,

indicates that the fractures are only slightly clustered because the variance (6.0) is slightly
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Estimated Intensity (L")
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Areal Intenstty (L")

Figure 27 - Superposition of synthetic 95% P1I for intensity (solid lines) and data
points for intensity estimates for the Llantwit Major cross joints using a sampling
scheme of 6 circles of radius 2 m.
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larger than the mean (5.4). Fracture centers were used instead of endpoints because the
endpoints of the cross joints are anisotropically clustered, causing clustering estimates to
be in error. Variations due to clustering were further reduced, in comparison with the 1 m
grid, by using a 2 m radius circular scanline, with the result that all 40 intensity estimates
plotted well inside the 95% PI derived from synthetic patterns. Again, increasing circle
size reduces spatially heterogeneities related to clustering and thus improves the accuracy
of estimates of average fracture intensity for natural patterns.

To narrow the range of predicted intensities for natural patterns, and hence
improve the accuracy of the estimator, 9 natural joint sets or patterns were examined
(Table 1, Figures 4-10). For each natural population of fracture traces, 2 homogeneous
subdomain, in terms of intensity, was visually identified (Figures 4-10). The areal
intensities for the 9 sampled trace patterns are shown in Table 6. These trace populations
range in intensity from 0.50 to 3.6 m”. The range of intensities sampled comes from a
variety of lithologies and structural settings, and thus are interpreted as being
representative of natural trace patterns (e.g., Hancock, 1985; Pollard and Aydin, 1988;
Barton, 1995).

Similar to the analysis for synthetic fracture traces, the 95% PI plots for 20
sampling strategies were summarized as maximum Al plots (Figure 28C) because Al was
approximately constant over the range analyzed (e.g., Figure 28A, B). Again, like the
synthetics, Al generally decreases with increasing circle radius and increasing number of
circles, with the greatest reduction occurring with increasing radius (Figure 28C). Again,

the greater effect of increasing radius illustrates the effect of increasing the size of the
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Table 6. Intensities and “Blockine_ssj for Natural Fracture Patterns

Natural Fracture Patterns* Baseline “Blockiness™
Intensity (m™)**

Llantwit Major, cross jomnts 2.0 Ladder pattern blocks (Figure 4)
Llantwit Major, master joints 34
Amroth, 200° set 1.8 Rectangular blocks with 290° set (Figure 5)
Amroth, 316° set* 0.55
Rocky Creek, all fractures* 33 No blockiness (Figure 7)
Telpyn Pomt, 200° set 3.6 Poor blockiness (Figure 8)
Telpyn Point, 290° set 0.50
Ward Lake, 015° set* 1.0 No blockiness (Figure 9)
P100, YM', all fractures* 2.8 No blockiness (Figure 10)

*refers to pavements where only the lightly stippled region was sampled for the analysis
**Baseline intensity was measured for the entire target area using areal sampling

*Yucca Mountain, Nevada
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sample tool with respect to the scale of spatial heterogeneities due to clustering.

A similar analysis to determine 95% PI for the density and mean tracelength
estimators, based on natural pavements, could not be performed because the true values
of density and mean tracelength are unknown in natural patterns due to censoring and

length bias (Figures 14B, C, 16, 17).
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5. DISCUSSION
Comparative Efficiency of the New Circle-based Estimators and Areal Sampling

One of the claims made in this paper is that estimates from the new circular
sampling tools can be obtained much more quickly than estimates from construction of
fracture trace maps. In support of this claim, this section provides data on the time it took
to construct fracture trace maps at three of the sites discussed in this thesis: the rock
pavements at Llantwit Major, Amroth and Telpyn Point (Figures 4, 5, 8). A team of three,
of whom two were experienced fracture mappers, manually constructed trace maps for
these pavements. The Llantwit Major pavement was mapped under ideal weather
conditions in a total of 26 person-hours with a minimum mapped fracture size (truncation
limit) of 0.2 m. The Amroth and Telpyn Point pavements were mapped in 36 person-
hours (truncation limit = 0.4 m) and 52 person-hours (truncation limit = 0.4 m),
respectively, in a light rain. The Llantwit Major pavement is horizontal, the Amroth and
Telpyn pavements have gentle dips of less than 15°S.

Collecting values of » and m for 10 circles of radius 2 m, on the other hand, would
typically require less than 2 hours per pavement. While it might be possible to reduce the
time required for constructing a trace map by using GPS equipment with real-time
correction capability, data processing would still be required. Furthermore, such
equipment is substantially more expensive than a string, piece of chalk, a tape measure,
and a calculator with a random-number generator.

It should be remembered that while the use of the circle-based estimators is not a

substitute for a fracture trace map when the exact pattern geometry is needed, these new
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tools are still needed for reliable estimates of density and mean tracelength. As discussed
earlier, the estimates may be collected by making a digital version of the map and

importing it into JAWS, which is freely available from the authors.

Achieving Independence between Sampling Tools and the Exposed Fracture Pattern

A basic principle for any sampling technique is that samples should be random
and independent of the geometry of the target population of fracture traces. Circular or
straight scanlines, for example, should be positioned without regard for fracture trace
locations. While this principle is relatively easy to achieve for scanlines or windows, the
requirement may not hold for exposed areas with boundaries either coincident with, or
controlled by, natural fractures. For example, the southern border of the Llantwit Major
pavement (Figure 4) is partly formed by cross joints. Similar relationships occur for the
Amroth and Telpyn Point pavements (Figures 5 and 8). Such a coincidences of pavement
boundaries and fractures skews whole-sample areal measures of fracture characteristics.
For these pavements, fractures that coincided with the boundary were excluded from the
whole-sample estimates. It should be noted that the sampling techniques proposed in this
thesis, namely circular scanlines and windows, are not affected by any lack of

independence between exposed pavement area and the fracture network.

Effects of Block Size on Estimates
Block size refers to the dimensions of an unfractured area in a fracture pavement

containing two or more fracture sets (LaPointe, 1988). Block size controls the degree of
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clustering because both clustering and block size measure variation in the degree of
separation of fractures in a natural fracture pattern. The effect of block size on intensity
estimates was investigated for Llantwit Major and for the stippled portion of Amroth.
The mean block size at Llantwit Major is approximately 0.7 to 1 m by 0.3 to 0.5 m,
whereas at Amroth the mean block size between the 200° and 290° sets is approximately
2.5 by 1 m. Figure 29A shows that using circle sizes smaller than mean block size (radius
of 0.10 m for Llantwit Major, 0.25 m for Amroth) produces large standard deviations in
the intensity estimates, whereas Figure 29B shows that using circles larger than mean
block size (radius of 0.75m for Llantwit Major, 1.5 m for Amroth) produces significantly
smaller standard deviations. Therefore, a recommendation of this study for natural
patterns with a “blocky” character (Table 6) is to use a circle size that noticeably exceeds
block dimensions so as to reduce error in intensity estimates due to clustering. Sucha
sampling scheme would also increase the accuracy of estimates for density and mean

tracelength.

Application to 3D Seismic Volumes

Circular scanlines and windows, in this thesis, have been applied to joint patterns
in 2D. In reality, these estimators can be used to sample any linear feature. For example,
using 3D seismic volumes (e.g., Apotria and Hudec, 1997), the estimators could be used
to determine the intensity, density and mean length of faults that intersect a surface in the
cube. By using the estimators on mutually orthogonal surfaces within a 3D seismic cube,

one could approximate these fracture characteristics in three dimensions. Also, one could
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Figure 29 - Plots of intensity estimates normalized by the average areal intensity for
the 200°and 290° sets in the stippled portion of Amroth (Am in figure; I =2.5 m™)
and the master and cross joints at Llantwit Major (LI in figure; I = 5.4 m™). Data
points with error bars based on the standard deviation of the normalized intensity for
100 circles. (A) Radii larger than block size. (B) Radii smaller than block size.
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determine how these parameters change as a function of depth or along strike by sampling

various surfaces within the cube.
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6. CONCLUSIONS

(1) New distribution-independent estimators of intensity, density and mean tracelength,
using circular scanlines and windows, successfully handle orientation bias, censoring
and length bias, which plague the straight scanline and area methods.

(2) When applied to synthetic and natural patterns, the estimates of intensity, density and
mean tracelength accurately represent the population values. For the cases of density
and mean tracelength, the estimators perform more accurately than apparent density
and apparent mean tracelength. The accuracy of the estimates improves (variance
decreases) as the sample size increases.

(3) Plots of prediction intervals (PI) based on estimates of intensity, density and mean
tracelength provide a means of bounding the range of likely predicted values from a
fracture pattern at the 95% confidence level. The PI plots show that greater quality is
achieved by increasing circle radius rather than by increasing circle number, because
the increasing radius averages out the effects of clustering.

(4) For mean tracelength estimates, counts of trace endpoints lower than 6 cause the
estimator to breakdown because the estimator is nonlinear. To insure that a minimum
value of 6 is exceeded with 99% probability, a sampling scheme should be designed
so as to produce an 7 >20. A specific 7, for a given density, is achieved by
specifying the total sample area. The recommended 7 of 20 should not be applied
literally to natural patterns, whose fracture centers may not follow a Poisson
distribution, but this analysis does emphasize the need to design sampling strategies

to achieve larger counts of endpoints.




(5) These estimators are extremely time efficient because they only require knowledge of

n and m, as opposed to constructing a full trace map.
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APPENDIX A

JAWS VERSION 1.0 - USER’S MANUAL
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1.0 INTRODUCTION i

JAWS (Joint Analysis using Windows and Scanlines) is designed to rapidly analyze
synthetic and natural fracture pavements using straight scanlines, circular scanlines, and
circular windows.

Using this program, estimates of fracture intensity (using straight scanlines, area method

and circular scanlines), fracture density (using circular windows), and the mean
tracelength (using circular windows) of the fracture population can be determined.

2.0 STARTUP

Before using this program, a subdirectory called “C:\Frac” must be created. All data
analysis files (FracSetl.txt, FracSet2.txt, FracSet3.txt, and FracSet4.txt) are written to
this subdirectory as comma delimited text files. Each data file only contains analysis for
a particular fracture set (e.g. FracSet].txt contains analysis of fracture set 1).

Note: Data is always written to all the files even if that fracture set doesn’t exist.

Note: To view the program on your computer monitor, the screen resolution of your
computer must be set at 1024 x 768 pixels or higher.

3.0 DATA ENTRY

On the startup screen (Figure Al), under Data Sources, the user is given the option to
open a Real fracture pattern (either an Adobe Illustrator file ‘*.ai’ or a text file “*.txt’),
generate a Synthetic fracture pattern, or Manual entry of the fracture data.

3.1 Real Data:

3.1.1 Adobe Illustrator
The user must open a digitized fracture pattern that is in Adobe Illustrator ‘*.ai’ format.

The file must only contain line art (i.e. no text and fill colors).

The file must contain at least 2 layers, but may contain as many as 5 layers.

The layer titles must not contain any spaces.

The bottom layer must be a polygon that was digitized as a series of straight-line
segments (no bezier curves) representing the edge of the fracture pattern and/or
any covered areas within the fracture pattern.
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e The other layers must be fracture traces that were digitized as a series of straight-
line segments.

\
JAWS version 1.0 l
|
]

Figure Al. Startup screen that allows the user to select the type of data to be entered

e Once the polygon and the fracture sets are in their appropriate layer, a cleanup
must be performed. The cleanup option is under the Option—Path—Cleanup
menu in Adobe Illustrator. Check all three boxes (Stray Points, Unpainted
Objects, and Empty Text Paths) and press OK. This will get rid of any
“invisible” points that will cause JAWS to not load the file properly.

o Before loading the file into JAWS, the scale factor of the fracture pavement must
be known. This is determined by calculating how many points (you can set the
measuring units in Adobe Illustrator to points using the File—>Document Setup
menu) are equal to ten units. For example, if 20 points are equal to one meter in
the fracture pattern, then the scale factor you will need for 10 units (Figure A2) is
200 (i.e. 20 x 10).

e Before saving the file, select all the layers and move the fracture pattern to a new
position such that no line coordinate is less than 0 on the x-axis or greater than 0
on the y-axis. This prevents the fracture pattern from being displayed upside
down in JAWS.

It is not required, but if the user wants data analysis for each fracture set, it is
recommended that each fracture set be in separate layers. Also, if the user needs the
coordinates for each fracture trace, JAWS creates a text file (C:\Frac\adobedata.txt) of
the line coordinates for each straight-line segment of the Adobe Illustrator file. This text
file is similar to Table Al.
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Figure A2. Allows the user to enter the scale factor.
3.1.2 Text File

If opening a text file that contains fracture coordinates of a digitized fracture pattern
(Figure A3), the file must be in the same format as Table A1. The first four rows must
contain the title of the layer. After all the coordinates for a particular layer have been
entered, the next four lines must contain the title of the next layer.

X
35,20

Fracture 1y

62, 27

50, 30 Edge of Polygon
69, 32 (Fracture Pavement)

53, 35
40, 45

:

| 25,50 75, 50

‘ Figure A3. Example of a digitized fracture pavement containing 2 fractures (i.e. Set 1).
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Table Al. Example text file using coordinate data from Figure A3.
* Must enter the title of the layer 4 times

Polygon |

Polygon
Polygon

Polygon__|
35,20
25,50
25,50
75,50 | Polygon (Fracture
75,50 Pavement) Coordinates
72,25
72,25
35,20

Setl ]
Setl | Fracture Set 1
Setl Layer Title *
Setl
50,30
62,27
40,45 | Polyline (Fracture)
53,35 Coordinates

53,35
69,32

— Layer Title *

Note: Make sure that the rows containing the title of the layer contain no
spaces; Also make sure that the total number of lines in the text file
does not exceed 10,000.

3.2 Synthetic Data
For synthetic data, the user enters the “density” (Number of Fractures), mean
tracelength, and mean orientation for each fracture set (Figure A4). The next three

screens allow the user to enter data for fracture sets 2, 3, and 4 respectively. Use the
Next button to bypass any screens that contain no data.

3.2.1 Mean Density
Mean density refers to the mean number of fracture centers per unit area that will be
plotted in the sampling window. The area of the sampling window will be entered at a

later stage in the program.
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3.2.2 Mean Tracelength
For mean tracelength, there are three length distributions to choose from.
1. A fixed fracture length

2. A uniformly distributed fracture length that is centered on the mean +/- the range
3. An exponential distribution that is centered on the mean

3.2.3 Mean Fracture Orientation
For the mean fracture orientation, there are three distributions to choose from.
1. A fixed orientation

2. A uniform distribution that is centered on the mean +/- the range
3. A triangle distribution that is centered on the mean +/- the range

3.3 Manual Data

If the user wants to plot fracture traces by entering the data manually (Figure A4), the
user must input the number of fractures using the # of Fractures option under the
Options menu. The user will enter X, y-coordinates of the fracture center, fracture
length, and fracture orientation.

‘DataEntiy

Figure A4. Allows the user to enter fracture data manually.
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4.0 DATA ANALYSIS

Once the data has been entered or loaded into JAWS, the next step is to analyze the data.
For synthetic traces, fractures are plotted in a generation region using a Poisson point
process. The area that is actually sampled (sampling region) is a subset of the generation
region. The size of this sampling region is chosen to eliminate edge affects. For natural
fracture patterns, fractures are only plotted in the sampling region.

4.1 Plotting

4.1.1 Synthetic Fracture Data

To plot synthetic fracture traces, choose Fractures or Fractures and Centers option
under the Plot menu (Figure A5). The user must then enter the dimensions of the
sampling region (large white box on the bottom half of the screen). The dimensions of
the sampling region are unitless. To change the dimensions of the sampling region,
choose the Dimensions menu option.

4.1.2 Natural Fracture Data

To plot natural fracture patterns, choose Fractures option under the Plot menu (Figure
AS5). The optimum dimensions of the sampling region are chosen by the program based
upon the programs knowledge of the fracture coordinates and the scale factor (previously
entered). (NOTE: If a scale factor of 200 points equals 10 meters was entered, then the
dimensions of the sampling region are in meters.) The user then enters the area of the
fracture pavement. (Hint: I have found that the area can be easily calculated in Canvas.)

4.1.3 Scanlines/Windows

Once the data has been plotted, the user has the option of plotting a straight scanline or
circular scanline/window (Figure AS).

4.1.3.1 Straight Scanlines

After selecting Linear from the Scanline pull-down list, the user must enter the number
of straight scanlines choosing the # of Scanlines option under the Options menu (Figure
A6). Then, the x, y-coordinates of the center of the scanline, scanline length, and
scanline orientation must be entered (Note: If using multiple straight scanlines, all the
scanlines must have the same orientation). Pressing the Next button brings back the main
form. The scanline is displayed by choosing the Scanline option under Plot. For natural
fracture pavements, the FIRST scanline must be placed completely within the fracture
pavement.
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stion 1.0

Data Entiy

Figure A6. Allows the user to input data for straight scanlines
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4.1.3.2 Circular Scanline/Window

After selecting Circular from the Scanline pull-down list, the user must enter the radius
and x, y- coordinates of the center of the circular scanline/window. The next step is to
choose the Scanline option under Plot. For natural fracture pavements, the FIRST
scanline must be placed completely within the fracture pavement.

4.2 Automating Analysis (Synthetic Fractures)

4.2.1 Regenerate Button (Straight & Circular Scanlines/Windows)

Synthetic fracture traces can be regenerated by pressing the Regenerate button (Figure
AS5) (Note: the Regenerate button can only be pressed 500 times). This option fixes the
position of the scanline, but generates a new synthetic fracture pattern each time the
Regenerate button is pressed.

4.2.2 Multiple Regenerate Button (Straight & Circular Scanlines/Windows)

Performs the same task as the Regenerate button, except this option allows the user to
enter the number times to regenerate the fracture pattern.

4.2.3 Random Scanline (Circular Scanlines/Windows)

To analyze the fracture pattern by “randomly” (i.e. circles are uniformly distributed on
the fracture pattern) positioning the scanlines/windows on the pavement, the user must
choose the Random Scanlines— Synthetic Fractures option under the Plot menu. The
user must then specify the number of circles to be completely contained within the
pavement.

The computer then generates uniformly distributed the center coordinates of the circular
scanlines/windows, and only analyzes those scanlines/windows that are completely

contained within the fracture pattern. This process is repeated until the specified number
of scanlines/windows, entered by the user, is achieved.

4.3 Automating Analysis (Natural Fracture Patterns)

4.3.1 Random Scanlines (Circular Scanlines/Windows)
To rapidly analyze a natural fracture pattern, the scanlines/windows need to be uniformly

distributed over a fracture pattern. To do this, the user must first specify the radius of the
circle. Then, under the Plot option, choose the Random Scanlines—>Natural Fractures
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option. The user must then specify the number of circles to be completely contained
within the pavement.

The computer then generates uniformly distributes the center coordinates of the circular
scanlines/windows, and only analyzes those scanlines/windows that are completely
contained within the fracture pattern. This process is repeated until the specified number
of scanlines/windows, entered by the user, is achieved.

4.3.2 Output for Contouring (Circular Scanlines/Windows)

If the user wants data that can be used for contouring, the QOutput for contouring option
under the Plot menu can be selected. The user only needs to specify the radius of the
circular scanline. This allows the computer to plot a grid of circular scanlines whose
centers are one radius apart. Only data for those circular scanlines completely contained
within the pavement are written to a file.

5.0 CALCULATED PARAMETERS:

The following list defines the mathematical parameters that appear under the Calculations
table in the upper right-hand corner (Figure AS).

e n refers to the number of fractures intersecting either a straight scanline or the
circumference of a circular scanline/window.

e n/1 refers to the Terzaghi (Terzaghi, 1965) corrected fracture intensity as
determined from a straight scanline, where n is the “weighted” number of
fractures intersecting the scanline and 1 is the length of the scanline. The
weighting factor for each fracture intersected (i.e. n) is csc 6, where 0 is the angle
between scanline and the fracture. The sum of these “weighted” fractures gives a
“weighted” n.

e n/4r refers to the intensity estimator for circular scanlines (Mecke, 1981;
Stoyan et al., 1995; Mauldon et al, 1999), where n is the number of fracture
traces intersecting the circular scanline and r is the radius of the circular scanline.

e L /A(g) represents the input intensity into JAWS. For a particular set, this is
determined using the equation (p x L) / A, where p is the density of that fracture
set, L is mean length of that fracture set, and A represents the area of the
sampling region.

o L/ A(s) refers to the intensity of the sampling region. This is determined by
dividing the total length of fracture traces inside the sampling region by the area
of the sampling region.

e L/ A(W) refers to the intensity estimate using circular windows, where L is the
length of fracture traces inside the circular window, and A is the area of the
circular window.
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e m refers to the number of fracture endpoints inside the circular window

o Density refers to an estimate of the mean number of fracture centers per unit area
determined from circular windows. This is determined using the equation m/2mr?
(Mauldon, 1998; Mauldon et al., 1999), where m is the number of fracture
endpoints inside the circular window, and  is the radius of circular window.

e Tracelength refers to an estimate of the mean fracture tracelength determined
from circular windows. This is determined using the equation (n/m)x( nr/2)
(Mauldon, 1998;Zhang and Einstein, 1998; Mauldon et al., 1999), where 7 is the
number of fracture traces intersecting the perimeter of the circular window, m is
the number of fracture endpoints inside the circular window, and r is the radius
of the circular window. NOTE: TO PREVENT A COMPUTER
OVERFLOW ERROR, THIS PROGRAM RECORDS AN ESTIMATED
TRACELENGTH OF 0 WHEN m =0 (i.e. ESTIMATED TRACELENGTH
EQUALS INFINITY).

Note: Data analysis that appears in this table is also written to C:\Frac\ FracSetl.txt, .....
FracSet4.txt.

6.0 DATA OUTPUT

All calculations of fracture data are written as comma delimited text to C:\Frac\
FracSetl.txt, ..., C:\Frac\FracSet4.txt. Each file refers to data for fracture set 1, ...,
fracture set 4 respectively.

6.1 Synthetic Traces

6.1.1 Circular Scanlines/Windows

A header will be displayed showing the number of fractures input for that particular set;
its mean, maximum, and minimum length plus the length distribution; its mean
orientation plus the orientation distribution; the radius of the circular scanline/window;
and the area of the sampling region.

For the fracture calculations, Circle X and Circle Y refers to the center coordinates of the
circular scanline, n refers to the number of fractures intersecting the circumference of the
circle, m refers to the number of fracture endpoints inside the circle, n / 4r refers to the
intensity estimate of fracture intensity determined from circular scanlines, L / A(w) refers
to the intensity estimate determined from circular windows, L / A(g) refers to the true
intensity of the fracture population, L / A(s) refers to the intensity of the sampling
regions, Density refers to the estimate of mean fracture density determined using circular
windows, and Tracelength refers to the estimate of the mean fracture tracelength

determined using circular windows.
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6.1.2 Straight Scanlines

A heading similar to the one used for circular scanlines/windows is used, except the
information on circle radius is replaced by the length and orientation of the straight
scanline.

For fracture calculations, Corrected refers to Terzaghi corrected number of fracture
intersections, Uncorrected refers to the actual number of the fractures intersecting the
straight scanline, n / 1 refers to the Terzaghi corrected fracture intensity, L / A(g) refers to
the true intensity of the population, and L / A(s) refers to the intensity of the sampling
region.

6.2 Natural Fracture Patterns

6.2.1 Circular Scanlines/Windows

The header contains only the number of fractures in that particular set, the radius of the
scanline/window, and the area of the fracture pavement. If the user opened a natural
fracture pattern from an Adobe Illustrator file, the radius is also given in points. This
allows the user to plot this circle in Adobe Ilustrator (if they so desire).

Fracture data that is output to the text file using the format listed in section 6.1.1. The
only exception is the information on the true intensity of the population is not available.
Also, if the fracture pattern was opened from an Adobe Illustrator file, the location of the
center coordinate of the circular scanline/window is given in points, otherwise the
coordinates are in map units. By giving the coordinates in points, the user can now plot
this circle in Adobe Illustrator (if they so desire). If the circular scanline/window
coordinates want to be converted back into map units, this is achieved by dividing the
circle coordinates by 1/10™ the scale factor entered in section 3.1.1.

If the user is using the Output for Contouring option under the Plot menu. Data on the
location (also given in points) and radius (also given in points) of the circle, and the

intensity of fracture set 1,..., fracture set 4 are written as comma delimited text to
C:\Frac\Contour.txt.

6.2.2 Straight Scanlines

A heading similar to the one used for circular scanlines/windows is used, except the
information on circle radius is replaced by scanline length and orientation.

Fracture data that is output to the text file using the format listed in section 6.1.2. The
only exception is the information on the true intensity of the population is not available.
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6.3 Save As

Any image in the sampling region can be saved as a bitmap using the Save As option
under File.

6.4 Save Fractures

This option allows the user to save a synthetic fracture pattern as a text file. This allows
the user to load this same pattern for later analysis. For each saved pattern, the user will
want to keep a record of the input parameters (i.e. dimensions and area of sampling

region, fracture density, fracture tracelength, fracture orientation, etc.).

To load this pattern, follow the instruction in section 4.1.2.
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APPENDIX B
USE OF COMPACT DISC
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The compact disc located in the back pocket contains a Setup.exe of
JAWS version 1.0 (located in the JAWS\Executable folder), program code
(located in the JAWS\JAWS Code folder), a help file (located in the JAWS\Help
folder), and sample natural fracture pavements with a file containing information
on pavement area and scale conversion factors (located in the JAWS\Pavement
folder). For information on how to use the program, see Appendix A or the help

file. The compact disk is only for use on IBM compatible computers.
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