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Abstract This paper attempts to evaluate various meth-
ods of geometrical discontinuity characterization using
point clouds that are generated with three-dimensional
terrestrial laser scanning (3DTLS) in a tunnel. The use of
3DTLS to support discontinuity mapping in tunnels enables
the acquisition of a large amount of data without limita-
tions in terms of the tunnel position (wall or roof). Thus,
the discontinuity orientation, trace length and frequency
were statistically analyzed in different regions of the tunnel
to determine the most representative data. Different
methods of estimating the mean trace length were com-
pared while considering the variations in the rock face
orientation in the tunnel, and the unbiased standard de-
viation of the trace length was evaluated. The frequencies
of discontinuity sets were obtained using scanlines, and
aspects of window sampling for density (areal frequency)
estimates in tunnels are discussed. The mean trace lengths
obtained using rectangular sampling windows (considering
the relative frequency of the traces) are more suitable for
estimates of different rock face orientations, particularly
when the orientation of the discontinuity set varies sig-
nificantly. In this case, measurements of samples from the
tunnel roof presented higher values for both frequency and
mean trace length estimates, which demonstrates the im-
portance of data acquisition and evaluation in this region.
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Introduction

The complex mechanical behavior of a rock mass is
strongly influenced by geological structures such as joints,
faults and foliations. Thus, an important aspect concerning
the evaluation of a rock mass is the geometrical charac-
terization of discontinuities. Rock discontinuities can be
analyzed in the field using various standard methods
(ISRM 1978). However, several issues can often compli-
cate manual geological data acquisition (i.e., bed access to
rock faces and absence of illumination), and these sampling
difficulties lead to erroneous or insufficient data.

Considering these difficulties, several authors (Crosta
1997; Kemeny et al. 2006; Strouth et al. 2006; Slob et al.
2007; Haneberg 2008; Ferrero et al. 2009; Sturzenegger
and Stead 2009; Lato et al. 2010; Mah et al. 2011;
Sturzenegger et al. 2011) have studied alternative methods
of geological-discontinuity mapping and characterization
based on 3D images, which are obtained using both 3D
terrestrial laser scanning and digital photogrammetry. More
specifically, for tunneling, Fekete et al. (2010) showed
many applications of 3D terrestrial laser scanning
(3DTLYS), including rock discontinuity mapping.

Several old tunnels along Brazilian railways were con-
structed in jointed rock masses with no concrete liners or
both liners and bolts. In the past few years, some of these
tunnels have shown localized stability problems (with
sporadic block falls), which demand a reevaluation of the
rock mass quality at certain critical areas. The Vitoria-
Minas railway in Espirito Santo state in southeastern Brazil
has 22 tunnels in this condition, and the intense rail traffic
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(cargo and passengers) reduces the timeframes available
for inspections (geological mapping and geomechanical
evaluations). The lengths of these tunnels vary from hun-
dreds of meters to a few kilometers, which makes con-
ventional field discontinuity mapping a strenuous and time-
consuming task when a detailed analysis is required. In
addition, when using conventional geological mapping in
tunnels, it is difficult to obtain the actual position and
geometrical parameters (generally given as orientation,
frequency and trace length) of all discontinuities, mainly in
the higher regions of the tunnel section.

Using 3D images (e.g., 3DTLS point clouds), it is pos-
sible to perform geometrical discontinuity characterization
on any part of the tunnel section with the same level of
detail, which allows the verification of geometrical-pa-
rameter variations for different orientations of the rock face
(i.e., tunnel roof and walls). Here, the 3DTLS point cloud
technique is used to perform geometrical discontinuity
analysis in a fractured tunnel of the Vitéria-Minas railway
to verify the applicability of different methods of esti-
mating the mean trace length and frequency considering
the variations in orientation in a tunnel rock face.

3DTLS data acquisition

In this study, we used the Faro Focus 3D laser scanner
(Faro Inc. 2013; Fig. 1a). This instrument operates at a
measurement speed of 976,000 points/second with a dis-
tance accuracy of approximately 2 mm. The spacing be-
tween scan stations was 10 m with a 360° rotation time of
7.3 min. The obtained point clouds in each scan were
aligned using the superposition of three fixed spheres
(Fig. 1b) that could be produced using each pair of con-
secutive scans. This alignment procedure is easily per-
formed when using the automatic recognition of objects

Fig. 1 a Faro Focus 3D laser
scanner and spheres used for
alignment, b final point cloud of
the tunnel with two consecutive
scans with identical
recognizable spheres
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(spheres in this case), which is a feature available in the
Scene 5.0 software (Faro Inc. 2013). The resulting file,
which contains all point clouds (after the scan alignment),
has a size on the order of dozens of gigabytes; thus, it is
usually necessary to use powerful workstations to ma-
nipulate the images. Figure 1b shows a view of the point
cloud that was obtained from the studied tunnel.

Quality of the point cloud

The high measuring rates of certain currently available
3DTLS instruments can be used to produce high-resolution
images (high-density point clouds). However, objects that
are not in the lines-of-sight of the scanner cannot be im-
aged, and blank regions in the point clouds are thus gen-
erated (occlusions). A large number of occlusions typically
result in low-quality point clouds (Lato et al. 2010). Out-
crops of fractured rock are generally notably irregular and
form acute angles between discontinuities. Therefore, de-
pending on the orientation between the lines-of-sight and
the rock face, zones with an absence of points (occlusion)
are formed; specifically, when the line-of-sight and the
rock face have similar orientations, regions of fair visibility
may be generated (Lato et al. 2010). A large number of
these occlusions are eliminated when subsequent scans are
aligned, but certain occlusions cannot be viewed along the
lines-of-sight at any position (where the instrument can be
fixed) in the tunnel, which results in a few occlusions in the
final image. Figure 2 shows a point cloud section of the
tunnel with two examples of occlusion and the mean di-
mensions of the excavation, where the height and width
vary by approximately 50 cm as a result of irregularities
along the tunnel. Here, the previously described planning
data acquisition generated a point cloud with only a few
small remaining occlusions (no greater than the indicated
amount in Fig. 2).

Next scan
position
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Fig. 2 Section of the point cloud with two occlusion examples and an
indication of the mean height (5.6 m) and width (=~ 5.3 m) of the
tunnel

Discontinuity mapping in the point cloud

Identification of the discontinuity planes in the point cloud
consists of finding systematic coplanar regions of the cloud
and computing the normal vector (described by 3-direction
cosines and an xyz origin) and the length of each region as
a plane. Recently, several authors (Kemeny et al. 2006;
Lato et al. 2009; Gigli and Casagli 2011; Lato and Voge
2012; Umili et al. 2013) developed methods of automatic
discontinuity recognition in point clouds or digital models
that are generated by such point clouds. All of these
methods assume that the discontinuities are coplanar re-
gions in the images, which allows the algorithms to auto-
matically recognize them. The most recent automatic
methods, which were published by Lato and Voge (2012)
and Umili et al. (2013), appear promising; however, they
remain in the developmental stage.

Here, the manual method is applied, which consists of
inspecting the point cloud, fitting the planes in coplanar re-
gions and taking length measurements (Fig. 3), using Spilt-
FX software (Split Engineering, LCC. 2007) to measure
orientations and Scene 5.0 software to measure trace lengths.
In the 3DTLS survey, the discontinuity planes are indi-
vidually described using the same parameters as in hand-
made field geological surveys. Using the direction cosines of
normal vectors, along with simple algebra, it is easy to obtain
the discontinuity orientation (normally described in dip® and
dip direction® for engineering purposes).

In most cases, only small areas of discontinuities are
exposed in a rock face, which makes it difficult or even
impossible to determine the areal size of the planes. Thus,
the trace length (length of the intersection between a joint
plane and the rock face) is usually adopted to describe the
discontinuity sizes. Considering that all points in point
clouds are in a metric Cartesian coordinate system, it is
possible to measure the trace lengths using a measuring
tape as in conventional hand mapping. Figure 3 shows a
small portion of the obtained point cloud from the tunnel,
which demonstrates the trace length measurements
(Fig. 3a), and the coplanar points of the fractures that were
used to determine the orientation (Fig. 3b).

Sources of bias in 3DTLS discontinuity mapping
in tunnels

As verified by Lato et al. (2010), there are several sources
of bias when using 3DTLS for geological structural map-
ping. The most relevant factor for obtaining satisfactory
results when performing a geometrical discontinuity char-
acterization is the level of exposure of the planes. In tun-
nels, this level can increase or decrease depending on the
damage to the rock face, which is a function of the type of
excavation (blasting, cutting, etc.) and weathering. In ad-
dition, the plane exposure in fractured rocks depends on the
number and volume of failed blocks, which varies with the
strength and geometry characteristics of each discontinuity
set and the level of disturbance caused by the excavation
type. Certain aspects of these sources of bias are separately
discussed below.

Orientation Bias

This orientation bias refers to the fact that when the dis-
continuity surface normal (Np) becomes increasingly par-
allel to the rock face normal (NVgp), the observed spacing of
the apparent traces (D,) on the outcrop increases with re-
spect to the perpendicular (true) spacing (D)) (Fig. 4).
Terzaghi (1965) first proposed correction of this bias using
a discontinuity correction factor that varies with the sine of
the angle (f§) between Nyg and Np, as shown in Fig. 4. The
inverse of the correction factor can be used to calculate the
true spacing of the discontinuity planes. When the orien-
tation bias decreases the occurrence probability of a dis-
continuity set on a rock face, it directly affects the mean
geometrical parameters to be estimated (dip, dip direction,
spacing and length). In tunnels, the effect of the orientation
bias must be analyzed for each discontinuity set consider-
ing the variation in the rock face normal in each part of the
section (walls and roof).
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(b)

Fig. 3 Identification of discontinuities in point clouds. a Obtaining the trace length of the planes, b obtaining the orientation of the planes

Fig. 4 Effect of orientation bias on discontinuity sampling and the
Terzaghi correction factor

Limited exposure

Even with the high technology of 3DTLS instruments,
discontinuity planes with non-exposed areas in the rock
face are poorly identified in the point cloud. Discontinuities
with a small exposure (on the order of millimeters) or a
sufficiently thick filling or aperture (on the order of mil-
limeters) can be identified, but the measurement of the
orientation will be hindered. Figure 5 shows an example of
different cases of limited exposure in an arbitrary portion
of the point cloud (representing the tunnel’s east wall) with
six apparent discontinuities from a single set. In this case,
the analyzed set dips perpendicularly to the tunnel axis
(Fig. 5a), and limited exposures are expected. Figure 5a

@ Springer

shows the orientations (poles) of the ten best exposures of
identical discontinuities in Fig. 5b (not necessarily only
one measurement per discontinuity), which indicate the
mean orientation and variability. The profiles in Fig. 5c
(obtained from cross sections A-D in Fig. 5b) indicate that
not all apparent traces in the point cloud (1-6) have at least
one good exposure (i.e., fractures 1 and 2) for use when
determining the orientation, but their traces can still be
identified and measured. Therefore, considering the orien-
tation variability (i.e., 16.7°), in cases such as fractures 1
and 2 in Fig. 5, it is reasonable to assume the mean ori-
entation that is obtained using the stereographic analysis.
Moreover, using 3DTLS mapping, it is difficult to correlate
every trace length measurement with an orientation and,
thus, potentially leading to biases.

Discontinuity analysis

Various geometrical discontinuity analysis techniques
(Kulatilake and Wu 1984a; Mauldon 1998; Zhang and
Einstein 1998, 2000; Wu et al. 2011) are tested in an 8-m-
long part of a 970-m-long tunnel from the Vitéria-Minas
railway. This tunnel was constructed in foliated gneiss
from the Paraiba do Sul complex, which is part of the
Araguai Paleoproterozoic orogenic belt. The 8-m section of
the tunnel was chosen because of the high number of
fractures identified during the field inspection and in the
point cloud. With this section of the tunnel as an example,
we aim to verify the applicability of different discontinuity
characterization methods, considering the difficulties posed
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(a) Tunnel axis: 345°

2" standard dev. 95.44%
Variability limit= 16.7° s

Discontinuity

Fig. 5 a Stereogram with pole concentrations of the fractures (1-6), b region of the point cloud from the east wall of the tunnel with six visible
fractures and four indicated cross sections (A—D), ¢ profiles of the cross sections (A-D)

by limited space and rock face curvature in underground
excavations.

The geometrical characterization of a discontinuity set
can be summarized using three parameters, orientation,
trace frequency and mean trace length; thus, these pa-
rameters will be obtained and discussed below.

Orientation

The orientations of discontinuities are presented in stere-
onet plots as poles and contours. Several authors (Kemeny
et al. 2006; Sturzenegger and Stead 2009; Fekete et al.
2010; etc.) have manually inspected and shown the simi-
larity of the orientation data that were obtained from hand-
made mapping (with geological compass) and from 3DTLS
image mapping. Figure 6 shows the results generated using
orientation data obtained for the 8-m-long section of the
tunnel (3DTLS) and a previous hand-made mapping that
was made during a 2-h field inspection along the entire
length of the tunnel. Because the field data acquisition
(Fig. 6a) was randomly performed along a length of 970 m,
the data were expected to include greater variability com-
pared to data obtained using localized 3DTLS mapping
(Fig. 6b). However, it is possible to recognize similar
patterns in both stereograms with three well-defined dis-
continuity sets, in which one set is the rock foliation (S,)
and the remaining two sets are fracture sets (F; and F5).

Figure 6 also shows the tunnel axis, which indicates that
the S, (dipping E) and F, (dipping WSW) strikes are ap-
proximately parallel to the tunnel axis, and F; (sub-vertical
dipping SSE and NNW) is nearly perpendicular to the
tunnel axis. Table 1 summarizes the mean orientations and
statistical characteristics of the discontinuity sets in
Fig. 6b, analyzed using DIPS (Rocscience Inc. 2006).

A discontinuity analysis is separately performed for
each type of geological structure that was identified in the
tunnel. Two fracture sets are analyzed as impersistent
structures to investigate the set frequency and mean trace
length (persistence). The rock foliation in the gneiss results
from the parallel-planar alignment of platy mineral grains
(mostly biotite) during metamorphism, which may be ob-
served at several scales (from satellite images to micro-
scopic petrography). Considering the genesis of these
structures, the authors believe that it may be risky to esti-
mate a mean length and frequency for S, based on images
of the tunnel rock face. Therefore, the foliation analysis is
restricted to the orientation.

Trace length
The size of discontinuities is an important but difficult pa-
rameter to determine. In rock outcrops, because only the

traces can be measured, the discontinuity areal size and shape
must be inferred from the trace lengths. Nevertheless, a
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(a) Tunnel
axis

(b) Tunnel

S -

T~ _Sr/,;\/\‘ 171 Poles

Fig. 6 Stereograms (lower hemisphere, Fisher concentrations) of
discontinuity poles. a Hand-made mapping of the entire tunnel,
b 3DTLS mapping of the 8-m-long section of the tunnel

representative trace length for a discontinuity set (mean trace
length) cannot be obtained from direct measurements of the
traces in the rock face because of biases (e.g., censoring and
size bias), which have been discussed by several authors
(Cruden 1977; Baecher 1980; Pahl 1981; Kulatilake and Wu
1984a; Priest 1993; Mauldon 1998; Zhang and Einstein
1998). The estimation of an unbiased mean trace length has
been of great interest in the literature; some of the suggested
methods are applied in this study. Kulatilake and Wu (1984a)
suggested the following equations to estimate an unbiased
mean trace length (u):

wh(1+ Ry — Ry)

H=1 =Ry + Ro)(wB + hA) M)
% Yy

a= [ [ leos ol az @)
o
% Yy

Bz//singof(t//,oc)dlkdac (3)
oY

where w is the width, & the height of a rectangular window;
Ry and R, are the fractions of transecting (both ends cen-
sored) and contained (both ends observable) traces, re-
spectively;  is the dip®; o is the dip direction®; f(ys, o) is
the probability density function; / and u are the lower and
upper limits of the orientation, respectively; and ¢ is the
apparent dip of discontinuities in a vertical sampling plane.
The application of Eq. 1 can be complicated because of the
difficulty in determining the distribution forms of f(i, o)
and finding the parameters A and B. Thus, Wu et al. (2011)
proposed the following approximations for A and B:

A Y [leos ¢, x Ri())] ~ E(cos ) (4)
i=1

B~ ) [sing; X Rf(¢;)] ~ E(sin @) (5)

-

i=1

where ¢; and Rf(¢;) are the apparent dip and relative fre-
quency of the ith discontinuity, respectively. The procedure
to calculate Rf(¢p;) depends on a weighting function and is
described in detail in Wathugala and Kulatilake (1990) and
Wu et al. (2011).

Table 1 Characteristics of the

identified discontinuity sets Set No. of poles Dip (°) Dipdir. (°) K (Fisher) 1st Standard deviation (SD; °)  2nd SD (°)
S 31 54 78.9 9.8 16.0
F, 70 69 32.8 15.2 25.1
F, 62 64 251.3 5.5 8.9

@ Springer



Mapping and characterization of rock discontinuities in a tunnel using 3D terrestrial laser... 229

Mauldon (1998) developed an estimator of the mean
trace length for windows with arbitrary convex boundaries
and demonstrated the estimator using two examples. The
first case was for rectangular windows, which is similar to
the estimator in Eq. 1 but does not depend on a probability
distribution function (after all traces are considered paral-
lel, A and B in Eqgs. 2 and 3 assume deterministic values).
The second case is for circular windows, where the sym-
metry of the shape allows for an estimate of u for non-
parallel traces. Zhang and Einstein (1998) also found an
expression that is identical to that of Mauldon (1998) for
circular windows:

M:H(N-FNT—NC) (6)

2 (N — Nr+ Nc¢)

where r is the radius of a circular window, N is the total
number of observed traces, and Nt and N¢ are the numbers
of transecting and contained traces, respectively. Mauldon
et al. (2001) proposed that an average of several u values
obtained from Eq. 6 for an identical window radius could
be estimated as

nrn
&M 7
where n = (N + Nt — N¢) and m = (N — Nt + N¢) for
each sampling window.

Moreover, Zhang and Einstein (2000) proposed an es-
timate of the unbiased SD (o) using the covariance of
measured trace lengths (COV,):

o = u(COVy,) (8)

u

Thus, as suggested by Zhang and Einstein (2000), once the
measured trace length distribution function is known, an
identical distribution form can be assumed for the true

Table 2 Characteristics of the mean trace length sampling methods

(unbiased) trace lengths, the mean and SD of which are
given by Egs. 6 and 8.

Table 2 summarizes important characteristics, with re-
spective advantages and disadvantages, of the previously
described mean trace length sampling methods.

All observable discontinuity traces (F; and F, sets) in the
point cloud were mapped and measured in the same part of the
tunnel (8-m-long section, as shown in Fig. 7a) previously used
for the orientation analysis (Fig. 6). Figure 7b represents the
result with the identified traces in each component of the
tunnel (walls and roof) using the 3DTLS point cloud. The first
observation from Fig. 7b is that the west wall has fewer
mapped traces compared to the other two regions because of
the orientation of the F, fractures (orientation bias) and a
block failure in this section of the tunnel, which will be dis-
cussed later in greater detail. To obtain the best charac-
terization of the discontinuity geometry in the tunnel, the
windows were only sampled on the east wall and roof.

All sampling windows were analyzed in the trace map of
Fig. 7b. The wall and roof extension limits the sampling
area, which is a problem associated with applying window
sampling in tunnels. Therefore, when using a circular
window, the window diameter cannot be larger than the
vertical length of the walls or the horizontal length of the
roof (perpendicular to the tunnel axis). This issue can result
in two different problems:

1. If the traces exceed the maximum window diameter, an
excessive number of transecting traces will appear in
the window, which leads to an overestimation of the
mean trace length. As described by Zhang and Einstein
(1998), if all traces transect the window, then y — oo.

2. If the walls or the roof are longer in one direction than

in the other (as in Fig. 7b), a single circular window

Method Window Distribution-free method Applied to Considers relative frequencies of traces
type non-parallel depending on the rock face orientation
traces

Kulatilake and Wu Rectangular No (depends on the Yes Yes

(1984a) definition of the f(, o)

function)
Mauldon (1998) Any convex Yes No Yes (but only when traces are essentially parallel, thus
enabling one to assign deterministic values for A and B)

Mauldon (1998), Circular Yes Yes No

Zhang and Einstein

(1998)
Wu et al. (2011) Rectangular Yes (with a numerical Yes Yes

approximation of A and
B)
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Fig. 7 a Tunnel point cloud
and the selected area, b trace
map that resulted from the

3DTLS mapping
Vertical = horizontal

ﬁNorth

West-wall

|

L

/

[T ———— U N —

East-wall

cannot represent the entire area, which forces one to
use an average of several circular samplings aligned in
the longer direction.

Problem number 2 can be directly avoided using rect-
angular sampling windows. Problem number 1 can be
minimized depending on the trace orientation. Extreme
situations can occur if the traces are parallel to the tunnel
axis (similar to F,), whereby the width of a rectangular
sampling window on the roof or the walls can be increased
as much as necessary. If the traces are perpendicular to the
tunnel axis (similar to F;), then the rectangular sampling
window has the identical size limitation of a circular
window. However, in cases whereby most discontinuities
of a given set transect, the discontinuities can be consid-
ered as persistent planes on the scale of the tunnel di-
ameter; hence, a mean trace length estimate may not be
necessary depending on the application.

Considering these problems, rectangular sampling win-
dows are used here to estimate the mean trace length of
fractures F, and F, following the methods proposed by
Kulatilake and Wu (1984a) and Wu et al. (2011) and using
Egs. 1, 4 and 5. Circular sampling windows (Eq. 6) are

@ Springer

also used for comparison. As previously described, the
angle ¢ in Eqgs. 4 and 5 represents the apparent dip of a
discontinuity that appears in a vertical sampling plane.
However, the apparent dip of a trace is a particular case of
the trace rake. Therefore, when the tunnel section is sub-
divided into multiple planar and non-vertical surfaces
(Fig. 8a, b), the traces that appear in each surface have
different rakes (¢). Using 3DTLS point clouds for the
discontinuity orientation measurements, all (sufficiently
exposed) planes can be measured independently of the
tunnel region. Thus, Egs. 4 and 5 can be separately applied
to each region of the tunnel (sub-divisions in Fig. 8) for
each discontinuity set. Not all discontinuities with mea-
sured traces (Fig. 7b) had their orientation measured be-
cause of the limited number of exposures (Fig. 5);
however, in larger traces, with more than one good expo-
sure, the orientation was also measured more than once.
Figure 8 shows the methodology used to separate the
tunnel section into planar surfaces. All resulting rectan-
gular windows are 8 m wide, and the height varies ac-
cording to the sub-division. Two types of sub-divisions
were adopted: type 1 (Fig. 8a), with only two divisions
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Fig. 8 Sub-division of the tunnel section used to apply rectangular and circular window sampling. a Sub-division type 1 indicates the variation
in window height, b sub-division type 2 indicates the variation in window height, ¢ circular windows were adjusted on the east wall or roof
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Fig. 9 a Mean trace length (1) estimated with rectangular sampling

windows, b mean trace length (u) estimated with circular sampling
windows

(complete east-wall E. and complete roof R.), and type 2
(Fig. 8b), with four divisions (E;, E», R and R,). Circular
windows were adjusted only in R. and E. (sub-division
type 1), as indicated in Fig. 8c.

Figure 9a show the estimated mean trace lengths (u)
with rectangular sampling windows using Eq. 1 for all sub-

divisions in Fig. 8a and b and with A and B obtained from
Egs. 4 and 5 for these sub-divisions. Figure 9b shows the
estimated mean trace lengths with circular sampling win-
dows using Eq. 6 and the average of each pair of samples
(denoted by CE;, or CR;,) using Eq. 7. Figure 9 shows
that the values of u that were obtained for the roof are
higher than those for the east wall for both F| and F», and
this difference is more evident in Fig. 9a for rectangular
sampling windows. This result indicates that the mapped
traces in the roof tend to be more continuous than in the
east wall. The value of u that was obtained for F in the
rectangular window R; is different from other samples of
the roof. This value is most likely an overestimation of the
trace length because of the small height of R;, which re-
sults in an excessive number of transecting F'; traces.
For the unbiased SD (o) estimate, the covariance of the
measured trace lengths (COV,,) must be known, as sug-
gested by Zhang and Einstein (2000). In this reference, the
author found this relation by measuring the length of the
traces in circular windows of different areas (only the
portions of the traces within the windows) and calculating
the mean (/,) and SD (a,,) of the measured trace lengths.
For rectangular windows, there should be an identical
correlation, but it is important to verify the consistency of
the COV,, values in different rectangular areas. In this
study, to perform this analysis, /, and ¢, were calculated
for different areas for F; and F5, as indicated in Fig. 10a.
With these sub-divisions, I, and o, were calculated in
eight windows of 8 mz, four windows of 16 m2, and two
windows of 32 m? for F, and F,. Figure 10b shows the
result of this analysis, where each value of /, and &, for F,
and F, is an average of all of the values obtained for each
window area. The results indicate that an identical relation
found by Zhang and Einstein (2000) can be used in this
case for rectangular sampling windows, and the COV,
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value is practically identical for F; and F, (approximately
0.5 in this case). Thus, the obtained COV,, indicates that
the unbiased SD (o) in this case can be considered as ap-
proximately half of the mean trace length (x) for all pre-
sented estimates in Fig. 9a.

To compare the results of all trace length analyses, it is
important to verify the differences among the highest val-
ues that were obtained from each analysis. For all trace
length analyses (measured trace lengths, rectangular sam-
pling windows and circular sampling windows), the values
that were obtained for the roof are higher than those for the

6.0
95
5.0
4.5
4.0
35
3.0
25
2.0
1.5
1.0

OF1
@F2

Im (m) and p (m)

R, CRy2
Window type and tunnel region

R,

Fig. 11 Comparison of the highest values obtained from measured
and estimated trace lengths (for circular and rectangular sampling
windows)
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east wall. Figure 11 compares the values of y from R, and
CR;» and [, from R, (32 m? window of the roof). This
figure shows a considerable difference in the mean trace
length values from each analysis, where the rectangular
sampling windows have higher values for both F| and F>,.

Frequency, spacing and trace density

The frequency of discontinuities can be defined as the
number of discontinuities per unit volume (3D analysis),
the number of discontinuities per unit area (2D analysis) or
the number of discontinuities per unit length (1D analysis).
Although the first definition is the most representative for a
rock mass, it is not possible to perform 3D sampling in
geological surveys.

In most practical cases, the discontinuities of a given set
are sampled by counting the number of traces that intercept
the scanlines (Priest 1993). In this case, the analysis is one
dimensional, which gives the linear frequency (/) of a
discontinuity set, and the inverse of A is the discontinuity
set spacing (S). If the scanlines are not oriented perpen-
dicular to the traces in the rock face, the frequency (or
spacing) must be corrected by the following expression
(Priest 1993):

Ag = Acos 0

©)

where 1y is the observed scanline and 0 is the angle be-
tween the scanline and the perpendicular direction of the
traces.

Figure 12a shows the position of the scanlines that were
used to sample the frequency and spacing for F; and F, in
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Fig. 12 a Distribution of the scanlines for F; and F, on the tunnel,
b frequency correction for F, from two scanlines (Lg and Lgw) with
different orientations

the point cloud. In each case, the scanlines must be posi-
tioned by considering the best sample direction (the highest
number of trace intercepts). Two aspects must be analyzed
before obtaining the scanline samples: the variation in the
angle (ff) between the rock face (for each approximated
planar surface of Fig. 8) and the discontinuity normal
vectors (i.e., the orientation bias) and the variation in the
rake of traces in each approximated planar surface (which
results in one angle 0 for each surface for each disconti-
nuity set).

Because F is almost perpendicular to the tunnel axis,
the orientation of the scanlines is parallel to the axis (see
Fig. 12a). In turn, for F,, the best sample direction is
limited to the tunnel diameter. To better use the available
tunnel space, intercept counting is performed using two
scanlines, one for the east wall (with length Lgw) and an-
other for the roof (with length Ly), as shown in Fig. 12b.
Thus, the true frequency of F) is estimated from each pair
of scanlines as follows:

Ngw + Nr

)» -
Lgw sin fgyw cos Ogw + Lg sin fig cos O

(10)

where Ngw and Ny are the numbers of discontinuities that
are intercepted in scanlines Lgw and Ly, respectively; few
and fr are the acute angles between the discontinuity set
normal and the rock face normal for the east wall and the
roof (both approximated for planar surfaces), respectively;
and Ogw and 0y are the angles described in Eq. 9 when
considering the rake variation in each planar surface. To
avoid data redundancy in F,, only one of the two walls is
sampled with scanlines (Fig. 12b). For F; fractures, the
frequency is also corrected from the angles f and 0;
however, because the scanlines are not split in this case,
Eq. 10 is reduced to

LN
" Lsinfcos0

(11)

where N is the total number of intercepted discontinuities
and L is the total length of the scanline. Tables 3 and 4
show the results of the frequency and spacing estimation
for F (scanlines from a to fin Fig. 12a) and F, (scanlines
from / to 6 in Fig. 12a), respectively.

In the 2D analysis, discontinuity traces are sampled in
the rock face areas. The fracture trace density is defined as
the mean number of trace centers per unit area (Mauldon
1998). Although it appears simple, it is not possible to
identify the trace centers when one or both ends of the
traces are censored. In an attempt to overcome this prob-
lem, Kulatilake and Wu (1984b) developed a method to
estimate the trace density in rectangular sampling areas
based on the probability of midpoints (of dissecting and
transecting traces) being found within the window. How-
ever, this method demands outcrops (sampling areas)
where traces that end outside the sampling window can be
observed, as in a recent application by Wu et al. (2011).
Thus, in small-diameter tunnels (as in this case), this
method may not be applicable if it is not possible to ob-
serve the entire length of transecting or dissecting traces
(mainly for F traces in the present work) in an area with an
identical orientation as the sampling window. Mauldon
(1998) and Mauldon et al. (2001) developed an end-point
estimator of trace density (p) with the following
expression:

m
N — Nr+N¢) = —

A (12)
where A is the area of the sampling window. The main
advantages of this estimator are its independence of both
trace length and trace orientation distributions when ap-
plied to rectangular or circular sampling windows and its
simplicity. However, as observed by Wu et al. (2011), the
development of Eq. 12 does not include a contribution

Pzﬂ(
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Table 3 Frequency calculation

for F, Scanline N L (m) sin cos 0 A (1/m) /. (1/m) S (m) S (m)
EwW
a 10 8 0.99 0.87 1.44 1.49 0.69 0.67
10 1.44 0.69
c 11 1.59 0.63
R
d 19 8 0.98 0.99 2.44 2.10 0.41 0.48
e 17 2.19 0.46
f 13 1.67 0.60
g;)?b;2 4 Frequency calculation Scanline Ngw Nr Lgw =Lg (m) sinflgy  sinfly  cosbgy cosbg A (1/m) S (m)
1 4 11 4 0.56 0.91 0.96 0.98 2.63 0.38
2 9 9 3.15 0.32
3 8 10 3.15 0.32
4 7 11 3.15 0.32
5 8 11 3.33 0.30
6 7 11 3.15 0.32
Z (1/m) and S (m) 3.09 0.32
1,00 3,00
0,90 ’ > @ 2,50
0,80 ’ Ml 200 \ \X >
a 0,70 ’ P =4 RPN Jj+—F, \ §
£ - - £ / =\
£ | E 0 € .
= 0,60 x = \
0,50 ﬁi:::ZZ'.::::::-.:....,_.:::::;_-;_':_'_'"4 100 i ?
0,40 2 Loso ‘
) L/\“‘ el
0.30 £ R, 0,00

Window type and tunnel region
i p (F2) & p (Fl) —3- I(F1) -@- I (F2)

Fig. 13 Variation in density and intensity of F; and F, in rectangular
sampling windows

from the transecting traces (see Mauldon 1998; Mauldon
et al. 2001), which may result in underestimates of the trace
density.

Figure 13 shows the estimated densities for the rect-
angular windows (only E. and R.) that were computed
using Eq. 12 for F; and F,. Figure 13 also shows the
intensity (/) values (calculated as the product p x w) for
the identical windows. The density of F calculated in R,
can be verified as being lower than the one in E. because
the transecting traces increase in the roof region (see
Fig. 7b). However, the intensity values are always higher
in R..

@ Springer

Fig. 14 Block failure in the west wall

Discussion and application

The trace map in Fig. 7b shows a discrepancy amongst the
west wall, east wall and roof. This result was expected for
F, fractures because of the orientation bias (Fig. 4), mainly
in the highest parts of the west wall, where the rock face
dip decreases, becoming almost parallel to F,. However, F;
is absent from the middle to the south portion of the west
wall because of a significant block failure (Fig. 14) that
generated a flat surface along two F, planes. Discontinuity
sampling in such sections is impaired, and it thus may be
better to avoid these sections when performing frequency
and trace length sampling. The differences between mean
trace lengths that were observed in sampling windows from
the roof and east wall can indicate that fractures may be
longer in one direction compared to the other. However, in
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the authors opinion, this correlation cannot be immediately
claimed if this difference can also (and perhaps even more
likely) occur because of the differences in stability of the
roof and walls, considering that most unstable regions may
result in more continuous exposures of the traces. There-
fore, in this case, the discontinuity parameters that were
obtained from the roof can be considered to be the most
representative. There are several situations wherein the
parameters may be different, for example, in horizontal
layered sedimentary rocks, where a single flat banding
plane may define the tunnel roof; in this case, the walls
may be a better choice for the discontinuity analysis.
However, it is always possible to verify the best sampling
region in the tunnel using 3DTLS images.

The method proposed by Wu et al. (2011) using the es-
timated parameters A and B allows one to estimate the mean
trace length for non-vertical surfaces by considering the
rake (¢) variation. To apply the method proposed by
Mauldon (1998) for rectangular windows, the rake varia-
tions must be visually inferred to estimate the deterministic
values of A and B. This procedure may be difficult in real
geological mapping when a discontinuity set of sparse ori-
entations results in excessive rake variability (as observed
for F; in this case). However, circular sampling windows
(Mauldon 1998; Zhang and Einstein 1998) simplify the
analysis if the trace orientation does not interfere with the
estimates of u. Despite their attractive practicality, in tun-
nels (mainly those with small diameters), the size of these
windows is limited, which leads to samples that may not
represent the entire area. Furthermore, as suggested by Wu
et al. (2011), the formulation of Eq. 6 does not consider the
influence of relative frequencies (i.e., the rake variations),
which implies that it cannot be used to estimate the mean
trace length of an identical set from different rock face
orientations. In the presented results (Fig. 9a, b), the cir-
cular window does not reveal as large of a difference in u
between samples CE, and CR, as that observed between
E. and R, for rectangular windows. However, for both F,
and F,, the lengths of the rectangular windows in the per-
pendicular direction of the traces, i.e., (wB + hA) in Eq. 1,
are smaller for the roof than for the east wall because of the
relative frequencies, and the values of pu for the roof were
expected to be higher. Note that these differences can be
substantially more discrepant in other situations with great
differences in trace rakes between the roof and the wall
(e.g., fractures with the same dip direction as F; but with
sub-horizontal dips). Therefore, the method proposed by
Kulatilake and Wu (1984a) and Wu et al. (2011) appears to
be more suitable for unbiased mean trace length estimates in
tunnels, where the rock face assumes different orientations.

Here, it was possible to estimate the unbiased SD
o =~ 0.5u from the covariance of the measured trace length
(COV,,) by applying the methodology proposed by Zhang

and Einstein (2000) but using rectangular sampling win-
dows instead of circular ones. Note that with the unbiased o
and u values, f(/) (probability distribution function of true,
or unbiased, trace lengths) can be completely determined
after its distribution form (log-normal, negative exponen-
tial, gamma, etc.) is assumed to be identical to
g(]) (probability distribution function of measured, or bi-
ased, trace lengths). To determine g(/), more trace length
data are required, which could be obtained through addi-
tional point cloud mapping.

The unbiased areal frequency (density) of traces in the
tunnels is a difficult parameter to determine because it is
not possible to verify the length of transecting and dis-
secting traces in an area that is larger than the sampling
window. Furthermore, scanline surveys in the point cloud
can describe the trace frequency in 1D as long as the re-
spective corrections (from the angles f§ and 0) are consid-
ered. As mentioned above, Eq. 12 (Mauldon 1998) does
not consider the contribution of transecting traces in the
density estimates. The effect of this simplification can be
observed in the F'| density samples from Fig. 13, where the
trace density deceases from E. to R., whereas the scanline
samples of the roof (d, e and fin Fig. 12 and Table 3) show
frequencies that are clearly higher than the scanlines of the
east wall. Limitations of scanlines for frequency sampling
may be more critical in cases such as the F), set, where the
discontinuity and tunnel axis orientations limit the space in
which F, fractures can appear.

As previously mentioned, foliation (S,) was not ana-
lyzed as an impersistent surface because of the genesis
characteristics of such geological structures. Certain fo-
liation planes may exhibit a mechanical behavior that is
similar to fractures when there is no significant cohesion
among the minerals; however, it is difficult to differentiate
and delimit such parts of the foliation planes, even in field
surveys. Additionally, the assumptions when measuring the
mean trace length and frequency via finite trace mapping
do not appear reasonable if we consider that the length of
the mineral alignment (S, planes) can be much longer and
much less spaced than observable in the images.

Table 5 summarizes the data that are considered the
most representative for this 8-m-long section of the ana-
lyzed tunnel with g of F; and F, obtained from R,
(Fig. 9a), 4 of F, obtained from scanlines d, e and f
(Table 3), and ) of F, obtained from scanlines 1-6
(Table 4). The obtained geometrical parameters are useful
in many geomechanical applications (geomechanical clas-
sifications, numerical modeling, limit equilibrium solu-
tions, etc.), but the mechanical parameters of the joints and
intact rock must still be investigated in all applications. An
example of an application of all parameters is a block
model, which can be generated by 3DEC (Itasca
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Table 5 Representative

parameters for the 8-m-long part Set /. (1/m) § (m) p (m) L (m) P Dip () Dip. dir. (%) Ist SD ()
of the analyzed tunnel P21 0.48 3.93 5.6 07 69 166 152
F,  3.09 0.32 499 8.3 06 64 242 5.5
S, 2 05 - - 1 54 80 9.8
(a)
L(F,)=8,3m

L(F;)=5,6 m

¢ .\\’,’ .
‘
AN N “A\ N
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.«\zﬁ

X

Fig. 15 a Estimating the characteristic lengths of the rock mass in the F; and F, directions, b block model generated using 3DEC

Consulting Group 2004). In such models, the orientation
and spacing are direct inputs of the program. However, the
persistence parameter in the 3DEC code is provided as a
percentage of the cutting blocks. As proposed by Kim et al.
(2007), this parameter can be estimated as

P= (13)

where [ is the average joint length, which can be considered
here as the estimated mean trace length (i) for each set,
and L is the characteristic length of the rock mass under
consideration for each set, which can be estimated as
shown in Fig. 15a. Table 5 also shows the estimated per-
sistence values. For this example, the S, planes are 100 %
persistent with a spacing of 0.5 m (Table 5). Figure 15b
shows the resulting 3DEC model from using the parameters
in Table 5.

Conclusion

Several analyses were performed on a tunnel point cloud
that was generated using 3DTLS to determine the impor-
tant geometrical parameters of discontinuities. The use of
point clouds allowed the use of methods for different rock
face orientations with identical levels of detail regardless of
the position and illumination. However, care must be taken
during data acquisition to decrease the number of

@ Springer

occlusions, and during orientation mapping to avoid sam-
pling planes with limited exposures.

The method proposed by Wu et al. (2011) appears to be
a good choice for sampling the unbiased mean trace length
for different rock face orientations. The difficulty in de-
termining the relative frequencies of traces (imposed by
this method) is overcome when 3DTLS is used for dis-
continuity mapping and when the position of each orien-
tation measurement is known. In general, both the mean
trace length and the frequency in the roof are higher than in
the east wall, which implies that in a conventional survey
in a manually reachable area, the parameters can be un-
derestimated. Moreover, the constancy of the covariance of
the measured trace lengths in different rectangular sam-
pling areas could be verified, which allowed us to obtain
the unbiased SD. These data are important for character-
izing probability distribution functions that will be useful
in future works with other parameters.

Although only an 8-m-long section of the tunnel was
analyzed in the present work, the applicability of different
methodologies of discontinuity analysis was verified in the
point cloud. Thus, after the jointed regions of the tunnel
(similar to the section presented) are identified in an image,
the same methods that were used here can be applied to
each region.
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