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1. Introduction

Joints are the most common rock discontinuities. They are
generally considered as part of the rock mass. The spacing of joints
is usually in the order of a few to tens of centimeters. Joints are
constant features of the rock mass. Rock mass behavior is largely
governed by joints. The role of rock joints in rock mass behavior
includes: dividing rock into slabs, blocks and wedges; acting as
planes of weakness for sliding and moving; providing channel, for
water flow and creating flow networks; and altering the in situ
stress distribution and orientation.

The determination of joint features especially orientation, is
very important in the dimensional stone industry because of the
roles joints play in the behavior of a rock mass. These structural
features control the block size and affect the dimension stone
production technique.

Studies of the orientation of jointing as a means of block size
assessment are frequently found in research papers [1–9]. In addi-
tion to this, there are other studies in regard to dimensional
stones. Yavuz et al. [10] studied the geological parameters such as
bedding, joints, schist interlayers and mica filled joints affecting
marble production in the quarries along the southern flank of the
Menderes Massif, in SW Turkey. Nikolayev et al. [11] defined
model-based prediction of unfractured rock masses using numer-
ical analysis to determine the distribution of individual shapes,
and volumes of in-situ blocks. Prissang et al. [12] studied on the
localization of undisturbed blocks in larger dimension stone rock
masses. Sousa [13] presented a granite fracture index to check
suitability of granite outcrops for quarrying. Carvalho et al. [14]

focused on decision criteria for the exploration of marble deposits
of the Portuguese Estremoz Anticline. Sousa [15] evaluated
the influence of joint characteristics on block size assessment
and defined a more reliable fracturation index for purposes of
dimension stone.

Several methods have been used to evaluate the jointing
orientation of rock masses. The joint orientations can be and have
been traditionally measured using manual compass and clino-
meter methods. These methods are well known however; in
practice there are significant problems and objections to the
application of the manual field survey methods. Although these
tools are effective, there are many errors inherent in the use of
these methods. There are disadvantages in the use of manual field
survey methods. They are slow, tedious, cumbersome, and erro-
neous. Apart from these disadvantages, direct access to rock faces
is also often difficult or impossible. Additionally, dense vegetation,
slope deposits or fences may hamper the physical access. Higher
parts of the slope are impossible to reach without rock climbing
equipment or scaffolding. Furthermore, discontinuity properties
often vary a great deal throughout the rock mass, even within
a small volume. Thus, a large amount of data is required to
accurately describe behavior of a discontinuous rock mass. The
uses of imaging technologies are on the increase to help overcome
the problems with the manual methods. Developments in image
capturing and laser scanning technology have increased their
use in determining discontinuity features. A main advantage of
three-dimensional laser scanning is that it allows the very rapid
generation of a very detailed and accurate three-dimensional
geometric representation of exposed rock faces. The geometric
representation is in the form of a very dense three-dimensional
point dataset, a so-called “point cloud”. Several researchers have
studied the use of the three-dimensional laser scanning technique
to calculate facet orientation [16–28]. This technique is not
sufficient to determine trace orientation. Therefore; the optical
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image method is used to calculate trace orientation combined with
point cloud [29–31].

The main objective of this research is to estimate the orien-
tations of discontinuities in the Red Granite Quarry using point
clouds and optical images obtained with a three-dimensional
terrestrial scanner. To calculate the orientation of facets, point
cloud data were used. To estimate trace orientations, optical
images acquired using the inbuilt optical camera of the scanner,
were used. Results of the study are presented in this paper.

2. Geology of the study area

The study was conducted at the Missouri Red Granite quarry,
located in Iron County, Missouri. The quarry is specifically located in
Graniteville, at latitude and longitude of 37139001" and — 90140047"
about 5 miles from Ironton; the county seat of Iron County. Granite-
ville is known to have the largest and most important granite
quarries in the state. The area is dominated by igneous rocks, mainly
granite and rhyolite known to be of pre-Cambrian to Cambrian age,
and has undergone some tectonic activities in the past which has
resulted in the presence of several faults. The quarry is the major
source of the granite production in the Missouri State. Dimensions
of producing granite blocks are 3.14 by 0.92 by 1.51 m from open pit
mining. The production is a combination of blasting, flaming and slot
and wedging. In study area there are four active pits. While one
of them is used for producing aggregates, the others are used for
producing dimensional stone. In this study joint orientation mea-
surements are subject to two pits which are Open pit-1 and Open
pit-2.

3. Methods

Discontinuities have two manifestations in rock cuts. These are
“facets” and “traces” (Fig. 1). Facets are actual exposures of the
discontinuity walls while traces are intersections of the disconti-
nuity with the cut plane [26]. In this study, orientations of facets
were estimated from LiDAR data, while those of traces were
estimated using optical images. The methodology of the study is
summarized in Fig. 2 as a flowchart.

3.1. Manual measurements

Orientations of facets and traces were measured manually with
a Brunton compass in the field. Locations and measurements for

each joint were recorded in a survey notebook. Manual measure-
ments were used not only for comparison but also for verification
of the LiDAR and optical image measurements. A near vertical
planar orientated facet measurement was used to reorient the
point cloud data.

3.2. LiDAR Scans

LiDAR scans were obtained using a Leica ScanStation II scanner.
The instrument has a dual window system that covers a 360�
2701 field of view. Scanning resolution of 4�4 mm was used in
the point cloud data acquisition. Scanning distance is about 30 m
for this resolution. Total scanning time at this resolution was about
20 min for each face of the quarry. Optical images were acquired
before scanning, so that points in the point cloud can be colored
with the optical color most closely associated with each scanned
point. This enables the user to easily identify joint surfaces when
browsing through the point cloud in the LiDAR viewer.

Cyclone software modules provide point cloud users with a
wide set of work process options for 3D laser scanning in the study
(Fig. 3). The software plays a critical role in handling and viewing
high-definition point clouds effectively and aids in the speedy
extraction of deliverables. A LiDAR point cloud is a set of points
defined by x, y and z coordinates. The z (vertical) coordinates
are inherently correct as the z-axis is always vertical, assuming
the LiDAR scanner is correctly leveled. The x and y-axes can by
arbitrarily oriented and represent the local coordinate system of
the LiDAR scanner. Matching the LiDAR local coordinate systems to
a global geographic coordinate system typically requires survey
techniques that in addition to requiring additional personnel
and surveying equipment increase the time required for measure-
ments [33].

“Facet”

“Trace”

Fig. 1. Both fracture traces (red line) and facets (cyan polygon) [32]. (For interpre-
tation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

Set up 3D Laser Scanner

Manual measurements

Scan rock face for point cloud data

Select 3 non-collinear points foreach
facet

Calculate facet orientationsSelect a vertical facet for
calibration

LiDAR results for each facet

Calculatet race orientations
from optical images

Optical Image Results For Each
Trace

Verify manual data with data obtained
from LiDAR and optical image

Fig. 2. Flow chart of the methodology of the study.
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For the first step of this method the discontinuity orientations
are measured in the local coordinate system. During the second
step discontinuity measurements are reoriented. A single sub-
vertical discontinuity measurement called target plane is needed
for the calibration of the measurements [33]. The true orientation
of the target plane is obtained from the manual measurements.
During the manual field measurements description and orienta-
tion of this plane is recorded clearly. The target plane may be
different for each LiDAR setup.

Using the software viewer, three individual points on each facet
to be measured are picked using the mouse cursor (Fig. 3(b)).
These points should be spread out as far as possible on the same
joint and care must be taken that the three points are not collinear
or close to being collinear. The selected facet is numbered, and
then the three data points are recorded in data sheet software for
each facet. The dip and dip direction of the facet was then calcu-
lated using the three point program proposed in [33].

For the calculation of dip and dip direction, three co-planar
points (but not co-linear) on a facet in a local coordinate space are
selected by means of the software. Three points and the plane are
defined as

P1ðx1; y1; z1Þ; P2ðx2; y2; z2Þ; P3ðx3; y3; z3Þ;

AxþByþCzþD¼ 0 ð1Þ
where (A, B, C) is the normal vector to the plane. The normal vector
of the plane is calculated as

U¼ ðA;B;CÞ ¼ P1P2 � P1P3 ¼
i j k

x2�x1 y2�y1 z2�z1
x3�x1 y3�y1 z3�z1

�������

�������

¼ ½ðy2�y1Þðz3�z1Þ�ðz2�z1Þðy3�y1Þ�i
�½ðx2�x1Þðz3�z1Þ�ðz2�z1Þðx3�x1Þ�j
þ½ðx2�x1Þðy3�y1Þ�ðy2�y1Þðx3�x1Þ�k ð2Þ
The plane that passes through a point P1 and its normal vector

is U is calculated as follows:

UUP1P¼ 0 ð3Þ
Aðx�x1ÞþBðy�y1ÞþCðz�z1Þ ¼ 0 ð4Þ

AxþByþCz�Ax1�By1�Cz1 ¼ 0 ð5Þ

D¼ �Ax1�By1�Cz1 ð6Þ
Note that “D” is not required for this calculation.

The normal vector of the plane is converted to unit normal
vector as follows:

V¼ U
‖U‖

¼ 1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2þB2þC2

p ðA;B;CÞ ¼ ða; b; cÞ ð7Þ

The vector (a, b, c) is transformed into spherical coordinates (r,θ,φ).
Note that since we are concerned with unit normal on the unit
hemisphere, r will always be equal to 1 so it will not be calculated.

a¼ r sin φ cos θ ð8Þ

b¼ r sin φ sin θ ð9Þ

c¼ r cos φ ð10Þ
The values of φ and θ (in radians) are calculated as

cos φ¼ c ð11Þ

tan θ¼ b=a ð12Þ

Fig. 3. Section of the Red Granite quarry. (a) Optical image generated by the LiDAR scanner (b) LiDAR scan (points overprinted with optical colors) and picking three points of
a joint using a point cloud viewer in Cyclone software. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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The value of φ is always between 0 and π/2 (0 and 901) or between
0 and �π/2 (0 and �901) while, the geographical coordinate system
requires a value between 0 and 2π (0 and 3601) in a clockwise
direction. Following this step, the φ angle is rotated from the local
coordinate system to a global coordinate system. For this rotation
process, data is obtained by manually measuring a single disconti-
nuity in the field using a compass comparing the φ value measured in
the field with the φ value calculated from the LiDAR data.

3.3. Measuring trend and plunge from an optical image

The trend and plunge of a trace on a rock cut will always be in
the plane of the rock cut [34]. The following steps were taken in
order to determine the trend and plunge from optical images.

Select any three non-collinear points on the rock facet and put
these points in the three-point program to obtain the azimuth of
the rock face. In cases where the rock face is not uniformly vertical
as in Fig. 4, the azimuth should be determined for each face that
has a trace.

Represent the azimuth with a two edged directional arrow, one
edge to the left and the other edge to the right, with the azimuth
clearly stated at each end.

Observe the inclination of the traces. Traces could be inclined
to the left or to the right. Traces that inclined to the left of the
image have trend values at the left end of the arrow, and traces
that inclined to the right have trend values at the right end of
the arrow.

Determine the acute angle between the trace and any hori-
zontal line that crosses it. The acute angle between the trace and
any horizontal line that crosses it is known as the rake. For vertical
faces, this rake is always equal to the plunge of the trace. This
plunge can be estimated using a protractor or by image processing
algorithms.

4. Results and discussions

In this study, joint orientation measurements were carried out
in two different regions. The region was named “Open pit-1”, and
the other was named “Open pit-2”. Results of “Open pit-1” are
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Fig. 4. LiDAR scan of a section of the Red Granite quarry face, showing facets labeled with digits in red ink and white background, and traces labeled with alphabets in blue
ink. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Lower hemisphere projection for Open pit-1. (Red squares are manual measured discontinuities; blue triangles are LiDAR generated measurements, green circles are
obtained from Optical-image). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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presented as a lower hemisphere stereographic projection plot
in Fig. 5. Fifty-five manual measurements were made, while 153
LiDAR and optical image measurements were made. The lower
hemisphere stereographic projection plot of the manually mea-
sured orientations in the Open pit-1 showed the presence of two
dominant discontinuity sets; JS1-86/250 and JS2-2/245 (Fig. 6).
One of these sets is nearly vertical and the other is almost
horizontal. LiDAR and optical image results are presented as lower
hemisphere stereographic projection plot in Fig. 7. The LiDAR and
optical image results, show three dominant discontinuity sets,
with average orientations of JS1-88/247, JS2-2/243 and JS3-87/156.
Two sets are almost vertical while one is nearly horizontal.
Discontinuity sets were tabulated to compare the two measure-
ment methods (Table 1). The differences between the numbers of
discontinuity sets are due to insufficient manual field measure-
ments. This was because higher parts of the rock face which had a

high risk of rockfall, was avoided during the manual field mea-
surements. However, the orientations of discontinuities in the
higher areas of the rock face were easily measured from the LiDAR
data. This result justifies the usefulness of both LiDAR and optical
imaging techniques.

The measurement area for Open pit-2 was smaller than that of
Open pit-1. Little difficulty was encountered during manual mea-
surement in Open pit-2 when compared to Open pit-1. Measurement
results are presented in Fig. 8. Eleven manual measurements were
made. Twenty-nine LiDAR and optical measurements were obtained.
Three dominant joint sets were observed from both the manual and
LIDAR-optical measurements. Lower hemispherical stereographic
projection plots of the manual and LIDAR-optical discontinuities
measured in the Open pit-2 are presented in Figs. 9–10. The three
dominant discontinuity sets have mean orientations of; JS1-84/237,
JS2-4/46, and JS3-87/148 for manual field measurement and JS1-85/

Fig. 6. Joint sets obtained from manual measurements for Open pit-1.

Fig. 7. Joint sets obtained from LiDAR and Optical image for Open pit-1.
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231, JS2-4/45 and JS3-81/142 for LiDAR-optical field measurement.
These results are summarized in Table 2. Two of the joint sets are
nearly vertical, and one is sub-horizontal.

Results of manual and LiDAR-optical methods in both Open-pit
1 and Open pit 2 were very close. However, as shown in Open
pit-1, difficulties in manual methods in field resulted in the
lack of measurements at the upper area of the rock face. This is

a very important problem for engineering design projects, and
again justifies, the fact that the LiDAR-optical method is more
advantageous in determining discontinuity orientations than the
manual method.

5. Conclusion

Joint orientation affecting block production and block size in
the dimensional stone quarries is a significant primary geological
parameter. For this reason, this parameter needs to be accurately
determined. Identification of the joint orientation will contribute
to the health development of dimensional stone quarry and also
effective and economic use of the dimensional stone beds.

In the study two methods, a manual and a LiDAR-optical based
were used to estimate joint orientations in the Red Granite Quarry
located in Missouri, USA. Comparison of the joint orientation

Table 1
Summarized results of joint sets using both systems for Open pit-1.

Joint set Manual LiDAR-Optical

Dip Dip direction Dip Dip direction

1 86 250 88 247
2 2 245 2 243
3 87 156

Fig. 8. Lower hemisphere projection for Open pit-2. (Red squares are manual measured discontinuities; blue triangles are LiDAR generated measurements, green circles are
obtained from Optical-image). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 9. Joint sets obtained from manual measurements for Open pit-2.
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results showed that the manually measured results are very
close to the LiDAR-optical measurements. However, disadvantages
of manual measurement, such as time consumption, bias sam-
pling, and risk from falling rocks were encountered during manual
measurements in Open pit-1 field.

Results of this study shows that the LiDAR-optical measure-
ment method is more advantageous than manual (compass)
measurement. Joint orientation data obtained from the LiDAR
were quick and easy to collect, and also more accurate when
compared to the manual method.
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