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ABSTRACT

Mapping discontinuities in rock cuts and measuthgjr orientations is crucial in
assessing the stability of rock masses. This cadope usually using manual methods
such as scanline or advanced techniques such aSR.IBlowever, these methods are
used only to map exposed discontinuities which roayse underestimation for slope
stability. Accordingly, ground penetrating radarP{&) has been recently used to detect
such hidden discontinuities.

The used 400 MHz monostatic GPR antenna was signifiy able to detect and
map hidden subvertical joints within 4 m depthéiwve sandstone highways rock cuts and
within 3 m depths in two ignimbrite highways roaki€ in the State of Missouri. Manual
2D migration was done to estimate, in 2D and 3Diogdms, “the slope face-
perpendicular depths” which was measured from thogganar etched points, “the three
index points”, at each rock cut surface to the esponding points on each plane of the
detected subvertical joints.

The orientations of the detected hidden joints wkes determined based on the
3-point equation and using the calibrated LIDAR rcimates. Some of these
measurements were confirmed by very close-restilfeld verification measurements.
The results of this GPR-and-LIDAR based investmatdemonstrate that our new
proposed approach using these techniques is sfiaighrd, understandable, and can be
valuable in some rock engineering applications evak cuts design in terms of the
orientations of joints, in addition to the numbéfant sets which may build a more clear

view about the rock cut stability than before.
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1. INTRODUCTION

1.1 OVERVIEW

Slope stability can be defined as the resistancanahclined surface of rock or
soil mass to failure by either sliding or collagsiiKliche, 1999). In both engineering and
geological concepts, the term slope includes humade slopes, such as rock/road cuts,
open pits, and excavations as well as natural slogpech as cliffs and valleys. Slope
stability analysis is routinely performed and dissttoward assessing the safe and the
functional and economic design of either human-madeaatural slopes and/or their
equilibrium conditions (Abramson et al., 2002; &dfbardt, 2003).

Slope stability analysis for rock mass require®adgunderstanding of its nature
and what factors control its stability. A rock massisually characterized by the presence
of many discontinuities that divide the rock mags idifferent sizes of rock blocks which
are known as intact rocks. Discontinuities occurturadly in every rock mass
(Scheidegger, 1978). The term discontinuity is maegal term which suggests a break in
the continuity of a rock fabric without an impligénetic origin (Otoo et al., 2011a).

A discontinuity can be defined as a significant heetcal break, or fracture of
negligible tensile strength. It has both a low sh&eength and high fluid conductivity
when compared to the intact rock itself (Chernystwed Dearman, 1991; & Priest, 1993).

When a discontinuity is exposed in an outcrop drofwa rock mass, it manifests

itself in one of two ways, often in both ways or 8ame exposure (Figure 1.1):



= Either as a fracture trace (a visible line) onithek cut surface due to the
intersection of the plane of the discontinuity ahé planar rock slope
face.

= Or as an exposed plane or face on the rock cuasn which can be
considered to be like “facet” on a precious cunst@Otto et al., 2011a;

and Duan et al., 2011).

In general, discontinuities are planes of weakwessrring in three dimensions in
space, such as joints, faults, bedding planes,fraetures upon which both movement
and sliding of intact rocks can take place (Klicl999). Consequently, for the
consideration to engineering properties of the cintacks, the rock slope stability
analysis requires detailed information about thengetry and the properties of those
discontinuities which surely control to a large exttthe mechanical and hydrological
behavior of the rock mass (Bieniawski, 1989; Kilch@99; and Otto et al., 2011b).

Nearly all rock slope stability studies should ilwetwo steps. The first step is to
determine the geometrical properties of the disnaittes, which involves mapping
outcrops and existing cuts. The second step is eierhine the influence of the
discontinuities on the rock slope stability basedtbe relationship between both the
geometry of those discontinuities and the geometrthe rock slope face (Wyllie and
Mah, 2004).

Currently, mapping discontinuities at rock cutgenerally conducted by using a
geological compass and measuring tape. These meeasuots are documented by

recording information on a notebook and photognaghising a camera.



Figure 1.1: (A) A rock cut; (B) The same rock chbwing both joint traces (red lines)

and facets (yellow polygons).



This traditional method is well known as the saamlmethod and is a traditional
method still used in most rock slope stability gse techniques. This method is cheap
and easy to use, but it is time consuming and egnly to exposed discontinuities at
accessible rock slope areas. In addition, conditergafety risks are involved, as
measurements are sometimes carried out at the dfasisting slopes or during
guarrying, tunneling or mining operations or aldngy highways and there is difficulty
gotten direct access to rock faces (Otoo et al.1B))

Accordingly, to overcome the drawbacks of traditimethods, new techniques
have been developed for in-situ geometrical datéectmn. From such techniques,
photogrammetry (Coe, 1995), total station (Bulutl udes, 1996), image processing
(Post et al., 2001), and the Three Dimensions $era¢ Laser Scanner (3D TLS) (Slob
et al., 2004 & 2005; and Feng and Rdshoff, 2004 Hzeen tested and used for mapping
and extracting geometrical data from the exposedoditinuities at rock slope faces. In
general, these methods are fast in terms of datmiston, data accuracy, and
accessibility to rock slope face areas.

Among these techniques, the 3D TLS, or what isedaih some references as
Light Detection And Ranging scanner (LIDAR), ha®wsh a great potential to acquire
and extract a large amount of geometrical datasmfodtinuities within a short time and
with a high level of accuracy (Slob et al., 2002805). All of the methods mentioned to
this point are used for mapping exposed discorttasiiIn contrast, ground penetrating
radar (GPR) has been used to map hidden discotisiun the slope stability analysis
field. GPR is a rapid, non-destructive, non-invasand high resolution geophysical tool

which can provide vital subsurface structural infation about the hidden discontinuities



in the rock mass. GPR plays a significant roleemmis of mapping discontinuities and
identifying the mechanism of the potential rockitee. Consequently the geometrical
data acquired by GPR can be then integrated irtdo slmpe stability analysis.

Both horizontal and sub-horizontal discontinuiti@l intersect the exposed rock
cut and, therefore, can be projected back intadbk mass. In addition, vertical and sub-
vertical discontinuities striking obliquely to theck mass will also be exposed, and can
also be easily mapped (Maerz and Kim, 2000). Howelveth vertical and subvertical
discontinuities which strike parallel or semi-p&hto the rock slope face do not daylight
into the slope face, and thereby they will not begposed and observed. This leads to
underestimating risks and hazards of potentialesfapures (Figure 1.2).

Even though these discontinuities should dayligidva the road cut, they are
typically obscured by a layer of soil, and are vistble unless a significant effort is made
to remove this layer of soil and clean the top loé rock. As this is a costly and
environmentally unfriendly undertaking, the remowabverburden above the rock cut is
rarely attempted. Consequently, when vertical tovsttical discontinuities occur parallel
to a rock cut they are typically not identified lzing traditional methods and cannot
therefore be incorporated into the rock slope tglainalysis.

Ground Penetrating Radar (GPR) has the ability éteat hidden vertical to
subvertical discontinuities that are parallel omsparallel to the rock cut, and
accordingly, to avoid failures, reduce property dgmand avoid injury and lose of lives.

(Maerz and Kim, 2000).



Figure 1.2:A rock failure along a hidden s-vertical joint resulting in the death of
truck driver on Highway 401, Brockville, Ontario,a@ada. Dr. Norbert Maerz, t
advisor of this research, is standing beside th-vertical joint trace after removal ti
failed materials (dashed yellow line) (Adopted from Maanzl Kim, 200C.

1.2RESEARCH OBJECTIVES

The main objective is to develop a methodologytha purpoe of determining
the geometry and orientation of hidden discontiasitn rock slope This approach wil
help to localize and evaluate thazards of subvertical discontinuitieslder behind the

rock slope walls and give an image about the potentrock failures and its



consequences; therefore, significantly help in twesign of efficient and proactive

conservation measurements for the rock slope.

The other specific objectives are as follows:

To assess the slope stability utilizing the scanlimethod for exposed
discontinuities on rock cuts.

To locate hidden vertical to subvertical disconities (joints) using processed
GPR data two dimensions (2-D) images. Since tHerdiice between a vertical
joint and a subvertical joint is could be a few &g in dip, the term “subvertical
joint” will imply both of vertical and/or subvertt joints in the context of this
research to avoid repeating writing the words amdather potential confusion.
To create a 3-D image for each rock slope facdiostashowing the detected
hidden subvertical joints related to the rock sltaze.

To depict the apparent geometry of the detectedemdsubvertical joints in 3-D
views related to rock slope faces.

To estimate “the slope face - perpendicular depthich can be defined as the
depth vector that is perpendicular to the planghefsurveyed rock slope face, and
which must be measured horizontally in the Y- akigction from any selected
point on the plane of the rock face to the corresjptgg point on any plane of the
detected hidden joints behind the slope face. Tthes slope face - perpendicular
depth” is known commonly in geophysics and GPRditeres as a vertical depth
denoted d.

To depict the true geometry of the detected hidsldavertical joints in 3-D views

related to rock slope faces.



= To determine the true geometry and orientations,diliection and dip angle, of
each detected hidden joint using the 3-point equnatesults derived from the

LIDAR and GPR data in a combination.

= To validate our new approach, detecting and meaguhe orientation of the
detected hidden vertical to subvertical joints, hwisome ground truths
measurements.

Our approach has been basically built based ordheination of GPR data and
LIDAR to extract the orientations of the detectedden subvertical joints in some
highways rock cuts and, thus, to provide a bettamlewstanding for the surface and
subsurface characteristics of the rock cuts ortle& slopes. This approach may help to

evaluate more accurately the instability or therdegf fractioning of the rock slope.

1.3 PLAN OF ACTION
The plan of this research, in order to achievirgygbals and the objectives,
consists mainly of three phases are summarizeollasvt:
1.3.1 Phase | - Reconnaissance Survey and LiteratiReview for the Study
Area. This preliminary phase includes the following tasks
= Walking reconnaissance of potential site and otiearby rocks to:
i. Identify the regional geology of the study area.
ii. Determine the lithology of the study area.
iii. Determine the geometry of the rock slope andatsldion.

iv. Investigate the history of the slope stability lod study area.



Identify and determine the appropriate sites @& of rock slopes where
the new method may be applied.

Conduct a literature review related to the subpéc¢his dissertation.
Search for topographic and geological maps andrigepelevant to the
study area and the field of interest.

Use satellite images study to identify some thelagoal structures and
patterns in the study area where it is necessary.

Write and summarize what have been found throughatiove steps and

prepare for the next plan (Phase II).

1.3.2 Phase Il - Field Work, Sampling, and TestingThis phase has included

the following tasks:

Conducting scanline method measurements in the fiel

Collecting rock samples to determine the velocit@R electromagnetic
waves through the rock samples and to determinalidectric constant

value of the rocks from which slopes composed of.

Conducting several parallel horizontal GPR survegd at each station of
the study area in the purpose of to create 2D @hda8liograms images
for the detected hidden joints.

Conducting the LIDAR survey in the area with a egpto conduct a
calibration for the LIDAR geometrical measuremeiiszsed on field

measurements using a geological compass.

1.3.3 Phase llI- Data Analysis and Interpretation QOffice Work). In this phase,

the following tasks will be done:



10

Processing of GPR data and interpretation using GSISADAN 6.5
software.

Generation 3D images from 3D-TLS using Cyclone Sotware, and
extract the geometrical and orientation data fgposed discontinuities
using 3-Points equation after calibrating the mezrsents of the 3D TLS
based on the taken field measurements by a gealogempass. These
geometrical and orientation data include: strikeeation, dip direction,
and dip angle for each exposed joint/discontinuity.

Extracting geometrical and orientation data fordieid discontinuities from
the 2D and/or 3D GPR data based on the locatidgheokelected 3 points
on the slope face surface which two of these pdiaige to be coplanar
and no co-linear at all.

Stereonet projection and analysis for the scanii@thod measurements
using OpenStereo software.

Stereonet projection and analysis for the measgeametries of the
detected hidden subvertical joints which are resuftom using GPR and
LIDAR in a combinations.

Comparison between the resultant stereonet projectbefore detecting
the hidden subvertical joints and after detectihgmt, so such results
could be used to strengthen any further slope Igtalinalysis for the
study area.

Final results, discussion, conclusions, and reconaaions.
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1.4 STRUCTURE OF THE DISSERTATION

Since discontinuities play an important role in koglope stability analysis,
chapter one focuses on how these discontinuitiedealetected using some well-known
techniques. Then this chapter lists briefly themabjective of this research and how can
be achieved through the plan of action.

Chapter 2, details and information about the artmafpping discontinuities and
the used techniques are presented through a coemwmieb literature review. This
chapter will give the reader a general view abobatwhas been done for many years in
the field of slope stability analysis by mappingsatintinuities and extraction the
geometrical data of the rock slope.

Following that chapter 3, where the author poinistbe study area location and
geology, then a detailed description for the sdierdystematic steps that have been used
during field and laboratory work including all tlietails of our new approach to detect
and map the hidden discontinuities in rock sloped d@&ow their geometry and
orientations have been extracted.

Then in chapter 4, the required fundamentals arabrih of using the 3D
Terrestrial Laser Scanning technique for mappingosed discontinuities in the support
of slope stability analysis are written with an drapis on our new approach’s concepts
and requirements and also at a level that is requor anyone who works in the field of
rock engineering.

And in chapter 5, in the same way that previouptdrachapter 4, was written, a

background and all the required fundamentals aedryhof use the GPR technique for
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mapping hidden discontinuities in the support opsl stability analysis are written with
an emphasis on our new approach’s concepts andeswnts.

In chapter 6, all the results and data analysth@ised techniques (scanline, 3D-
TLS, and GPR techniques) are outlined and discussed

Finally in chapter 7, the most important points digcussed with a respect to
some important recommendations and suggestionaniprproposed study in the art of
slope stability analysis using a similar or sermiitar approach to ours. The appendices,

bibliography, and VITA follow to end the contentstlis dissertation.
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2. LITERATURE REVIEW

2.1 OVERVIEW

The stability of rock slopes is often significantdgntrolled and governed by the
structural geology of the rock mass in which thepslis excavated. Structural geology
refers generally to naturally occurring breaksha tock masses (Wyllie & Mah, 2004).
These breaks are known as discontinuities whichtrabnthe mechanical and
hydrogeological behavior of rock masses (Hoek, 2086discontinuity is any type of
defect in the rock fabric or a surface which maakshange in the physical or chemical
characteristics in rock material (Hack et al., 2083 Kliche, 1999). Discontinuities are,
in general, planes of weakness controlling the rexgging properties of the rock mass.
Based on the geological process by which discottitgsuare formed, discontinuities can
be any plane of weakness such as joints, faultkjibg planes, foliation plane, cleavage,
etc (Torres, 2008). Joints are fractures along wkigsentially no shear displacement has
occurred and formed due to the change of stresditcmms by geological process. Joints
are the most common defect and weakness planasxcknmasses while faults are the
most serious, and thus this is why we used the jemmh in our research rather than any
other type of discontinuities. All discontinuitiésve the following physical properties:
orientation, spacing, intensity, aperture (widthopiening), and wall roughness, and in
some cases filling materials (Kliche, 1999; andrésy 2008).

Basically, mapping discontinuity orientations onckoslope faces and then

identifying the probable mechanisms and the modlésilare are the two first main steps
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in rock slope stability analysis. On other wordse tmapping of discontinuities is

ultimately required before a rock slope stabilibalysis can be undertaken.

2.2 GEOMETRY OF DISCONTINUITIES

The mechanical and hydrological behavior of thiskronass is controlled and
governed by the nature of these discontinuitiest§ofractures, faults, etc). Therefore, it
is of paramount of importance to accurately cojleoap, and analysis the data of
discontinuities occur in the rock mass slopes forslape stability analysis. The
International Society for Rock Mechanics, ISRM, hmmnted out the basic required
descriptions for such discontinuities which havendude all or some of the following
characteristics, based on the objectives of thearebh and the used technology and
methods for mapping the discontinuities,: orieotatispacing, persistence, roughness,
wall strength, aperture, filling materials, numbef sets, block size, and seepage
(Figure 2.1).

Discontinuity properties can be classified into metrical and non-geometrical
properties. Geometric properties include orienmgtersistence, spacing, rock block size
and discontinuity aperture size. Non-geometricabpprties include wall strength,
roughness, filling materials and seepage or waterdagctivity. The most important
discontinuity property is orientation. Orientatiowhich implies dip direction and dip
angle of a discontinuity, influences significanthe potential of the intact rocks in rock
masses to slide or fall, the direction of thisisigdor falling or movement and the volume

of material to be moved (Donovan et al., 2005).e@ation is so important that it is
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ultimately used in every kind of slope stability atysis, either numerical or non

numerical modeling (Otoo et al. 2011b).

Filling

Discontinuity set

=7 ~_ Rcughn

| ersistencc

Seeac

Figure 2.1: A 2-D diagram shows the primary georoakr and non-geometrical

properties of discontinuities in a rock mass (Re®d from Hudson, 1989).

2.3 MAPPING DISCONTINUITIES

Most discontinuities can be identified by mappimc® the rock cut has been
exposed (Piteau, 1979a; Piteau, 1979b; Piteau )9R8apping discontinuities and
measuring their orientations process is crucial amiical in assessing the stability of
discontinuous rock slopes and rock masses as weih anitigation and remediation
techniques and blast evaluation. The discontinaitgntations are used as input to all

discontinuous modeling programs and methods, imofu#inematic analysis methods
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and limit equilibrium sliding methods (Otto et aRPllb; Maerz et al., 2012; and
Haneberg, 2008).

2.3.1 Scanline MethodMapping discontinuities at rock slope faces is qeried
by using standardized methods such as scanlineothefing a geological compass,
inclinometer, and measuring tape, photographing witamera, and documenting by
recording information on a notebook. Even thougé $lo-called a traditional method is
now still used in most of the rock engineering potg in many places over the world, the
quality and quantity of the acquired data are sone=t unable to meet the requirements
in some rock engineering projects.

The major drawback of traditional methods, scantinevey or cell mapping, are
that it is too manual intensive operation and ticogsuming especially for a sound
statistical analysis where a lot of measuremergseguired. Moreover, direct access to
and reaching the rock faces physically is ofteffiaift, dangerous, or impossible, and
almost of the field measurements are carried otlieabase of the rock slope within few
meters of height which provide not enough nor aateurenough data that can be
considered as representative samples for wholacidirea of the slope (ISRM, 1978;
Slob et al., 2005; and Slob et al., 2006; and Harg2008).

In addition, the way of recording and storing dadanot provide sufficient data to
utilize modern information technology that can spegp the data processing and
interpretation and, furthermore, can save the ohatny required format for any further
analysis and designation and any future use orgs@(Slob et al., 2006).

Therefore, it has been recently realized thatziigj a new technique and tool to

collect in-situ geometrical rock slope data is Key point in support of slope stability
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analysis with both quality and quantity and in mdi fashion. Techniques such as
photogrammetry (Coe, 1995), total station (BulutT&des, 1996), image processing
(Post et al., 2001), and the 3D terrestrial lasanser (3D TLS) (Slob et al., 2004 &
2005; and Feng & Rd&shoff, 2004) which have beeteteand used for mapping and
extracting geometrical data of the exposed disnaities at the slope face.

2.3.2 Light Detection And Ranging (LIDAR or LIDAR). Traditional
discontinuity measurements are subjective are basaaly on the surface measurements
of the exposed discontinuities, which can be bialsgdsurface creep, dilation, and
weathering. Alternatively, a LIDAR scanner can pdavaccurate point cloud data of the
scanned slope within a few minutes, and the gegnudtrock discontinuities can be
extracted in an automated and objective way (Rer008). LIDARs which are
sometimes called Terrestrial Laser Scanners (TL®) geodetic instruments which
become very popular for engineering and geologwests during the last years
(Gonzalez-Jorge et al. 2011; and Otoo et al., 2011a

LIDAR is so quick that comparable surveys can badcooted to an area of
interest to ascertain the geometries of regionatesyatic joints and to compare the
resulted data with those measured manually initee§interest.

It is not difficult to carry out a 3D laser scamgey; however, it is quit challenges
to convert the LIDAR data to useful informationttiecan directly be used for the purpose
of slope stability analysis or any other purposéhimrock engineering practice. Different
methods or approaches have been used to handlessiis such as semi-automated
approach, automated approach, and the calibraog @ geological compass approach

(Slob et al., 2006; Slob et al., 2005; and Maera .e2011).
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The idea to map discontinuities on rock mass fagsisg remote sensing
techniques is not new, in 1976, Rengers conductamgtrical measurements for
individual discontinuities using analogue terredtstereo-photogrammetric techniques
which have been recently developed through timbetaligital imaging and processing
data techniques than can be used for many appiisain different disciplines especially
in the fields of rock engineering, rock mechaniasd landslides (Roberts and Propat,
2002; Fasching et al., 2001; Haneberg, 2005; Getici., 2006; Whitworth et al., 2006;
Braun, 2008; Dunning et al., 2009; Abellan et a8D10; Sturzenegger et al., 2011;
Garcia-Sellés et al., 2011; Asahina and Taylor12@hd Gonzalez-Jorge et al., 2011).

Slob and others (2006) have successfully usedeime-gutomated and automated
approaches of 3D laser scanning survey to map & sbope face composed of
carboniferous meta-siltstone and slate with welleli@ped discontinuity sets along a
secondary road in Catalonia which connects towngaléet with Bellmunt in Baix-
Camp, Spain. They found that even though the twpragethes can produce high
resolution data that can be used for mapping disagities and any other purpose in rock
engineering, the full-automatic method is capalbleapturing more data that are required
for further statistical and/or modeling analysis.

Moreover, another one of the most recent applinataf the LIDAR is in the art
of forecasting of possible rock falls and rock msigges, which are mainly controlled by
the presence of discontinuities and their orieatetiand geometry (Abellan et al., 2010).

Alba and Scaioni (2010) have described how to ektchange and rock mass
deformation detection based on a LIDAR survey fa $ame rock face at two different

times or periods. Their analysis was taking intocaint the multi-temporal pointcloud
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geo-references and built on three main steps:g@tation filtering based on near infra
red imagery (NIR); (ii) detection of major changssch as loss materials; and (iii)
deformation analysis and testing. Moreover, thedipt®n of slope failures by
monitoring and understanding of ongoing even miditric deformation which is mainly
controlled by the geometrical and orientations abtaristics of discontinuities has been
conducted by utilizing the LIDAR technology (Abeilét al., 2006).

However, Traditional and LIDAR measurements aratéchonly for the exposed
discontinuities on the rock slope, which excludestedtion of probable hidden
discontinuities that may have a significant effiecthe rock slope stability analysis. For
these reasons, it is desirable to employ a geogdiygiol that will be able to delineate
and/or map hidden discontinuities or fracturesimgtle the slope.

2.3.3 Geophysical TechniquesFor the past sixty years, the geophysical
techniques have been increasingly applied to theloeation of natural resources,
geological structures, and site investigations.sTwide spectrum of applications of
geophysical methods has been recently expandechlicaee geological engineering and
civil engineering fields, where non-destructive higiques have proved useful role in
detecting and revealing the hidden discontinuitied fractures, and generating 2-D or 3-
D geologic models. Many recent studies have beerdwtged on mass movements
combining one or more geophysical techniques tdactlepscontinuities and fractures
within these failed slopes.

Because of the efficiency of utilizing non-destruetgeophysical techniques in
rock engineering, International Society for Rockdianics (ISRM) has suggested and

described seven geophysical methods than can bfeapplied and utilized: seismic
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refraction, shallow seismic reflection, electricalectromagnetic, ground penetrating
radar, gravity, and radiometric techniques (ISRBD4.

Green et al. (2006) conducted different high-retsatugeophysical techniques to
locate and extract geometrical features of unstabid, in Switzerland, in order to
improve the hazards assessment of the instabfléyrock slope.

The stability of rock slopes is also significantijluenced by pore water pressure,
which commonly infiltrates along discontinuitieshd hydrogeological regime, which is
controlled by the geometry of discontinuities, engrally considered one of the most
critical factors affecting slope stability. In suchses, geophysical techniques are often
capable of delineating the presence of groundwatiactures and discontinuities in the
rock slopes unstable slope.

Heincke and others (2010) conducted a combined ge@electric and seismic
tomography study, on the large Aknes rockslide estern Norway, in order to identify
shallow tension fractures and ascertain the frastweffects on conveying seepage. They
succeeded in this by comparing the geophysicaltsesith information extracted from
borehole logging and tracer tests.

On the Sandalp rock avalanche in the Canton ofuS)é&witzerland, Socco et al.
(2010) conducted a study that integrated resigtitdmography, seismic P-wave
tomography, and active and passive surface wavéysassageophysical methods on
several profiles, deployed both on the rock avdiandeposit and on the surrounding
terrain. Comparisons of the results of the geomaysnvestigations with the topographic

benchmark have demonstrated the capability of gesopdl methods to locate the
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detachment surface of the rock avalanche wheredhtast, the key word in geophysics,
with the host properties is most striking.

2.3.3.1 Ground penetrating radar. Ground penetrating radar (GPR), which
sometimes is called ground probing radar, georagtath sounding radar, or subsurface
radar, is an effective non-invasive geophysicalgim@ techniques that has a wide variety
applications for many different disciplines.

In terms of rock engineering, rock mechanics, aloghes stability analysis art,
most discontinuities can be identified by mappimge the rock cut has been exposed
(Piteau, 1979a; Piteau, 1979b; Piteau 1979c). dota to sub-vertical discontinuities
will intersect the exposed face and can be projebteck into rock mass. Vertical and
near vertical discontinuities striking obliquely tiee road cut will also be exposed, and
can also easily be mapped. Vertical discontinuitiesvever, striking parallel to the road
cut cannot be seen, because they do not dayligbttive cut. Although these should
daylight above the road cut, they are typicallyaed by a layer of soil, and are not
visible unless a significant effort is made to remehe soil and clean the top of the rock.
As this is a costly and environmentally unfriendiyndertaking, the removal of
overburden above the cut is rarely attempted. Gpresgly, when vertical discontinuities
occur parallel to rock cut, they are typically ndentified, and cannot therefore be
incorporated into the analysis (Maerz and Kim, 2000

Therefore, GPR has been used to locate and maperhidchctures and
discontinuities in rock and soil slopes and/or ugdeund surface. GPR is easy to use
and the results are relatively simple to interp@®R can be easily mounted on a vehicle,

or lashed to a boom mounted on a small truck. Tinékes data collection fast and
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efficient (Maerz and Kim, 2000). GPR is one of thast expensive non-destructive and
portable geophysical methods that can be usedtéotdbe hidden fractures and joints in
a rock mass. It has been effectively used for maays ago for the purpose of mapping
and detecting hidden fractures and joints in eartinaterials (Mellett, 1995; Stevens et
al., 1995; Jeannin et al., 2006; Theune et al.6280d Leucci et al., 2007).

For instance, ground penetrating radar (GPR) wasessfully applied to detect
and map fractures in marble quarries where GPRigdvhigh resolutions images of
about 1 and 5 cm and for depths of about 8 and 1Bing 900 and 300 MHz antennas
respectively, which was helpful in the process wiletion the quality of marble which
has low electrical conductivity (Grandjean and Gput996).

Maerz and Kim (2000) have conducted a field ingagion in a sandstone rock
formation, in Missouri, using GPR with 400 MHz amt@ in the purpose of identifying
the hidden vertical and/or sub-vertical discontiiesi in a rock cut. The results showed
the ability of the GPR to detect and depict thdiwak discontinuities up to 2.5 m depth
which can play a significant role in slope remedmatand stabilization and loss of life
reduction.

As an objective to localize main fractures and etb@reas inside ten pillars
whose minimum side length of one of them is 7 nd asich presented indications of
having reached stress limits, a combination of gdopenetrating radar and seismic
tomography imaging has been conducted in a gypsuanryjin Western Europe. The
seismic method was used effectively to produce p ofiaelocities related to the state of

the pillar’s internal stress conditions, while radata delineated the fractures locations.
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The processed data of both methods showed singkaxitith respect to the damage zone
detection (Dérobert and Abraham, 2000).

Toshioka et al. (2003) carried out GPR measuremamtthe vertical wall of a
welded tuff rock quarry in Japan, with the objeetof studying the applicability of GPR
to map the distribution of fractures in the rockssiaBy comparing the GPR records with
the visible fractures in the face, researchersnkshrthat electromagnetic waves were
most strongly reflected by those fractures filleithvwater.

Porsani et al. (2006) found out that GPR is alseféettive method for localizing
fractures and joints and for identifying the plarm@sstructural discontinuities (both
inclined and sub-horizontal) in a granite quarrydapad Bonito region of Sad Paulo
State, southern Brazil, where 25, 50, and 100 Miteranas were used.

GPR and LIDAR whose data are sometimes effectivatynbined and/or
integrated in the analysis of slope stability iderto get more accurate and details of the
geometrical properties of discontinuities for thapse stability analysis purposes.

In 2008, Torres made measurements for a rock stguglity analysis using a
LIDAR in a combination with GPR on a rock exposatea porphyry quarry at Albiano,
Italy. The individual results and the integratedlgsis of the geometrical information
derived from LIDAR and GPR showed a reasonablee®egf correlation with the results
of the Scanline method, and demonstrated itselfet@n attractive way of complement
such information in order to reduce the degreermieuainty regarding the geometrical
characteristics of the discontinuity network obak mass.

Pernito (2008) conducted a slope stability analgsisa volcanic rock slope in

Montemerlo, Italy, using LIDAR and GPR data; and foeind that the integration
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between the two methods was reliable and applicabltn some limitation in

interpretation of discontinuities orientations datauired by the GPR.

2.4 SLOPE STABILITY ANALYSIS

One of the most important goals of performance eslsfability analysis is to
prevent or reduce or minimize the consequencesalf slope failure which may cause a
lot of damage in infrastructures and buildings boss$ in lives within a very short span of
time (Figures 2.2 and 2.3).

A number of methods are being used for rock sldgbilgy analysis (Hoek and
Bray, 1981; and Goodman, 1989). This analysis isallys done through kinematic
analysis, limit equilibrium analysis, and numeriaalysis (Gurocak et al., 2008).
Almost of all stability analyses of rock slopes taning discontinuities employ
kinematic analysis before further other analysesrder to determine potentially unstable
slopes (Aksoy and Ercanoglu, 2007).

A kinematic analysis is a good technique to onlfedaine potential kinematic
type of rock slope failure such as planar, wedged doppling through using
stereographical, which is known sometimes as hdreirsgal, projection (Gurocak et al.,
2008). The hemispherical projection is a methodepfesenting and analyzing the three
dimensional relations of reality on a two-dimensibdiagram (Brady and Brown, 2004).

Kinematic analysis, which basically depends on estgraphical projection
technique, is vital for analyzing the stability imftact rocks in rock masses and must

precede any subsequent analysis. Once failure mischa are defined, it is then possible
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to design an adequate support system for loosemedtirock blocks in rock masses

(Lana and Gripp, 2003).

Figure 2.2: A Catastrophic rock slide destroyedstehhouses and killed 65 persons in
Al-Dhafir village in Sana’a Governorate, Yemen,December 28th 2008 (Adopted from
Petley, 2008 at: http://www.landslideblog.org/2@Bcatastrophic-rockfalls-in-middle-

east.html).

Figure 2.3: A traffic accident happened due tock ffall incident on a highway; Canada,;
(Adopted from Bloom, 2012 at http://www.americamfrom/articleProtecting-Roads-

and-Infrastructure-from-Falling-Rocks/).
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However, kinematic analysis does neither considecels acting on slope nor
shear strengths of discontinuities of intact ro¢airocak et al., 2008). However,
equilibrium analyses do and are generally usedstonate such forces to evaluate the
factor of safety against failure (Sitar and Maclaing, 1997).

Limit equilibrium analysis is performed if kinematnalysis shows that failure is
likely (Topal, 2007). In This analysis all of theear strength along the failure surface,
the effects of pore water pressure in discontiasjtiand the effects of external forces,
such as seismic acceleration will be considereddGk et al., 2008). This analytical
method is also called as “kinetic analysis” (Kilch899).

While Numerical analyses, such as finite elemendtdistinct element, are used to
verify results occurred from kinematic and/or etdpium analyses (Gurocak et al., 2008;
and Gischig et al., 2011). In this research, onheinatic analysis was used since the
shear strengths of the walls of hidden discontiesitare unknown and cannot be
estimated.

2.4.1 Rock Failure Types.Failures in rock cuts occur as a result of several
mechanisms. Some of these mechanisms; such asnggvehdercutting, and rolling
failures, are in general not conducive to predetbalculations or modeling, but rather
require engineering experience and judgment torchte whether they are likely to fail
or to remain stable as shown in Figure 2.4 (MaerKi&, 2000). In contrast, plane
(planar), wedge, and toppling failures, as showrFigure 2.5, are all conducive to
predictive calculations or modeling ranging fronmple limit equilibrium analysis or
kinematic analysis to sophisticated numerical mode(Hoek and Bray, 1981; Piteau,

1979d; Piteau, 1979e; Piteau, 1979f).
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Franklin and Senior (1987) investigated 415 rockufes along highways in
Northern Ontario, Canada; and they found out ti8t &f those failures are toppling,
planar, and wedge failure types with a percentdg@3®&o of all different types of rock
failure where the proportion of toppling failurescarrence is 23%, for planar failure
occurrence is 8%, and for wedge failure occurres@3o.

2.4.2 Kinematic Analysis for Rock Failures. “Kinematic” refers to the motion
of bodies without reference to the forces that eatlem to move (Goodman, 1989).
Kinematic analysis, which is purely geometric, exaas which types of failure are
possible in a rock mass with respect to an exisimgroposed rock slope (Kliche, 1999).
For kinematic analysis, the lower hemispheres etgephical projection method
described by Hoek and Bray (1981), by Goodman (1,988 by Wyllie and Mah (2004)
is generally used.

In general practice, kinematic analysis is based pbotting all measured
discontinuities planes on a stereographic projacthiet and evaluating the orientation
(dip angle and dip direction) of particular plarfesjor discontinuity sets) represented as
poles (normal vector to discontinuity planes) &t tenters of concentration zones (Aksoy
and Ercanoglu, 2007).

Furthermore, this orientation of the discontinuthianes and their intersections
has to be compared with rock slope geometry (digleaand dip direction) and, in
addition to, friction angle along the discontinugianes (Kilche, 1999; and Aksoy and

Ercanoglu, 2007).
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Figure 2.4: Raveling, undercutting, and rollingldee#s along Highway 70 road cuts,
respectively, Colorado State, USA (Retrieved fromekt & Kim, 2000).

Figure 2.5: Example of toppling, planar, and wedgek failures respectively along
highway rock cuts (Retrieved from Maerz & Kim, 2000
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2.4.2.1 Kinematic analysis for plane failure.Planar failure occurs always along
a single discontinuity plane that intersects a rsldpe face and so then exposed (Figure
2.6). In order for this type of rock failure to accthe following geometrical conditions
must be satisfied as illustrated in Figure 2.7 (Haed Bray, 1981; Goodman, 1989;
Kliche, 1999; Wyllie and Mah, 2004; and Hudson &tadrison, 2007):

= The sliding discontinuity plane must daylight irettock slope face (Figures

2.68&2.7).

= The strike of the sliding discontinuity plane mpsrallel or nearly parallel to

the slope face within £ 20°. In other words, thp direction of the sliding
discontinuity planed;) must be parallel or nearly parallel to the dipediion
of the slope faceof) within + 20°.

= The dip angle of the slope faogr)X has to be greater than the dip angle of the

sliding discontinuity planey) which has to be less than the internal friction
angle of the intact rock or sliding rock bloek) (

In Figure 2.7, the zone between the great cigpeasenting the dip angle of the
rock slope face and the internal friction anglaection cone) represents a critical area
within which plane failure is kinematically posgb(Wyllie and Mah, 2004). Therefore,
whenever the dip angle of the sliding discontinyitgne is greater than the internal

friction angle, the factor safety is less thandnd vice versa (Kliche, 1999).
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Figure 2.6: A potential plane failure on a sindidisg discontinuity planey(p - dashed
yellow line), Italy. Note that the diangle of that sliding plane is less than the digle
of the rock slope faceyt - dashed red line) (Adopted from http://ookaboo.car
pictures/picture/14675384/Location_Lauria__Italydalide_type_Sli
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"y Dip drachon of ¥ Dip ol decontnuity
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Figure 2.7: Kinematic analysis for planelure (Retrieved from Naghadehi et al., 20
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2.4.2.2 Kinematic analysis for toppling failure. Toppling angle occurs along a
single discontinuity that must dip steeply into tleeck slope face (Figure 2.8). In
addition, the strike or the dip direction of thes@bntinuity plane must be parallel or
nearly parallel within £ 30° to the strike or thép ddirection of the slope face as
illustrated in Figure 2.9 (Hoek and Bray, 1981; @Gaman, 1989; Kliche, 1999; Wyllie
and Mah, 2004; and Hudson and Harrison, 2007).

Furthermore, the discontinuity plane must satisfie tfollowing equations
(Naghadehi et al., 2011):

= [(90° -yp) + ¢ <]
- ap= (ar% 180°) + 30°

where,

yp— the dip angle of the discontinuity plane

yf— the dip angle of the rock slope

ap— the dip direction of the discontinuity plane

as— the dip direction of the rock slope

As the same manner as in the plane failure, the Zmiween the great circle
representing the dip angle of the rock slope fakthe internal friction angle represents
a critical zone within which toppling failure isrl@matically possible (Wyllie and Mah,
2004).

Toppling failure is common in both basaltic rocldye to columnar joints
structure, and in sandstone, since sandstone leedsianly form steep slopes or cliffs
where whole hillsides are underlain by those rogkgh cause toppling failures (Fell et

al., 2005).
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Figure 2.8: A potential toppling failure at stati@nn site 2 of the study area. Notice t
the potential sliding planes of some discontinuitieasfied yellow lines) are dippit

steeply into the rock sloy
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Figure 2.9: Kinematic analysis for toppling failu(Retrieved from Naghadehi et ¢
2011).
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2.4.2.3 Kinematic analysis for wedge failure Wedge failure occurs when intact

rocks slide along two intersecting discontinuitoegh of which daylight in the slope face
as shown in Figure 2.10. In order for this typeradk failure to occur, the following
geometrical conditions must be satisfied as ilatsdl in Figure 2.11 (Hoek and Bray,
1981; Goodman, 1989; Kliche, 1999; Wyllie and Ma@04; and Hudson and Harrison,
2007):

= The intersection of the two discontinuities mustligiat in the slope face.

= The dip angle of the slope faog) > the plunge angle of the intersection

(vi) > the friction angle of the two discontinuitielape ().

Figure 2.10: A wedge failure along two intersectplgnes of discontinuities both of
which daylight in the slope face in a limestone rgua (Adopted from

http://www.bgs.ac.uk/eqr/SlopeStability.htm).
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N Failure Condition
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Figure 2.11: Kinematic analysis for wedge failuRe{rieved from Naghadehi et ¢
2011).

2.5STUDY AREA LOCATION

The study area of this researcta part of both of the central and the south
parts of Missouri (Figul 2.12). Two sites were selectegite 1 is located on 44 highwe
north westedge of the City oRolla City in Phelps CounfyCentral MC (Figures 2.12
and 2.13) while site 2 is located on 72 highway, west oéd&ricktown inMadison
County, Southeast MFigures 2.12 and 2.14).

Site 1 is a sedimentary rock while site 2 is are@rs rock so the effectiveness
GPR in detection hidden subvertical joints in ronksses was tested in two differ
types of rocks. Site 1 is a «stone rock cut which is a part of Roubidoux Sammu=
Formation that is found in the Ozark region fromb@al to Gasconade City and frc

Salem to Doniphan in the State of Missouri. TheaarEexposure along the Roubidc
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Creek in Pulaski and Texas coles in Missouri are known as the “type area” fos
formation (Thompson, 1991). The outcrop at thie $& mainly composed of que-
sandstone and lies between 37 21" and37° 56 26” N and091° 48 23"" and091° 48
39" W(Figure 2.13).

Site 2 isan ignimbrite rock cut which is a part of St. FraisdMountains Volcani
Supergroup which belongs to the Precambrian Era, 1Bk2dillion years old. This sif
is located between 37°° 50" and37° 34 20" N and090° 21 20"" and090° 22 40" W
(Figure 2.14)Each site was divided into stations on which tleédfivork of this researc

was conducted and performed as illustrated in egdrl3 and 2.1

Figure 2.12: The study area (-dashed line square) shows the locations of the
seleded sites. Site 1 is in the central part of Missehile site 2 is in the southeast p
(Adopted fromhttp://eparc.missouri.edu/Data/RCIP/BUSECC-Mo-map.htn).
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Figure 2.13: Location of site No.1 in Phelps Coumi©. Site 1 was divided into fiv
stations to conduct field work. Google Earth prograas used to locate the stations
the study area (Adopted from http://www.usgwarchiveg/maps/missouri/image

phleps.gif; andhttp://en.wikipedia.org/wiki/Phelps_County, Missi).



37

AT

i

Mine La Motte

FITY

COLBOLT CITY

St Francois H St Michael

et e

Central MARQUAND *

Marguand I
Twelve Nhle 4

Big Creek '

--—-—-—_--__- n

Junction City;
n MOZI2-03

Figure 2.14: Location of site No.2 in Madison Coyri¥1O. Site 2 was divided into tw
stations to conduct field work. Google Earth prograas useco locate the stations

the study area. (Adopted from http://www.usgwareBiorg/maps/missouri/image
Madison.gif, and http://en.wikipedia.org/wiki/Fidap_of Missouri_highlighting.

Madison_County.svg).
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2.6 GEOLOGY OF THE STUDY AREA

Generally, site 1 is a sandstone outcrop of Roubidéormation whose age is
Ordovician (Figure 2.15). Site 2 is an ignimbritdoanic rock belongs to the St. Francois
Mountains Volcanic Super-group whose age is PrecamiFigure 2.16).

Roubidoux Formation consists of dolostone, sandgstone, sandstone, nodular
and oolitic chert, and some shale. The dolostopedly exposed. Where observed, they
are finely to coarsely crystalline, thin-to medilo@edded and are often inter-bedded with
light-colored, nodular chert. Much of the chersandy, which distinguishes it from the
chert of the Cotter Jefferson City dolomites, adl we from the most of chert in the
Gasconade Dolomite. Even though infrequently exgoseell cuttings indicate this
dolostone dominates the formation.

In Rolla Quadrangle area, two sandstone interveishaharacterize the surface
expression of the formation. A layer of sandstdite, to 20-feet thick, occurs at or near
the base, and a thicker layer of sandstone, 26#e&-thick, occurs in the upper part of
the formation. In the northeastern portion of theadrangle, the subsurface Roubidoux
contains two similar thick sandstone intervalseensn water well residue logs.

The sandstone constituents are dominantly angolasub-angular quartz. The
sands contain diagnostic heavy minerals. The tdpoti the upper and lower sandstone
intervals contain sand-sized and large fragmentstrigbolitic chert. Some of the
dolostone layers are also sandy.

The Roubidoux weathers to a distinctive brick-reindy soil containing
considerable chert. The residue in the lower phathe formation contains mud-cracked

sandstones, often with well-preserved, chertfietkfillings, pebble molds in chert, and
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“honeycombed” chert. Cryptozooal chert is assodiatéth the dolostone between the
two thicker sandstone intervals. The algal strieguare about one-foot-wide, smaller
than those in the Gasconade Dolomite. Stromatditiectures appear to be present also,
but are not clearly evident because of dolomitaratiMollusks and large gastropod,
which is a marker in the Roubidoux to the soutlvehaot been found here.

The thickness of the formation varies from abou© ¥6et in the west and
southwest portion of the quadrangle to 140 fe¢héncentral and south-central part of the

guadrangle. Generally, the contact with the Gastemausually not exposed.

37° 50'S6"N
9 ! "
0 o 2614 ft 37 55'40"N

091" 51' 06" W 091" 49'01" W 091 46'56"W

Pennsvlvanian Sedim ents [ Study areaatlocation No.l

Jefferson Citv and Cotter Formations ] Rolla Ciry, MO

Boubidoi: Sandstone Formation e 44 Highway

Gasconade Dolomite Formation

Figure 2.15: The geology of the study area atlsite
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Figure 2.16: The geology of the study area atX

Roubidoux Sandstone Formation overlies Gasconadtenide Formation witt
uneven contact surface of disconformity (SprengRirmttor, 1993) and is overlaid
Cotter —JeffersoRity Dolomite.

The Roubidoux Formation is separated from the Gesb® by its higher conte
of quartz sand, including numerous sandstone bedscally in the upper half, ar
generally thinner bedding. The quartz sand contdab serves to distinguish t

Roubidoux fom the overlying Jefferson City Dolomite. Partlychase of the increas:
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permeability due to the sandstones and partly duéd thin- to medium-bedded nature
of its carbonate beds, the Roubidoux weathers beyoklly and the resulting slopes are
characterized by loose blocks of sandstone.

Above those formations, sandstones and congloroesaindstones are draped
over and are the most common rock exposures ofdykamian Sediments (P). Thickest
accumulations of these sediments occur in the magtenortheastern part of the study
area, where karst fills are steeply dipping.

The geology of site 2 is a part of the geology s 6t. Francois Mountains of
southeast Missouri (Figure 2.16ppproximately 1.4 billion years ago, southeast
Missouri was a landscape dominated by volcanicerak] some of which were up to 15
miles in diameter. Large calderas such as thesergignerupt rhyolite and ignimbrite, a
volcanic rock that is very high in silica, a compducomprised of the elements silicon
and oxygen. The higher the silica content in magitma,more viscous, or thick, will be
the lava. Viscous magmas tend to hold more volcgagcand therefore erupt explosively.
Rhyolite calderas produce the most violent erugtioh any type of volcano on earth

(Department of Natural Resources-MO, 2008).
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3. BACKGROUND AND THEORY OF
GROUND PENETRATING RADAR (GPR)

3.1 OVERVIEW

Geophysical methods respond to the physical priggerdf the subsurface media
and can be classified into two distinct types:asgive methods which detect variations
within the natural fields associated with the Eastich as the gravitational and magnetic
fields; and ii) active geophysical methods suchG#R method and seismic methods
which means the earth’s response to generatedisigiiae earth’s responses (reflected,
refracted, transmitted, and/or scattered signais)yreeasured using appropriate detectors
whose output can be displayed and interpreted (®dgn1997). The reflection method
is most often used for geological structure apgbees (Kovin, 2010); and it is of most
concern in this research work.

The term ‘ground penetrating radar (GPR)’, ‘ground-pngpradar’, ‘subsurface
radar’, surface-penetrating radar (SPR)’, or ‘gdararefer to a range of electromagnetic
techniques designed primarily to localize objeatsnterfaces or discontinuities buried
beneath the ground surface or located within aaligwpaque structure (Daniels, 2004).

GPR has become enormously popular and specificalllyin the engineering
community since the mid of the 1980s; however, GRR been used for geological
investigations since the 1960s, especially in cotioe with the development of radar
echo-sounding of polar ice sheets (Reynolds, 1997).

GPR is an active geophysical method for commonly-adestructive subsurface

imaging and based on the propagation of electrostagwaves in the subsurface
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(Reynolds, 2003; Daniels, 2004; Conyers, 2004; @ttd Sass, 2006; and Sass, 2007).
The first use of electromagnetic waves for locatiegnote buried objects is attributed to
Hulsmeyer in a German patent in 1904; however, fitg¢ published paper of such
investigation was by Leimbach and Lowy in 1910 (Rags, 1997).

GPR product, which is a radiogram image, is noy @am image of the subsurface
but is the recorded response of the subsurface rialateto the propagation of
electromagnetic (EM) energy in the microwaves raagd across a relatively narrow
range of radio waves with frequencies of, typicall0 MHz and over 1.5 GHz
(Takahashi, 2004; Booth et al., 2009; and Casd@@9a). Therefore, the understanding
for underground propagation of electromagnetic waweechanism and theory, whose
history spans for more than two centuries, and Hweur interactions with subsurface
materials is a crucial step in using and applyihg GPR technique for subsurface
investigation and discontinuities detection (AnndAP1; and Cassidy, 2009a); thus a

brief theoretical background about GPR is heregsgnted.

3.2 THEORY OF ELECTROMAGNETIC ENERGY

Electromagnetic field theory is a discipline comest with the study of charges,
at rest and motion, which produce currents andtrdemagnetic fields which follow
paths similar to sine curves, as illustrated inukég3.1,which shows the relationship
between these fluctuating electric and magnetidgighe wavelength\f, the maximum
amplitude (A), the intensity of the waves which is relatedttoamplitude squared, and

the propagation direction of the electromagnetigegaBalanis, 1989).
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Figure 3.1: The main components of the electrom@&agfields (EM) and the direction «
the propagation of the EM waves along onl-axis for the electric field (E) and tl
magnetic field (H) (Adopted from Kovin, 201

Wavelength is defined as the distance between catige corresponding poin
of the same phase, such as crests, troughs, orceessings whilethe frequenc (f) of
electromagnetic wavesan bedefined as a number of cyclical wavesr time unit. In
other words, it is the number of waves that pags@n point per seconTherefore, the
period is theeciprocal of frequent. The wavelength and frequencgn berelated to the
speed of the EM waves equation:

f=1/t (3.1)
c=arf (3.2)

f = frequency in hertz uniHz) which is 1/second (s)

t = time in second (

c =the speed of ligh(in vacuum, 299,792,458 ms- 0.3 m/ns)

A = EM wavelengt in meter unit (m)
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The study of electromagnetic fields requires enougterstanding for its both
theoretical and applied concepts. The theoretioatepts are described by a set of basic
laws formulated primarily through experiments coctéd during the nineteenth century
by many scientists such as Faraday, Gauss, Am@endpmb, Volta, and Lenz. These
theoretical concepts were then combined into aistamd set of vector equations by
Maxwell and then are widely acclaimed Maxwell's Btjans; while the applied concepts
of electromagnetic are formulated by applying theotetical concepts on the design and
operation of practical systems (Balanis, 1989).

3.2.1 Maxwell's Equations.Electric and magnetic fields are generally vector
guantities which have both magnitude and direcfidme relations and variations of these
fields are governed by Maxwell’'s equations (BalahB39). These equations state the
basic principles of radio waves propagation in aior@ and describe the interaction
between electric and magnetic fields and the aatiip between the charge and current
density (Griffiths, 1999). EM fields and relationgs are expressed as follows (Annan,
2009; and Cassidy, 2009a):

Faraday’'s Law of Induction

Vx E = o8 3.3

Maxwell's modified circuit Law

Vx H = 6D+ 3.4

Gauss’ theorem in electrostatics

V-D=p (3.5
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Gauss’ theorem in magneto-statics
V-B =0 (3.6)

where

E — electric field intensity or strength vector yiolts per meter, V/m)

B — magnetic flux density vector (in Tesla, T, &/b/mor Tesla

H — magnetic field intensity or density (in Ampepes meter, A/m)

J — electric current density vector (in Amperespeter squared, /A7)

D — electric induction or electric flux density whiis called sometimes the

electric displacement (in coulombs per mstgrared, Gt?)

p — electric charge density (in coulombs per metired, C/rm)

V - del vector operator

x - vector cross product

+ - Vector dot product

3.2.2 Constitutive Equations. Constitutive relationships are the means of
describing a material’'s response to electric-magnéelds (Annan, 2009). Four

constitutive equations describe the response oémadg to the applied electromagnetic

field:
J=c E (3.7)
D=¢cE (3.8)
B=pH (3.9)
M=y H (3.10)

where

o - electrical conductivity of the material (in Siens per meter, S/m)
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¢ - dielectric permittivity of the material (in Fala per meter, F/m)

u -magnetic permeability of the material (in Henpgs meter, H/m)

¥ - magnetic susceptibility

M - magnetization

Four quantities, namely electrical conductivityeldctric permittivity, magnetic
permeability and magnetic susceptibility describbe properties of a material; however,
only the first three mentioned properties or relas, equations (3.7) — (3.9), are the most
important for GPR applications (Annan, 2001; Ann2009; Cassidy, 2009a; and Kovin,
2010).

In general, Maxwell's EM field equations [Equation3.3) — (3.6)]
mathematically describe the physics of EM, whilastdutive relations [Equations (3.7)
— (3.10)] quantify material properties. Combinirge ttwo provides the foundations for
guantitatively describing the spatially and tempfigrararying coupled electric and
magnetic fields and their interdependence and @RR signals (Annan, 2009; Cassidy,
2009a; Kovin, 2010). These vector equations anel Yait heterogeneous, isotropic, linear

and stationary media (Balanis, 1989).

3.3 ELECTROMAGNETIC PROPERTIES OF EARTH MATERIALS

The subject of electromagnetic properties of makeris a wide-ranging topic.
Comprehensive background can be found in Santametial. (2001). In this context a
nutshell and common related basic issues will Iseutised. In most GPR applications,
variations in dielectric permittivitye] and electrical conductivitys] are most important

properties or factors while variations in magnggemeability (1) are seldom of concern
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(Annan, 2009) since that in most circumstancespthgnetic effect of materials has little
effect on the propagating of GPR waves and theigmaaic permeability is often
simplified to the free-space value of 1.26 x°¥/m (Cassidy, 2009a). Accordingly, the
value of relative magnetic permeability;)(of non-magnetic earth materials, rocks, soils
and many other materials, is 1 (Reynolds, 1997¢reh

w =p/uo (3.11)

u - absolute magnetic permeability of a material

Lo— the magnetic permeability of free space (air)

Earth subsurface materials are often describedetecttic materials. The term of
‘dielectric’ describes a class of non-conductingtenals that can accommodate a
propagating EM field; however in reality, all subfsice materials possess some form of
free charges and thus show some degree of EM atienuln extreme cases, a material
that contains a high degree of free charges ictfdy considered a conductor where
the majority of the EM energy will be lost in thenduction process as heat; therefore,
GPR is ineffective in higher-conductivity environmi such as saline environments and
areas that have high clay contents (Cassidy, 20@8=aordingly, the electromagnetic
properties of earth materials are related to tble@mical composition and water content
both of which control and govern the speed anddibgree of the attenuation of EM
waves propagation in earth materials (Reynolds7)199

Each earth material has specific electrical propertThe most three electrical
properties of an earth material are dielectric peiity (&), electrical conductivityd),
and magnetic permeabilityw which are generally not constant (Dezelic, 20844

Annan, 2009). These electrical properties dependtltan strength, direction, and
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frequency of the EM fields in addition to the sphtiomogeneity of the material. For
GPR applications, the values of these properties assumed independent of the
parameters of existing fields (Annan, 2001).

Rocks, soils, and many other earth materials anermagnetic but are electrically
conductive and dielectric. Dielectric conductivity) can be defined as the ability of a
material to pass free electrical charges undemtfigence of an applied electric field. In
contrast, dielectric permittivitye] can be described as the ability of a materiakstrict
the flow of free electrical charges under the iefloe of an applied electric field
(Cassidy, 2009a). When the absolute of dielegieienittivity value §) compared to the
dielectric permittivity value of the free spaceair (o), the relative dielectric permittivity
(er) or what is known in many published texts as #edteic constant (k) is resulted.

eg=k=¢gl¢g (3.12)

The dielectric permittivity of free space (or pettimity constant) is given as
8.8542 x 102 F/m and differs negligibly from the permittivity air (Dezelic, 2004; and
Cassidy, 2009a). Table 3.1 lists the relative digle permittivity (dielectric constant, k)
of some common subsurface materials and theiraypamge under natural conditions.

The relative dielectric permittivity defines thedax of refraction of the medium,
and controls the speed of the electromagnetic wawv#sat medium. By means of using
the relative dielectric permittivity value of an réeen material, the velocity of

electromagnetic waves, GPR waves, can be calcudatéallows:

V=c/E)? (3.13)
where

V - the velocity of propagated electromagnetic vgavethe material.
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¢ — the speed of light.

g - relative dielectric permittivity of the materi@gon-dimensional value).

Table 3.1: Typical values of relative dielectricripdtivity for some common earth

materials (Retrieved from Cassidy, 2009a).

Material Relative dielectric permittivity
(&) or dielectric constant (k)
Air 1
Clay — dry 2-20
Clay — wet 15-140
Concrete — dry 4-10
Concrete — wet 10-20
Freshwater 78 — 88
Freshwater ice 3
Seawater 8188
Seawater ice 4-8
Permafrost 2-8
Granite — dry 5-8
Granite — fractured and wet 5-15
Limestone — dry 4-8
Limestone — wet 6-15
Sandstone — dry 4-7
Sandstone — wet 5-15
Shale — saturated 6-9
Sand — dry 3-6
Sand — wet 10-30
Sand — coastal, dry 5-10
Soil — sandy. dry 4-6
Soil — sandy, wet 15-30
Soil — loamy, dry 4-6
Soil — loamy, wet 10-20
Soil — clayey, dry 4-6
Soil — clayey, wet 10-15
Soil — average 16
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3.4 FUNDAMENTALS OF GPR TECHNOLOGY

GPR is typically used to investigate and detectatfbce targets or objects such
as discontinuities whose electrical properties edifffrom those of surrounding
environment. Parameters of either reflections frubsurface interfaces or transmitted
electromagnetic waves are employed to study thieare properties of the subsurface
features. Some physical properties of subsurfacgeti@) such as its nature and
components (discontinuity, in-filled-discontinuityuried metal, rock, soil, etc), electrical
conductivity, magnetic permeability, and more specklative dielectric permittivity in
addition to the type and the frequency of the uaatenna have to be taken into
consideration for a better understanding GPR data.

3.4.1 GPR System Componentshe SIR-GPR instrument, which was used in
this work, consists of three basic components:aasmitter and a receiver which are
combined as an antenna unit, and a control GPRmyshit (Figures 3.2, 3.3, and 3.4).

The antennae unit is the most important eleme@RR instruments (Koppenjan,
2009; and Kovin, 2010). It is basically used to teamd receive electrical energy to and
from hidden targets such as discontinuities inrtlo masses.

In general, two types of antennae are commonly:us®nostatic antenna and
bistatic antenna. A monostatic GPR antenna isglesdipole for emitting (transmitting)
and receiving the EM signals, which means thatsdrae antenna works as a transmitter
and receiver at the same time. However in somer aiheumstances, GPR instruments
that have both transmitting and receiving antenmagsed or shielded within the same
instrument and are normally considered monostaticabse they are coincident and

cannot be separated (Cardimona, 2002). This | of monostatic was used in this
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research. In contrast, a bistatic antenna is thatwhich employs separate dipoles for
emitting and receiving EM signals, a separate traitilg antenna and a separate

receiving antenna (Figure 3.3).

Monitor &
Software

Tz Tronsmitter

COMPONENTS OF
Control GPR
System Unit
| Signal sampling and digiisation
Bx- Receiver
GPR antenna
INTERPRETED

SECTION =

Figure 3.2: A simple diagram shows the basic coreptsof GPR system (Adopted from
Reynolds, 1997).

GPR antennae operate in megahertz (MHz) frequemarege (10 MHz — 2500
MHz). The resolution of the acquired GPR data dnedpenetration depth of GPR waves
are mainly controlled by the frequency of the usetenna. Signals of high-frequency
antenna produce high resolution data that refiecise details about the target but have a

limited depth of penetration while, in contrastwHirequency signals propagate deeper
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but produce low resolution data (Beres and Haed®11 Kovin and Anderson, 2005,

2006, and 2010; Otto and Sass, 2006).

Figure 3.3: (A) Shielded 400 MHz monostatic GPReant, which was used in t

research, and (B) a bistatic GPR antenna.

Figure 3.4: The GPR — GSSI control unit which wasedi in this research. This
equipment is manufactured by Geophysical Surveyefys Inc. (GSSI).
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GPR survey methods use the reflection of short Isgsuof electromagnetic
energy spanning a range of frequencies from ab6ét Helow to 50% above some
specified central frequency (Milson, 2003). Therefa typical 400 MHz antenna, which
was used in this research, has a significant coofeinequencies as low as 200 MHz and
as high as 600 MHz. The characteristics of therar#@letermine the center frequency of
the EM wave and the associated bandwidth is deteaniby the pulse width.
Accordingly, the antenna of 400 MHz has a centeqdency 400 MHz and bandwidth
equals approximately to the impulse GPR center ugaqy (Milson, 2003; and
Koppenjan, 2009).

The control unit of the GPR system controls all paeameters of radiated signals,
timing, amplifier and filter setting, and digitizan rate (Kovin, 2010). In this unit as
shown in Figure 3.4, the electrical energy is cotagkinto electromagnetic energy which
is, then, transmitted through the antenna to theswediace or into the rock slope wall.
Any subsurface interface, e.g. discontinuities,| wduse some of this transmitted EM
energy to be reflected back to the control GPResystinit where this reflected EM
energy will be converted again to an electric epéhgt will be displayed in the monitor
unit (Lang, 1996). With an aid of professional safte such as RADAN software, a
computer can be used later on for GPR data visaaiaiz, data storage, editing,
processing, and printing hardcopies.

3.4.2 Principals of GPR Operating. Dezelic (2004) summarized the basic
principles of GPR operating to four main points@®ws:

I.  GPR waves pass through the earth materials.

ii.  Each material has specific electrical properties.
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iii. EM energy propagates away from the GPR source aorexpanding wavefrol
iv.  Variation in electrical properties of subsurfacetenals causes GPR wa
reflection.

When GPR operates in time dom, it means trammitting a timepulse of EM
energy that propagates into the ground subsurfdez propagation of ENs described as
an expanding spherical wavefront propagating awam fthe sourceThe wavefront i
defined asa surface of constant phases of transsignal at certain time after excitati
while the ray along which the EM waves travelsedirted as a conceptual perpendict
line to the wavefront and along. Therefore, the W4e-field can be generally describ
as an infinite number of travelling 1s in all directions as illusttad in Figur 3.5

(Anderson, 2010)

Source " Antenna”

Ground Surface

Ground
Subsurface

- . Wavefront
Wavelet g7 }

¢ Ray

Figure 3.5: The concept of electromagnetic energypagation as a wavefront relatec

the EM rays from a local source or GPR antenna péetbfrom Anderson, 201
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In homogeneous medium, wavefront surfaces are synualerelatively to the
point source position. In contrast, in a heterogesemedium, the wavefront surfaces
become asymmetric relatively to spatial changeseiocity of EM waves propagation
(Kovin, 2010).

When EM wave encounters a boundary or interfach asca discontinuity plane
or void, across which there is an abrupt changeliglectric constant between two
different media or materials, the electromagnetiergy is partially reflected from and
transmitted through bounded media, and thus, Snedliv can be applied as illustrated in
Figure 3.6.

Snell's Law of reflection states that:

sin 6; = sin6; (3.14)

where

0; - angle of EM ray incidence

0, — angle of EM ray reflection

In terms of EM velocity as illustrated in Figutee Snell’'s Law can be written
as:

sin6i/V1=sin6/V, (3.15)

where

V; — the velocity of EM in medium 1

V; — the velocity of EM in medium 2

0; — angle of EM ray’s angle of refraction or transsion (Kleyn, 1983; and

Anderson, 2010)
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reflected ray

incident ray

Medium 1

(v, € 1) Interface

\

Medium 2
(V2 &)

&

transmitted ray

Figure 3.6: The reflection and refraction or trarssion of electromagnetic waves a

planar interface of two different materi:

For calculation purpos,, it is normally to be assumdtat the GPR pulses a
vertically or perpendicularl incidentin order to do migration process and to compute
true depths to targetas will be explained lat in this chapter.This assumption i
strongly applicable for monostatic GPR radar eslg for that type which has a sing
dipole for emitting and receiving EM pulses Fi¢ 3.7. The amplitude of the reflecte
GPR waves from subsurface targis mainly influenced by the degree of contrast:
dielectric constant, electrical conductivity, amagnetic permeability (Gregoire, 200!
The amount of the EM energy reflected from an fams between two subsurfa
different media increases as the difference octmrast between thvalues oidielectric
permittivity of those two media increaseConyers, 1997). The reflected EM rays al
recorded on the GPR antenna receiver and plottadrase in dunctior of time which is

associated with the depth and survey position (DeZ004.
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Aonostatic antenna
Ground Surface

Incident GPR pulse '

Amplitude Aj Reflected GPR pulse

Amplitude Ay

Medium 1
Vi Interface
L
Medium 2 Transmitted GPR pulse
A Y Amplitude A,

Figure 3.7: Normal incident, reflected, and traritedi GPR pulse related to the

amplitudes through two different subsurface mediagimonostatic antent

Consequently for normal GPR pulses incidents amticpéarly for monostatic
GPR antennae pulsehgtreflection strength R of the interface of tdifferent media cal

be calculated as follow®ernito, 200¢:

JET - V&2
K=+ e (316)

Where

g1 —the dielectricpermittivity of medium 1

g2 —the dielectricpermittivity of medium 2

It is necessary to operate the GrFeffectively; therefor, the following
requirements should be successfully |

i.  Efficient coupling of EM energy into the grot.
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ii. Adequate penetrating for the EM radiation througk subsurface ground
having regarded to target depth, in other wordadequate depth and spatial
resolution of the target.

iii.  Obtaining a sufficiently large reflected or scattérsignal from dielectric
discontinuities or other targets for detectionraaloove the ground surface.

iv.  Having an adequate bandwidth in regard going therekk resolution and
noise level (Daniels, 2004).

Researches and experiments have shown that foreadst materials within 100
m depth or less, the attenuation of EM waves ng#sincreasing frequency and that at a
given frequency wet materials exhibit a higher |as®re attenuation, than dry ones
(Daniels, 2004).

3.4.3 Estimation of Target Depth. GPR is a time-scaled system that functions
by transmitting electromagnetic energy as wavesudiin subsurface material (Sucre et
al., 2011). Once the EM energy contact an interfdaee such discontinuity plane whose
electrical properties differ from those electrigaioperties of surrounding subsurface
earth materials, a portion of this energy is rééddack to the GPR system at the ground
surface.

To convert the amount of time for the GPR signalsctv travel through the
subsurface material until reaching the discontinplane and return back to GPR system
on the surface into a depth scale, calculatingviiecity of GPR signals is essentially
required (Anderson, 2010; and Sucre et al., 2011).

Several methods are available to determine thecitglof GPR signals, and then

to estimate target depth. These methods usuallydaaise of calibration over a target of
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known depth, measurement of dielectric permittivitylaboratory, and common mid-
point calibration (Goodman et al., 2009; Sucrelgt2911). However, the first method,
which was used in this research and will be explaifurther in Ch.5, is considered to be
the most direct and accurate method to estimatedtoeity of GPR pulses (Conyers and
Goodman, 1997; Conyers, 2004; and Sucre et al1)201

Generally as shown in Figure 3.8, the method abrcation over a target of
known depth involves measuring the two-way trawveet(2WTT) to a known depth of a
discontinuity plane reflector which appears on GRRa record, and then calculating the
velocity of GPR signals by using the equation no.:

V = 2d/t (3.17) (Morey, 1974)

Then, depth to any discontinuity within that madérs can be estimated where d

= (V *t)/2, or when the relative dielectric pertniity is known, the depth will be:
d=(0.15%1)/¢)” (3.18)

where

d = True perpendicular depth vector which is measunorizontally in the
direction of Y-axis from any specific point located the plane of the rock slope face to
the plane of the detected hidden subvertical jdihts perpendicular depth vector also is
measured vertically when it is related to the grbsarface or any other horizontal plane
that parallels to the ground surface. This depthosimon known in geophysical and
GPR references as the vertical depth regardlethe iSPR survey is carried out on the

ground surface, a wall of building, a cliff, or amock slope face.



61

Monostatic GPR
antenna
Ground surface
Medium 1 \_/
d
Vi=2d/t t t Reflected pulse
Interface
(discontinuity plane)
Medinin 1ov2 Transmitted pulse
Y

Figure 3.8: The concept of estimation the GPR vgland then target depth based
the two way travel time of GPR pulses through asstlace medium to known deg

discontinuity plane.

3.5 GPR PULSE RESOLUTION

The tradesff between resolution of GPR pulses and deptheakpration is one ¢
the principal problems of utilizing GPR system sinithe higher resolution which
accompanied by high EM frequency is lower depth of penetration for EM waves.
other word, resolution is lower for lower frequer@®R pulses or antenn

Two main types of resolution are known: verticaldial, depth, longitudinal, ¢
range) resolution and horizontal (lateral, angudz sideways displacement) resolution

illustrated in Figure 3.@Annan, 200).
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3.5.1 Vertical GPR Resolutio.. Vertical resolution (R is defined as th
minimum distance between two reflectors to be wiggtished on the GPR record; s«
defines the minimal separation between the tweecedrs oriented perpendicular to -
direction of wave propagation (Annan, 2001; and iKp2010). Smplistically, vertical
resolution is a function of frequency and so ite®gs on the frequency and propaga

velocity of GPR waves (Otto and Sass, 2006; and, 2897)

Arci
itenni

\ lutior
\- R,
Horizontal resolutio

‘/573

Figure3.9: Vertical and horizontal GPR resolution (Adapfeom Anna, 2011

Each GPR antenna is designed to operate over a mdrfgequencies (bandwidt
where the peak power occurs at the center frequehtlye antenna (Reynolds, 7).
Hence, &100 MHz antenna has a center of frequency of 40@ Midd accordingly, it he

a pulse period of 1/(400 MHz) which equals 2. (nanosecondyhere 1 Hz =1/s. The
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equivalent length (in meters) of the pulse is tmedpct of the pulse period and the
velocity of the EM waves for the appropriate matefiReynolds, 2003).

For instance, if a 400 MHz GPR antenna is usedaforearth material (dry
sandstone) through which GPR pulses velocity i9®1h/ns, the 400 MHz antenna has
pulse period equals 2.5 ns and thus the pulse leaggh is the product of 0.106 m/ns x
2.5 ns which is 0.265 m which is for site 1. HoweVer site 2 where the measured GPR
velocity (V) is 0.074 m/ns, the pulse wave lengthttee utilized 400 MHz antenna is
0.185 m.

The minimum vertical resolution and thus minimunsalgable thickness of a
layer is theoretically considered as one-quartét) (df the wavelengthAj (Reynolds,
1997; and Annan, 2001; Otto and Sass, 2006).

R, =M4 (3.19)

As a result, the minimum resolved aperture of astected hidden joint in site 1
is about 6 cm while it is about 4 cm in site 2.

3.5.2 Horizontal GPR Resolution. As shown in Figure 3.10, when GPR waves
propagate, they expand to form a cone shape wiaibddc*‘footprint” or “Fresnel Zone”
whose radius defines the horizontal resolutiop) (®ezelic, 2003). The farther the
target from the GPR source, the larger both ofvilage-field (footprint) and the first
Fresnel zone, the lower will be the horizontal heSon in discriminating between
adjacent targets (Cardimona, 2002; and Reynold/])19 he first Fresnel Zone describes
the minimum area in which target (an aperture s€aintinuity) with smaller dimensions

will not be imaged (Reynolds, 1997). Consequetitihe distance between two targets is
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less than the size ofr$t Fresnel one, these two targets will nte distinguishabl

horizontally (Kovin, 2010

EM source
(GPR antenna)

Vertical depth

First footprint
(First Fresnd Zone)

Figure 3.10: The GPR horizontal resolution in tewhd-resnel Zone. The target cr-
sectional area is equivalent to iarea of the first Fresnel Zone (Adopted from Rega(
1997; and Dezelic, 200«

3.6 GPR DATA ACQUISITION MODES (GPR FIELD SURVEY MT HODS)
Generally for data acquisition, there are two type&PR systems which are us
impulse GPR and continuc-wave (CW) GPR. The main difference between the
types of GPR systems is the way that each one edh thperates and acquires de
Impulse GPR ystem, which was used in this research, acquiresidahe time domai
where a shot pulse of energy is transmitted andreéflected waves are received a

function of time and indicate the energy scattdrech subsurface object
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The continuous-wave GPR system acquires data irfréggiency domain and
transmits continuously (transmitter always on) hiimvolves transmitting of continuous
signal over a fixed bandwidth. The reflected energyrecorded as a function of
frequency and indicates the energy scattered fudymawsface (Koppenjan, 2009).

In terms of GPR field survey methods (GPR surveyfilong modes), there are
four common methods of deployment of GPR systermesuged in field (Sheriff and
Geldart, 1995; and Reynolds, 2003):

i.  Continuous common offset profiling (GPR reflectidrofiling);
ii.  Wide-angle reflection and refraction (WARR) profgi (Common source
profiling);
iii. ~ Common midpoint profiling (CMP); and
iv.  Trans-illumination profiling (GPR tomography prarfidy).

Each of these survey profiling has particular GRRtruments and specific
methodology of data processing and interpretation dertain buried targets and
environmental settings. Herein is a brief desaviptior each one of those different GPR
field survey methods.

3.6.1 Continuous Common Offset Profiling (GPR Refletion Profiling). This
method is the most often used in the practice dR GHrvey because it provides for the
acquisition of a very small horizontal sampling lwgood resolution, but with a very
large data collection, in relatively short time aretjuires minimum personnel effort
(Cardimona, 2002; and Kovin, 2010). In this meththee GPR data are acquired by
moving continuously a monostatic antenna or by mgvicontinuously and

simultaneously the transmitter and the receivethef bistatic antenna. The transmitter
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and the receivem bistatic antennae are kept a fixed distance apartthe antennae
separations held constant for common offset profil, fixed offset,along a GPR svey
line over the ground surfacas illustrated in Figures 3.10 and 3(Tardimona 2002;
Reynolds, 1997and Kovin, 2010). Thimethodof surveying is analogous to continuc
seismic reflectioomethod (Beres and Haeni, 1991; and Reynolds, 1997
Interpretation of the data of this method requpesviding GPR waveswelocity
information from other sources such as WARR metbodCMP method, or it can t
retrieved from the analysis of daction hyperbolas if available (Reynol1997; and
Kovin, 2010). The continuous common offset configurations forhbatonostatic an

bistatic GPR antennae types are shown in Fit 3.11and 3.12espectively

Monostatic
Antennae Survey direction
>

Ground surface [ i

Figure 3.11: A shielded monostatic GPR antennavied along a survey line on a stt
area ofinterest, and the data is interpreted to be nonmatence reflection signa
(Adopted from Cardimona, 200
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Survey direction Survey position step distance

— | |

Transmitter Receiver Transmitter Receiver

Ground surface

Figure 3.12: A bistatic GPR antenna which considtdawo separate transmitter a
receiver antennae. The two antennae placed at &Ksdtdistance along survey line «
the study area of interest, and the data is indééegr to be ne-normal incidenct

reflection signals (Adopted from Cardimona, 2(.

3.6.2 WideAngle Reflection and Refraction (WARR) Profiling (Common
Source Profiling). Only bistatic GPR antennae can be used in this rdetttwere the
transmitter antenna is kept at a fixed locatiorposition while the receiver antenna
towed away at uniform increasing off.

Figure 3.13llustrates how this method is conducted and whyaited wid«-angle
refraction and refractiosurveyprofiling where the reflection angle of EM wavesrfr
any specific suhgface interfaces will increase as long as theivecentenna is towe
away fran the transmitter anteni This method of GPR surveying generally used t
determine the velocity and also known as a step mode data collecting becaarde

GPR datarace is recorded after stopping at each observatatiol.
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offset

Interface

reflection points

Figure 3.13: WARRmethod or common source survey profiling methochgisonly
bistatic GPR antenna where the transmitter antdiing is fixed while the receive
antenna (Rx) is towed away so the offset distamceeases (Adopted from Kovi
2010).

The location of a WAR survey line should to be over an area where theipal
reflectors are planar and either horizontal or sigponly at very small angles. It al
requires assuming that the properties of the stdxseimaterials are uniform and that
reflector charaeristics are the same along the GPR survey linewdder, this
assumption may not be true in all cases of invastigs which may produce erronec
results. Accordingly, to avoid making such assumptind results, the common midpc
profiling (CMP), whch will be explained next, is a good alternatived gpreferable

deployment for the same analysis (Reynolds, 1
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3.6.3 Common Midpoint Profiling (CMP). In this method oiGPR surveying
(Figure 3.14), distatic GPR antenna is most often used in whic¢h tee transmitter an
receiver antennae apeogressively moved away from each other, collgctiata at eac
new offset distant but the midpoint between the amtennae stays at a fixed loca,
and hus, a real consistency at depth is not a requimt. This method is also related
step mode as WARR mode but more accurate and prdfés us (Cardimona,2002;
Reynolds, 2003and Kovin, 201).

The resultantGPR data (radiogram imagefan be used tcdetermine the
electromagnetic waves veloc The change in travel time (moeet of antennae) as
function ofincreasing offset between the transmitter and élceiver antennae is direc
related to the electromagnetic waves velocity & sabsurfac(Cardimona,2002). In
some cases, the CMP method can be used to gehwous velocity or high resolutic

data about the subsurface but will be time consgrtiovin , 2010.

offset

Interface

Common midpoint

Figure 3.14: Common Midpoint GPR survey method gisin bistatic antenna. T
transmitter (Tx) and the receiver antennae are chaveay to keep the same positior

reflection point (Adopted from Kovin, 201!
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It is obvious that this method of GPR survey pmoglcannot be done using
monostatic GPR antenna. However, pullingmonostatic antenna over a kno
subsurface target can estimate GPR waves veloititgreby simple calculation usir
equation 3.17 (V = 2d/t) or by measuring the n-out of a diffracted arrival from th
target which, in fact, yields a monostatic mod: a common midpoint profiling

depicted in Figure 3.18Cardimona, 2002

Monostatic survey over scattering point

J—-07h1 [

Subsurface scattering point

Figure 3.15: Common midpoint GPR profiling usingnanostatic antenna over a pc

in-homogeneity in subsurface (Adopted from Cardim@0a?2)

3.6.4 Transillumination Profiing (GPR Tomography Profiling). This
method is commonly used when the access to thettar¢mited and/or the depth of t
GPRsignals penetration in not enough to depict andyarthat target, i.e. in undergrou
mines. In this method, titransmitter and receiver are on opposite sidef@mtediun
under investigatiorfReynolds,1997). For instance, the GRiRtennae can be placed

two separated boreholes, and GPR signals are then propagated from the transn
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through the undergrou medium to the receiverBoth transmitted and scatter

electromagnetic waves are recorded, analyzed,hamdinterprete (Figure 3.16).

(A)
Tx Gallery A
Il
Receiver positions Gaery B
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(B) Bore1h0 € Surface recelver?j orez @
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Cross-hole and hole-surface mode
(direct raypath from only one transmitter shown)
(C)

Concrete pillar

Direct raypath

* Reflected raypath

Figure 3.16: Trandlumination and cros-hole GPR method of data acquisition: |
between galleries in a min(B) between boreholes or hadewface, and (C) through
concrete pillar. In all cases the distance betwibentransmitter and receiver is kno
(Adopted from Reynolds, 1997 & 200
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Despite using boreholes; this method is still cdesed a non-destructive
geophysical method particularly when high frequesantennae whose sizes are small
(e.g. 900 MHz or 1500 MHz antennae) are used (Rdgnt997).

Basically, both monostatic and bistatic antennae lea used in either discrete
acquisition mode (impulse GPR system) or in comtursuacquisition mode (Continuous
waves GPR system); however, in terms of data qualid time matter, monostatic
antenna is more capable and effective in a contisisurvey mode; while, in contrast,
bistatic antenna is more capable and effective diserete acquisition mode (Reynolds,

1997; and Cardimona, 2002).

3.7 GPR DATA PROCESSING, ANALYSIS, AND INTERPRETATI ON

GPR data are recorded digitally and need extensiveessing which can be done
either in the field or the office. There are manffedent GPR processing and analysis
techniques (Cassidy, 2009a).

However, the core point is how much the qualityaofuired GPR data is well
since if the collected data are poor of qualitytart with, no amount of data processing
will rescue it — hence the adage “rubbish in, rghbout”. In general, it is strongly
recommended to start with the simplest processpigs first and stop when there is
nothing else to gain from the process phase (Casaid9a).

GPR system is often described in terms of processesving amplification
(gains) and attenuation (losses) measured in dedi@B). The gain, in dB, in the system
equals to 10 * log (J/1) where | is the power input to the systemla/i is the output

power from the system. Accordingly, a 10 dB gairthe GPR system corresponds to a
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tenfold, and a 20 dB gain to a hundredfold, inoeeas signal power while negative
values indicate losses (Milson, 2003).

The main purpose of GPR data processing is to nfakenterpretation easier
which is basically achieved by improving the rawedquality. Many users can interpret
directly from the monitor display of the GPR systemmts, the screen. However, the
dynamic range of the information produced on theet is bout 10-20 dB, whilst the
dynamic range of a GPR system is at least 60 dBs Treans that only a small
component of the available information is presemedhe screen (Cassidy, 2009a).

Consequently, the goal of GPR data processing,ragdasignal processing, is to
extract more information that can help to charamtethe nature and the physical and
geometrical properties of the target rather thah fo help the user to see something in a
the screen or the radargram.

The degree of GPR data processing are determineday factors such as: 1)
the budget available; 2) the quality of required aacquired data; 3) the available
software; 4) the available time; 4) the experieatthe operator; 5) the structural details
and the physical and geometrical characteristicheftarget (Cassidy, 2009a & 2009b;
and Reynolds, 1997). A RADANTM (Radar Data Analyzesftware package, which is
produced by Geophysical Survey Systems Inc. (GS&l$, mainly and effectively used
for GPR data processing in this research.

3.7.1 Filtering. After position correction (zero or time-offset aection) step for
acquired GPR data, it is common, as a first ste@RR data processing technique, to
filter the data. The main goal of GPR data filtechtnique is to focus the radiogram

image and so improve the visual quality of the défassidy, 2011b). For many
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applications, this is sufficient to locate the auffesce features. It is usually possible to set
both high-pass and low-pass filters (de-wow filtgrmethod) to remove instrumentation
noise from the data, and thus to sharpen the sigaakeform at the time of survey
(Reynolds, 1997; Annan, 2009; and Christie et28l1,1).

Furthermore, it is advisable to keep the filtetingtas broadband as possible to
avoid or minimize the potential of excluding anyuable data. It is far cheaper to filter
broadband data after the field work has been camegléhan to realize that the data
guality has been compromised by the use of filetiregs which are too harsh, thereby
necessitating a repeat of the field work (Reynal@87).

3.7.2 Deconvolution.The purpose of deconvolution is normally to maxieniz
bandwidth and reduce GPR pulse dispersion to uléiiyanaximize resolution. However,
this process has limited benefits because of thenaloGPR pulses. The higher GPR
frequencies tend to be more rapidly attenuatedltieguin lower resolution with
increasing depth (Annan, 2009).

3.7.3 Time Gain. GPR signals are very rapidly attenuated as theggwate into
the ground. Signals from greater depths are vemllswhen compared to signals from
shallower depths. Simultaneous display of theseatsgrequires conditioning before
visual display. Equalizing amplitudes by applying tene-depend gain function
compensates for the rapid fall off in radar sigriedsn deeper depths. Such time-varying
amplification is referred to time gain and rangengahen manipulating GPR data
(Annan, 2009). A low-attenuation environment maynpie exploration to depths of tens
of meters; while in high-attenuation environmergnegtration depth can be less than 1 m

(Annan, 2009).
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3.7.4 Migration. As with deconvolution, migration can be seen asraerse
processing step which attempts to correct the gegnoé the subsurface in the GPR
image (radiogram image) with respect to the sugeaymetry (Cardimona, 2002).

As depicted in Figure 3.17-A, when a GPR monostatintenna is towed
horizontally on a rock slope face which can bete@as a plane; the GPR antenna emits
EM pulses which are normal incident at point A ba tock slope face. On other words,
these pulses are perpendicular to the plane afoitieslope face but not necessary to be
normal or perpendicular to the plane of any detehidden joint.

Since the strike of a joint can be defined as tharing of the intersection of the
plane of the joint and a horizontal line, so thésps of the GPR can be imagined as a
horizontal plane penetrates the slope materialgyaed through the plane of the detected
join resulting in an intersection line which can dmnsidered as “the strike line” of this
joint. This strike line will be recorded as a lind@ature (reflector, interface, or even) on
the GPR radiogram as shown in Figure 3.17 B.

However, when the GPR pulses travel through theiumeaf the slope material
at point A, they will reflect back from point A’ #ihe plane of the hidden subvertical joint
to the GPR antenna which will record this reflectat point B as illustrated in Figure
3.18.

This results a linear feature or “the strike limé'the hidden subvertical joint with
an apparent declination anglke (ess than the true declination angle of the sthike of
the detected joint3) which requires a correction for its geometry (ratgpn) for accurate

GPR data interpretation purposes. The declinatimeahere can be defined as the angle
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between the strike direction, not the bearing, of thieedied the detected hidden joint ¢

a horizontal line as illustrated in Figures -B and 3.18.
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Figure 3.17: (A) GPR pulses of a horizontal surleg can be treated as a perpendic
plane to the rock slope fac(B) The intersection between the plane of the penet
GPR pulses and the plane of detected hidden jesults in a linear featL can be
considered as the strike line of that detecteddriddint
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Figure 3.18: A top view of the linear feature “tbigike direction line” of a subvertical

hidden joint shows the apparent location and the tocation of that joinf3 is the true

declination angle of the strike direction line vehilis its apparent declination angle.
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Simply, migration is a spatial deconvolution whasain purposes are to place a
given subsurface target in its correct geometrwadition on the GPR data record
(radiogram image) (Reynolds, 1997; Daniel, 2004n@m 2009; and Cassidy, 2009b).

When the GPR velocity and relative dielectric pétinity for the rock slope
material are measured, the two-way travel times lmarnranslated to depths, and then
migration can be done (Reynolds, 1997; Stark, 2008)

As mentioned before that when a horizontal GPResurs carried out on a rock
slope face, GPR pulses will be considered perpatatito the plane of the rock slope
and so travel horizontally through the rock slopesfas illustrated in Figure 3.17 A.

For a dipping discontinuity, migration process tesin the dip angle of slopping
discontinuity being corrected to a steeper angkes$itly, 2009a and 2009b). The same
concept can be used that migration process resuttee declination angle of the strike
line being corrected to a steeper angle. The mamigtdation, which was used in this
research, for GPR data are explained in many geiqddyreferences (Kleyn, 1983;
Jenyon & Fitch, 1985; Lines & Newrick, 2004; Congje2004; and Stark, 2008).

Figure 3.19 illustrates the main concepts to makmamual migration for a
detected subvertical hidden joint plane. Consideraostatic GPR antenna pulse at shot
point A on rock slope face. A subvertical joint pdahas a true dip anglé) (while its
strike makes a true declination angb (ith an imaginary horizontal line that parallels
to the plane of the rock slope face.

The GPR electromagnetic pulse incident normallyhvaih angle 90° at point A’
on the dipping discontinuity plane and then refieback to the receiver in the GPR

system on the slope face to be plotted at poihiB.results with an apparent location for
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the strike line with an a declination angel)(and so an apparent perpendicular depth z (z
= AB) less than the true perpendicular depth (dinfipoint A to point C. This results a
linear feature of the strike of the dipping dis¢éouity plane is imaged by the GPR

system with an apparent location (green line)lastiated in Figure 3.19.

GPR antenna
A rock slope face A L

P

True perpendicular
depth (d)

Apparent location
of the discontinuity

"

- Dipping discontinuity

Figure 3.19: Top view illustrates the concepts ahoml migration for the strike line of a
dipping discontinuity. The apparent location of tkeike line (green line) has a
declination angled) less than the true declination angB ¢f the true location of the

strike direction line (red line).

Since GPR electromagnetic energy propagation iatede as a wavefront as
illustrated in Figure 3.5 and explained in sect#.2, the line A'B is the arc of a circle

which is centered at point A on the surface whleerhonostatic antenna is positioned,
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and, therefore, z = AB = AA’, where z is the agdrperpendicular depth. Based on the
trigonometric relations that can be concluded frdfigure 3.19, the following

mathematical relationships can be listed:

From triangle O-A-B: ta = z/L (3.20)
From triangle A-A’-C co$ = z/d

d=1z/co$ (3.22)
From triangle O-A-C taf=d/L (3.22)

By substitute d from eq. 3.21:

tanp=(z/cosp) /L

tanp =z /(L * cosP) (3.23)
By substituting eq. 3.20 in eq. 3.23:

tanp = tano / cosp (3.24)

tanp * cosp = tana

(sinp / cosP)* cosp = tana

sinp = tana (3.25)

Equation 3.25 is the key step for manual migratiotiis research. The
difference between the true declination angle &ecapparent declination angle is small
for small angles but becomes significant when a treclination angle discontinuity is
25° and more as listed in Table 3.2.

Once the declination angles are measured and atddylthe true perpendicular
depth from any specific point on the rock slopesfém any detected hidden joint can be

estimated using equation 3.21 as shown in the appeBased on that, manual migration
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process was done for all detected hidden subvkjtods in the study area as will be

explained in chapter 5.

Table 3.2: The apparent declination angp¢ &#nd the true declination anglg) (of the
detected hidden subvertical join which is shown aadinear event or interface in

radiogram images.

Apparent True declination
declination angle angle @) in
(o) in degree degree
4.98° 5°
9.85° 10°
14.51° 15°
18.88° 20°
22.91° 25°
26.57° 30°
32.73° 40°
35.26° 45°
37.45° 50°
40.89° 60°
42.19° 65°
43.22° 70°
44.00° 75°
44.56° 80°
44.89° 85°
45.00° 90°

After correcting the geometry of the detected hiddebvertical joints, measuring
their orientations step comes using the LIDAR dzdaed on the equation of the plane
can be conducted. The planes of the detected hiod@s have been individually related

to the plane of the rock slope face whose oriematidip angle and dip direction) were
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measured by LIDAR. However, the local coordinatédsLtdAR data have to be
calibrated first to convert the Cartesian coordisahto geographical coordinates had as

will be explained in the following two chapters.
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4. BACKGROUND AND PRINCIPLES OF
LIGHT DETECTION AND RANGING SYSTEM (LIDAR)

4.1 OVERVIEW

Light Detection And Ranging (LIDAR or LIDAR) Lasecanning systems use
lasers to make measurements from a tripod or cffagionary mount, a mobile surface
vehicle, or aircraft (Dot.CA, 2011). LIDARs whicdre sometimes called Terrestrial
Laser Scanners (TLS) are geodetic instruments whiebhome very popular for
engineering and geology surveys during the lastsy@@aonzalez-Jorge et al., 2011; and
Otoo et al., 2011a). The term LIDAR, which will lbeferred here in this research, is
referred in some other references as terrestrsalr lacanner (TLS), the in-situ 3D-laser
scanner (3D TLS), terrestrial LIDAR, ground-basedelr scanner, or ground-based
LIDAR.

LIDAR enables rock slope faces to be remotely sedndigitally captured, from
a fixed location at distances ranging from tensiuadreds of meters (Slob et al., 2005;
Turner et al., 2006; and Garcia-Sellés et al., ROUDAR is usually accompanied with
specialist software programs to process its dathas a field work of view up to 360°
horizontally and vertically varies from 80° to 2784sed on the LIDAR scanner system
used.

A number of LIDAR scanners are available on the katarfrom different
manufactures such as Leica and Riegl which are ammtynused in North America

(Turner et al., 2006). The underlying principlegtod different types of LIDAR scanners
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are essentially the same, but the quality of tisalltant data set “point cloud” may vary

among manufactures and models (Slob and Hack, 2004)

4.2 LIDAR SCANNER COMPONENTS

LIDAR scanner consists normally of a range “dis&nmeasurement system and
a mechanical laser beam deflection system (FengRarsthoff, 2004; and Frohlich and
Mettenleiter, 2004). The laser deflection systermsoa laser pulse into the direction to
be measured; the laser pulse is emitted and thiexcterl back from the surface of a rock
cut of an interest to the LIDAR scanner to be detbc The accuracy of range
measurement depends mainly on the intensity tHectafity of the rock cut surface.
The intensity of reflectivity depends mainly on #iegle of laser beam incidence and the
physical properties of the surface (Frohlich andtsteeiter, 2004).

4.2.1 Point Cloud Produced by LIDAR. LIDAR simply transmits a laser pulse
to a rock cut surface of interest which reflectskothe signal to the instrument, and by
the same way, this process continuous until fimglgcanning the rock cut surface. This
scan can acquire automatically millions of poimtsaishort time with a high accuracy in
the orderof 3-5 mm. The closer the points are togethehigber the resolution and thus
the more the image resembles a photograph as sihdvigure 4.1.

The accuracy of a single point depends primarilytt@naccuracy of the distance
of measurement “range measurement”. Depending feeret types of LIDAR scanners
which are available on the market, i.e. Leica orgReand different methods (such as
time-of-flight or phase methods), achievable acci@saof range measurements vary from

sub-millimeters to centimeters. In addition, thdocothe texture, and the degree of
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roughness of the surface of the scanned rock ¢ecttedbn the degree of the reflection

which affects on the accuracy of the range measeme(iKoch and Kaehler, 2009).

Figure 4.1: The more scanned points are the maauon and more details. (A) A
scanned rock cut which has 9.5 million points wlBg is the same rock cut but with less

details, 8.2 million points.

The resultant points are identified by local xyombnates related to the scanner
position by measuring the horizontal and verticaglas and the distance between the
center of the scanner and the rock cut point (Kaod Kaehler, 2009). These xyz
coordinates and their associated intensity of céflegy from the surface are known as a
“Point cloud” (Otoo et al., 2012). By measuring theographical coordinates using a
compass at the field for at least one point ortiooaat the rock slope face for each scan,
the local coordinates of the LIDAR data set “Pastdud” can be transformed into a
geographical coordinates system which allows tatany part of or discontinuity on

the rock slope face in real 3D space.
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From point cloud, detailed information about themetry of the rock cut can be
extracted remotely with no need for physical contaeasurements as illustrated in
Figure 4.2(Slob et al., 2002; and Slob et al., 200bhe point cloud is usually post-
processed to create a three-dimensional (3D) maidie rock cut which is difficult to
be obtained using traditional engineering survestrumentations such as total station

“electronic theodolite” (Gonzélez-Jorge et al.12p

Figure 4.2: The orientation of rock mass discoritiesi can be extracted from LIDAR

points cloud (Adopted from http://www.rockfalldetancom).
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Moreover, the point cloud can be used to generBt®rdentations on Stereonet
(Slob et al., 2005; and Kemeny et al., 2006); Galhgrthis point cloud produced by the
laser scanner is searched for a region of co-plpo@ts, and using any three non-linear
points selected by courser of a computer mouse fitws region can determine the
orientation of this plane solving the classic 3npgroblem (Otoo et al., 2011a; and Duan
et al., 2011).

Furthermore,The point cloud can provide information about theemsity of the
reflected laser pulse from the rock cut surfaceclvican be used for other purposes and
detecting different surface properties (Bornaz let 2003) such as roughness of rock

mass discontinuities (Rahman et al., 2006).

4.3 CLASSIFICATION OF LIDAR SCANNERS

LIDAR Scanners can be classified either based endistance measurement
principle (i.e. triangulation, phase or pulse) aséd on the technical specifications
achieved. First of all, there is no one univerlsaser scanner for all conceivable
applications. Some scanners are suitable for indserand medium ranges (up to 100
m), other scanners are better for outdoor use Mitg ranges (up to some 1000 m) and
there are also scanners for close range applicatiop to some meters) with a high
precision (Frohlich and Mettenleiter, 2004). Thestncommon classification of LIDAR
scanners is based on the principle of the distameasurement system. Accordingly,
LIDAR scanners can be classified into time-of-fligiht “pulsed” scanners, phase-based

scanners, and triangulation-based scanners.
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A time-of-flight LIDAR scanner, which is also knowas “pulsed LIDAR
scanner”, is most common used in civil engineedand large projects that covers large
areas because of its loner effective maximum rghgecally 125 — 1000 m) and data
collection rate of 50,000 points/second, or moret(OA, 2011).The advantage of long
ranges implies reasonable accuracy (Frohlich antteleiter, 2004). The accuracy of
this kind of scanners is less compared to the sthgis type of scanner was used in this
research.

A phase-based LIDAR scanner has a shorter maxinftentiee range which is
restricted to one hundred meter (typically 25 —nip compared to a time-of flight
scanner (50000 points per second), but has mudtehdpta collection rate compared to
the time-of-flight scanner (Frohlich and Metterdejt 2004; and (Dot.CA, 2011).
Accuracy of the measured distances within somemeters are possible (Frohlich and
Mettenleiter, 2004)Both of time-of-flight and phase-based LIDAR scamsnean be used
for different applications in civil engineering, alegy, archaeology, and other
applications; however, the first type is more comiyaused because of the distances
range that has.

A triangulation-based LIDAR scanner is a scanneicivisan be used for distance
ranges up to few meters with high accuracy dowsotoe microns of a meter. However,
this type has limited applications and is more camiy used in industrial applications
(Frohlich and Mettenleiter, 2004). Based on theetgpthe used LIDAR scanner and the
accuracy (resolution) or the point cloud densitynet for a single scan can therefore

varies from few minutes to few hours.
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4.4 TECHNIQUES OF LIDAR SURVEY

In terms of scanning rock exposures, the distaneasorement system using
LIDAR scanners can be correlated to both the distaange and the resulting accuracy
of the LIDAR scanner system. Accordingly, two commuifferent techniques for range
measurements or survey can be used with laser exsarirhese two techniques are: time-
of-flight, which was used in during LIDAR field werin this research, and phase
techniques.

The time-of-flight method is commonly used for gebtd surveying or for
measuring large civil engineering structures (Slod Hack, 2004). The LIDAR scanner
using this technique has a laser diode that serdsea pulse to the surface of a target
such as a rock cut (Slob and Hack, 2004; and G&eliés et al., 2011). The laser pulse
moves through a rapidly changing elevation and athmangle of a mirror inside the
instrument. The pulse is diffusely reflected baobnf the surface of the target to the
receiver in the LIDAR instrument (Slob and Hack02 The time that the laser pulse
takes to travel from the LIDAR diode to the surfatehe target and retuning back to the
receiver of the instrument is measured precisdited to the distance from the LIDAR
instrument location to the target and the speduof (c~ 3 m/ns) (Slob and Hack, 2004;
Nasrallah et al., 2004; Gonzalez-Jorge et al., 2ahdl Garcia-Sellés et al., 2011). This
distance can be determined by multiplying the vigjaaf light (c) by the half of the time-
of-flight between the transmission and the receptibthe laser pulse (Figure 4.3).

However, this type of survey is limited in measoeat speed because a second
measurement (pulsed laser) cannot start until@gefft time has passed to guarantee that

a measurable reflection will not return from thstfipulse (English et al., 2005).
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A phase-basednodulates the emitted laser light into multiple g anc
compares the phasghifts of the returned laser energy. The scannes yhas-shift
algorithms to determine the distance based on tiigua properties of each individt
phase as shown in Figure (Dot.CA, 2011).

Usually several scans can be obtained from diftgpeirts of view to ensure thi
the whole entire rock cut will be covered and seahrand the resultant point clouds
subsequently aligned and merged. The alignmentna@djing tasks are based on
identification of overlap zones of these scans.isTgrocess is typically assisted |
algorithms implemented on commercial software. Therged point cloud can |

relatively or absolutely positioned using GPS teghes GarciaSellés et al., 201

Phase and TOF optical signals
25
A

T T T, T T} T T
/™ N S PR
[ T Iy fo

signal power
R
g
-
"

(0] 3

05
0

1 1 L L 1 1 1 Il
o1 02 03 04 05 06 07 08 09 1
time

Figure 4.3: The principles of range measurementéphasebased survey and tir-of-
flight survey using LIDAR scanners (Adopted fromptbWahmct.ucdavis.edu/pdf/U(-
ARR-08-06-30-06.pdf).
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4.5 ADVANTAGES AND LIMITATIONS OF USING LIDAR
4.5.1 Advantage of LIDAR. The advantage of employing such technology for
geodetic purposes with high resolution survey isebaon the capability of performing
both large scale and small scale analyses and palyaobtain information on
inaccessible rock exposures (Gigli and Casagli,120%tuezenegger and Stead (2009)
have listed some other advantages which are:
= The survey is not restricted to the base of anroptthereby providing
more representative statistical samples.
= The ability to survey inaccessible steep and hagtk slope faces.
= The survey can be undertakemotely which reduce risks and hazards, in
terms of traffic accidents and or rock falls, foonkers in terms.
= The ability to build databases for surveyed roapslface which can be
used and updated anytime.
= The reduction of bias resulting from operator coredato manual and
traditional methods used for measuring rock sloaeef and its
discontinuities geometry. Furthermore, LIDAR alloveBscontinuities
orientation measurements when conventional compelgsometers

readings are affected by magnetic ore bodies.

4.5.2 Limitations of LIDAR. LIDAR measurements are only for exposed
discontinuities and not for linear features suckhagraces resulting from the intersection
between a discontinuity plane and a rock slope.fat@addition, the incident angle of

laser beam and the distance to the target maytajfe¢che accuracy of resultant point
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clouds. Some common limitations are outlined byr&neger and others (2007 and
2009). These limitations are occlusion, verticat drorizontal orientations bias, and
truncation (Figure 4.4).
= Occlusion occurs when parts of a rock slope facmaibe scanned or sampled
because it is obscured by protruding features ¢8thegger et al., 2009). The
effects of occlusion is that parts of the rock slagre prevented from being
scanned and characterized where important infoamasibout the rock slope
maybe needed (Pernito, 2008).
= Truncation occurs when the exposure of disconynysarticularly the linear
trace, is less than the available resolution ofused LIDAR (Pernito, 2008).
= Qrientation bias occurs when the scanner beamralg@eor nearly parallel to the
orientation of the discontinuity, which may reduite accuracy of the slope
stability analysis. (Pernito, 2008).
= Furthermore, Edward and Dare (2005) pointed outdlrmosphere can affect on
the resolution of point cloud as well as on therdegf the reflectivity from the
surface of targets.
= It is always preferred to take perpendicular orriyeperpendicular scan to
produce good quality of resolution of point clowtherwise, the resolution will
be decreased (Sturzeneger et al., 2011). Thisitcmmatannot be applied in all
environments of work since some highways do nothspacious shoulders or

even shoulders which make playing this conditionpassible and/or risky.
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Figure 4.4: shows that when the scanner beamsteliten the same direction of the
extension of the discontinuity this may cause dagons bias. Also when the beam of
the scanner is directed upwards at an angle stéegera discontinuity, occlusion results

in a shadow zone (Adopted from Sturzenegge €2@07).

4.6 SPECIFICATIONS OF LEICA AND RIEGL LIDAR SCANNER S

The specifications differ from a manufacture to taeo and from a model to
another which play a significant role in terms otaracy of resultant point clouds and
the time will be taken to achieve the scan proéasthe rock slope face.

Leica and Riegl LIDAR scanners are more common usedlorth America
(Turner et al., 2006). Moreover, they are most aded instruments which use pulses

technology, using the time of flight method, on tharket for the moment (Frohlich and
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Mettenleiter, 2004).The specifications of Leica HIDB0 “ScanStation 2" LIDAR
scanner, which was used in this research as showigure 4.5, are listed in Table 4.1. It
consists of the hardware and accompanied softwergragm (Cyclone) as shown in
Figure 4.6. The hardware components include taersr unit, and a connected laptop to
run, operate, and drive the scanner unit in ordesctan the target of interest (rock cut
exposures) and to record and store the data oreramgles, and intensity of reflection
for each reflected and detected laser pulse viata@ark connection. While the installed

Cyclone program is used for data set processihgrein the field or in an office.

Figure 4.5: A back view for the Leica-ScanStatioviiich was in this research.

Cyclone is able to connect both time-of-flight gotthse-based scanners data. The
point clouds can be superimposed with color datanfistandard CCD cameras; and

therefore, it is a kind universal software toold/ich and Mettenleiter, 2004).
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The system of Riegl (Figure 4.7) is pulsed systémeof-flight scanner) with
accuracy in centimeters (Frohlich and Mettenleit@04). Table 4.2 lists the

specifications of the model LMS-Z390i terrestridDIAR of Riegl system.

Table 4.1: A summary of Leica HDS3000 LIDAR scan(Modified after Otoo et al.,
2012).

Laser scanning typeuf) Pulsed
Color Green
Range 300 m at 90%; 134 at 18% albedo
Scan rate Up to 50,000 points/seconds
maximum instantaneous rate
Spot size From 0 — 50 m: 4 mm (FWHH-based);
- 6 mm (Gausian — based)
S | Selectability Independently, fully selectable
g Vertical and horizontal point-to-point
2 measurement spacing
= | Point spacing Fully selectable horizontal andivalt
< < 1 mm minimum spacing, through full range;
n single point dwell capacity
Maximum sample <1lmm
density
Horizontal (deg.) Up to 360
5 | Vertical (deg.) Up to 270
'E S| Aim/Sighting Optical sighting using QuickScan baoito
© O| Scanning optics Single mirror, panoramic, front apger
g window design
o Digital Imagining Low, Medium, High
Automatically spatially rectified
Camera Integrated high-resolution digital camera

Scanner Dimensions (mm) 265 x 370 x 510

without handle and table stand
Weight 18.5 kg

Power supply 36V, AC or DC
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Figure 4.6: Field view of Leica HDS3000 LIDAR scanrsystem, which was used in t

research, withassociated software programs (Cyclone6 was usedHisnresearch) fc
LIDAR data set processing (Adopted from ChowQ7).

Figure 4.7: Riegl LM-Z390i scanner (Adopted from http://www.geograpHick
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Table 4.2: Specifications of Riegl LMS-Z390i tetred laser scanner according to

manufacture datasheet (Modified from Riegl webpadtp://www.riegl.com).

(]

G Maximum measurement range (m) up to 400

£ Minimum measurement range (m 1

L Accuracy (mm) 6

2 Repeatability (mm) 4 (single shot); 2 (averaged)

5 Measurement rate (pts/s) 11,000 at low scanningera

2 (oscillating mirror)

o 8,000 at high scanning rate (rotating

o mirror)

S Laser wavelength Near infrared

ad Beam divergence (mrad ) 0.3

5 Scan angle range (deg.) 0-80
Q| £ Scan speed 1 scan/sec to 20 scan/sec at 80 deg.
S| = § Angular Step-width (deg.) 0.002 - 0.2
£ | .S o| (between consecutive laser shots
g § Angle measurement resolution 0.001
9 (deg)
5| _ S Scan angle range (deg.) 0 - 360
S| 89 Scan speed 0.01/sec to 15/sec
< § | Angular Step-width (deg.) 0.002 — 0.75
n s % (between consecutive scan lines)
< & | Angle measurement resolution 0.001
(deg.)

Power supply input voltage 12-28V DC
The dimensions of the device 463 mm x 210 mm (lemgliameter)
Weight approx. 15 kg

LIDAR scanners can scan millions of points at thekrslope face within a short
time and in the order of the accuracy of 3 to 5 rich point can be identified by a set
of local (X, Y, Z) coordinates that have to be #femred and converted to geographical or
spherical coordinates. That is basically can besdamce the LIDAR measurements are
calibrated requiring taking at least one measuré¢mka subvertical planar structure that

is in the scanned image.
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Accordingly, the geometry of the planes of the diete hidden subvertical joints
using GPR can be related to the geometry of theeptd the rock slope face which was
scanned by LIDAR. This can be conducted basicallsed on the equation of the plane

which requires at least three points to be ideaditind measured geometrically as will be

explained in Chapter 5, the next chapter.
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5. METHODOLOGY

5.1 OVERVIEW

Since the main goal of this research is to developapproach to measure the
geometrical orientations of hidden subvertical {®im rock slopes using GPR data and
LIDAR measurements in combination, the study araa divided into two different sites
which are commonly rock cuts along highways andehaimost subvertical cuts. The
first site (Site No.1) is Rubidoux Sandstone oytooa highway 44 northwest Rolla City
in Phelps County, and the second site (Site Ns.Bhihighway 72 west Fredericktown in
Madison County. Each site represents an individage and has its own geology and
topography.

A reconnaissance field visit was first made to deiee geology and structure of
each site individually, in addition to, to evaludte ease of accessibility to that site.
Then, a literature review and some relevant infaiona maps, and satellite images were
collected for the study area as well as for eateh si

Each site was divided into different stations whemeh station could be treated as
an individual rock slope face. All those statiore/é almost quasi-smooth rock faces
whose dip angles are subvertical to vertical. Figtdk was conducted on each station
(Figures 5.1 and 5.2). Site No.1 was divided inte fstations while site No. 2 was

divided into two stations as shown in Figures 5d &.2.
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Figure 5.1: (A) a side of Site No.1 where is diddato three stations (St.1, St.2, and
St.3); (B) and (C) show the other side of Site Netire St.4 and St.5 are located.
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Figure 5.2: (A) Station 6 (St.6) and (B) St. 7 ite 2, Madison County-MO.
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It is important to define the meaning of the terraubivertical joint or
discontinuity”. In terms of geology and structuggology, it is known that any 2-D
structure or plane whose dip angle is 90° or zer&inown as a vertical or horizontal
plane, respectively. However, any plane that hdgpaangle in the range between zero
and 90 degree can be considered as a sub-horizeuatalertical plane or oblique plane
with no specific definition in literatures for therowever, in this research, it has been
proposed the following classification for disconiity planes, based on the dip angle
value 0):

I Horizontal plane i) = Zero (0°)

. Sub-horizontal plane if 0° € < 30°
iii. Oblique plane if 30% 6 < 60°
V. Sub-vertical plane if 60° &€ < 90°
V. Vertical plane ifs = 90°

Hence, the most concern in this study is to deteud depict any hidden
discontinuity whose dip angle is more than 60° atntking parallel to sub-parallel to a

rock slope face (Figure 5.3).

5.2 FIELD SURVEY

The field work was conducted at each station byziig three main different
methods which are: i) scanline survey; ii) grourdgtrating radar (GPR) survey; and iii)
LIDAR survey.

5.2.1 Scanline Method.In this traditional method, the discontinuity gedrical

information is collected along a measured-lengthe liat a rock slope face. The
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information sometimes includes joint wall roughngHlg) but always includes orientation
of discontinuities, strike and dip directions ang déngles. In our research, only
orientation, which is measured by a geological casspand inclinometer, for both
discontinuities and rock slope cuts or faces waken and recorded on a notebook to

achieve the goals and objectives of this research.

Vertical plane

Horizontal plane

Figure 5.3: Proposed classification for planes tase dipping angle6). The shaded
yellow area shows the planes of interest in trsgaech.

The exposed surface area of each rock slope fastation of the study area, in
almost of cases, is not more than 25 the use of a measurement tape for scanline

method will not give enough data for sound slofbifity analysis; since the scanline
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will intersect with a very few number of exposethje on the rock slope face leading
underestimation of rock slope bility analysis as illustrated in Figuge4. Therefore, all
exposed joints which can be measured manually errdbk slope face at each stat
were measured and recorded to get enough data arel details (Tablé&.1). All the

scanline method resultse listed in appendix A.

Figure 5.4: Shows the location (blue circle) of whthe tape measurement should be
scanline survey at St.1. Notice that the scanligendt intersect with more than thr
joints on the rock face which push us to mee manually the orientation of &

accessible joints without relying on the scanliself.
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Table 5.1: Manual measurements results for the uned®xposed discontinuities at

station 1 (St.1).

Joint Strike Dip Dip
No. Direction | Direction | angle 0)
1 190 280 90
2 215 305 9
3 280 10 1
4 294 24 4
5 307 37 2
6 184 274 79
7 177 267 66
8 28 118 26
9 26 116 35
10 29 119 23
11 303 33 3
12 185 275 90
13 170 260 64

5.2.2 Ground Penetrating Radar Field Measurements. Ground penetrating
radar (GPR) is a non-destructive and non-invasaappysical method for rapid and high
resolution imaging of subsurface objects or targ€fskahashi, 2004). Ground
penetrating radar can be used for mapping hidderodtinuities in rock masses and for
wide variety of other applications in such as tpmmation and infrastructures
investigations, military, mining, civil engineeringeology, and archeology.

Typically GPR uses the transmission of electromagr(EM) waves within the
range of radio waves for detecting subsurface dddn and/or buried targets such as
discontinuities, geological structures such as dplstrata sequences, utilities, tombs,
ancient graves, and landmines and to estimate eaaterials thickness such as soils
(Reynolds, 1997; Goodman et al., 2009; Maerz and,KI000; Kovin and Anderson,

2005; Capineri et al., 2008; Yarovoy, 2009; andr8t al., 2011).
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The operating frequency of GPR is higher than s¢veega hertz (MHz). GPR
instruments can be used on the ground surface toiaholes. Only a surface GPR
system was used in this research. The GPR systaohwras effectively used on the
ground surface, in terms of resolution and penetrabf depths, was SIR-3000
(Subsurface Interface Radar) model manufacture@Gégphysical Survey Systems, Inc.

(GSSI) with a monostatic 400 MHz frequency shieldatenna (Figure 5.5).

Figure 5.5: The used SIR 3000-GPR system (A), dmed used 400 MHz shielded

monostatic antenna (B).

Moreover, the use of 1500 MHz antenna was ineffectiue to the limitation of
depth of penetration even though the resolution lgis but within less than 1 m depth
which is not enough for the purpose of sound sksfiability analysis Furthermore, the
270 MHz antenna, in addition to its low resolutioompared to the resolution of 400

MHz antenna, is heavy that causes difficultiesytag and towing it by hand on the rock
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slope cuts, acquiring good quality GPR data, whathy produce huge bias in data

guality and survey consistency (Figures 5.6 anjl 5.7

270 MHz antenne
400MHz antenna

z.) 2 1.5 GHz antenne

Figure 5.6: Monostatic antennae 270 MHz, 400 MHad 4500 MHz respectively. With
increasing the frequency, the resolution of dataeases but the penetration of depth

decreases and as well as the size of the antenna.

5.2.2.1 Estimation of GPR pulse velocitiesTwo large rock samples were
collected from site 1 and site 2 of the study dcemeasure the velocity of GPR pulses
that travel through each type of these rock samples rock samples were trimmed into
rectangular blocks using a large diameter diam@avdisdade at the Rock Mechanics and

Explosive Research Center in Missouri Universitysofence (Figures 5.8 and 5.9).
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Figure 5.7: Raw timelomain GPR data acquired using 400 MHz antennaa(®l) 150(C
MHz antenna (B) at St.1. The higher frequency arde(l500 MHz) has the high

resolutionbut lower penetration dep
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Figure 5.8: The sandstone sample from Phelps Cad@yand the trimmed two blocks
of the sample in order to conduct a lab measurefioerihe velocity of the GPR pulses

that travel through this type of sedimentary rotke thickness of the top block is 10.60

cm.

Figure 5.9: The ignimbrite rock sample from Madigoounty-MO and the trimmed two
blocks of the sample in order to conduct a lab messent for the velocity of the GPR

pulses that travel through this type of igneouskradte Thickness of the top block is
7.40 cm.
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These samples became wet after sawing them, howeysandstone sample was
significantly wet and so it was dried by puttingritan oven under a temperature of 100
Ce° for about 20 hours. The sandstone sample wamsgheunder room temperature for
couple of hours before starting the lab test. Tdgr@mbrite rock sample of site 2 was
dried under room temperature for two days.

Two consecutive laboratory experiments utilizingpDQ5MHz GPR monostatic
antenna were conducted on the two blocks of egwh tycks, sandstone and ignimbrite
rock samples. The two rock blocks were positionedap each other with a separation
between them acts as a discontinuity plane. Thpgseris to estimate the most accurate
GPR velocity and then relative dielectric permitywalues of each type of these rocks
in dry conditions, so an indication about the ditie permittivity value can be
concluded when attenuation occurs due to such fillyg materials and/or water
presence. When GPR velocity is estimated, true gmeligpular depths to detected
subvertical discontinuities can be then determined.

To simulate natural conditions, the two blocks attetype of rock, sandstone and
ignimbrite, were positioned on top of each othexating two layers with a separation
was 1.80 cm and 0.70 cm between the two blockawwdsone and ignimbrite samples
respectively. This separation can be treated astarface of discontinuity plane through
which the velocity of the GPR pulses will have anupt change (Figures 5.10 and 5.11).

The 1500 MHz GSSI-GPR monostatic antenna was useéine domain mode
and moved over the surface of the top block of egphl of the rock samples in order to

detect the artificial discontinuity plane. All testvere repeated more than once to assure
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repeatability of data and results, and the obtairesdilts were identical for each rock

sample.

Figure 5.10: The two blocks of sandstone rock samy#re positioned on top of each
other to create an artificial joint with a filledr@perture of 1.8 cm wide.

Figure 5.11: The two blocks of ignimbrite rock sdenprere positioned on top of each

other to create an artificial joint with a filledraperture of 0.8 cm wide.
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The lab measurements results show that the GPR palscity through the dry
sandstone sample of Rubidoux outcrop was 0.106 mvhke the velocity was 0.704
m/ns for dry ignimbrite of Ironton County. Moreoyeghe measured relative dielectric
permittivity of sandstone sample was 6 which madctiee used one in the field work;
while the measured relative dielectric permittivafyignimbrite sample was 16 which did
not match the used one in the field work. Accortinthe relative dielectric permittivity
of ignimbrite sample was adjusted in GPR data séirb estimation the perpendicular
(vertical) depth. The following sections show hdwe tvelocity was calculated for the
sandstone and ignimbrite dry rock samples respsygtiv

5.2.2.1.1 Estimation of GPR pulse velocity througlandstone sample of site

1. The GPR system was set up on time mode and wittoppate parameters as listed in
Table 5.2. The 1500 MHz GSSI-GPR monostatic antevasused in time domain mode
and moved over the surface of the top block ofsdumedstone sample. The thickness of
the top block was 10.5 cm, which means the trupeyeticular (vertical) depth (d) to the
created discontinuity plane is 10.5 cm (Figure h.Ithe GPR data record image
(radiogram image) is shown in Figure 5.13. Whenwietical axis (Y-axis) was set in a
depth mode in the monitor of the GPR system, tlitogram image showed that the
perpendicular (vertical) depth to the discontinuigs 10.6 cm which means that the
accuracy and the precision of this work are good.

From the results shown in Figures 5.12 and 5.18,nlodel (Figure 5.14) was
created to demonstrate the steps of calculationviecity of the GPR pulses that

transmitted through the sandstone rock sample.
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Table 5.2: The parameters which were entered ed3PR system of the 1500 GHz
monostatic antenna to estimate the velocity ofGR&R pulses in sandstone sample
collected from Roubidoux Outcrop, Rolla-MO.

Parameter Value Parameter Value Parameter Valde
sample 512 range 13 ns rate 100
Bits 16 Dielectric 8 Sample/unit 2 scan/cm

Figure 5.12: The thickness of the top block is ©0&m which means the true
perpendicular (vertical) depth to the created disiooity is 10.50 cm. The separation
between the two blocks was 1.80 cm.
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Figure 5.13: The radiogram image shows the two wayel time (TWTT) from the
surface of top block (block 1) to the discontinufilane location (dashed line). The
TWTT was 2ns as shown in image A; while the perpmrdr (vertical) depth to the
discontinuity was 10.50 cm as shown in image B. Z&e correction and display gain
process were applied to the radiogram images tarerghthe resolution and the clarity of
the images.
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The 1500 MHz monostatic GPR antenna

mar AL

V=2d/t t |4 Reflected pulse d

Top surface of block 1

Two way travel time t
(TWTT) =2 ns

¥ The discontinuity location

Block 2

Y Transmitted pulse

Figure 5.14: The geometry of the used two blockséasure the GPR pulses velocity in

the laboratory of geophysics in Missouri UniversifyScience and Technology.

From the previous two radiogram images in Figui&5.

. The two way travel time =2 ns =t

. The perpendicular (vertical) depth = 10.60cm = 6rti0
By using equation 3.17 (V = 2d / t),

V=(2*0.106 m)/2ns =0.106 m/ns
Now, the relative dielectric permittivity of thersdstone sample can be estimated
using the following equation:
V=c/E)” (5.1)

where, c is the speed of light in meters per nasws# which is 0.3 m/ns; and

thus the relative dielectric permittivity of thenslstone £) is 8.
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This result matches the used relative dielectriemgévity for Rubidoux
sandstone during the field work of acquiring GPRada

Now, the two way travel time (TWTT), the GPR pulsefocity, and the relative
dielectric permittivity were measured and estimatethe laboratory, the perpendicular
(vertical) depth can be estimated to any detectsdodtinuity in GPR data record as
follows:

d=(0.15%1)/¢)” (5.2)
By substitute the values of t andh the equation (5.2),
d={0.15* 2}/ () *
d=0.3ns/(8%°=0.106 m

0.106 m = 10.60 cm which is the same as the onenveasured previously in the
lab. Consequently the selected dielectric valeie=(8) or less will be suitable and
significant for GPR acquiring data and procesgilaga for the Rubidoux Sandstone
outcrop located on 44 highway south west Rolla.City

Some studies show that even though the attenuatiGPR pulses will increase
when apertures of discontinuities are filled withter or even with clay materials, the
reflection of the pulses will increase from thesefaces because of increase the
difference between relative dielectric permittivibetween these discontinuities and
surrounding environments (Hack, 2000).

5.2.2.1.2 Estimation of GPR pulses velocity througlgnimbrite sample of site

2. The GPR system was set up on time mode and wittoppate parameters as listed in
Table 5.3. The 1500 MHz GSSI-GPR monostatic antevestowed over the surface of

the top block of the ignimbrite rock sample.
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Table 5.3: The parameters which were entered i@oGPR system of the used 1500
GHz monostatic antenna to estimate the velocitthef GPR pulses in ignimbrite rock

sample collected from Madison County-MO.

Parameter Value Paramete Value Parameter Valde
sample 512 range 10 ns rate 100
Bits 16 Dielectric 6 Sample/unit 2 scan/cm

The thickness of the top block was 7.40 cm, whidans the true perpendicular
(vertical) depth (d) to the created discontinuitgne has to be 7.40 cm. However, the
radiogram image shows that this depth is about(0l2Z/2 which is not correct as
illustrated in Figure 5.15.

Hence, after estimation the velocity of the GPRsepslthrough the ignimbrite
sample, its relative dielectric permittivity has be adjusted before measuring the
perpendicular depth to the created discontinuity ewen for any other detected
discontinuity in site 2.

First, the two way travel time of GPR pulses (TWTad the created discontinuity
was estimated from the radiogram as shown in Figuié. Then the velocity can be
estimated. After that value of the dielectric pdtivity value has to be adjusted before

estimation the true perpendicular (vertical) depth.
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Figure 5.15: (A) The true perpendicular depth ¢dpf the surface of the top block to the
created discontinuity or separation, which is 7c#@. (B) The apparent perpendicular
depth (z) from the surface of the top block to theated discontinuity or separation,
which was 12.20 cm, in radiogram before correctthg used relative dielectric

permittivity of the ignimbrite rock. The zero coct®n and display gain process were
applied to the radiogram images to enhance theéutgso and clarity of the images.
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Figure 5.16: The two travel time of GPR pulses fribra surface of the top ignimbrite
block to the created discontinuity is 2 ns. Theozewrrection and display gain process
were applied to enhance the resolution and clafithe radiogram images.

To estimate the velocity first, from the above caglam image,

= The two way travel time =2 ns =t.

= The measured perpendicular depth to the createtlfea= 0.074 m.

By using equation 3.17 (V=2d /t),V=(2* 0.0 / 2 ns = 0.074 m/ns.

Now, the relative dielectric permittivity of thenignbrite sample can be estimated
using the following equation:

V=clE)"” (5.1)

where, c is the speed of light in meters per nasws® which is 0.3 m/ns; and
thus:e = 16. As a result, the used relative dielectrioptivity for the ignimbrite rock
sample £ = 6) during the field work of acquiring GPR datsto be adjusted to the new

resulting valueq = 16).
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Finally, the true perpendicular depth (d) to theated discontinuity between the
two blocks of the ignimbrite rock sample was estgdausing the radiogram image as
illustrated in Figure 5.17The value of the relative dielectric permittivitf GPR profiles
acquired in site 2, ignimbrite of St. Francois \aic Super-group, has to be adjusted to
be 16 each time during estimating the apparenttare perpendicular depths, z and d

respectively, to the detected hidden joints.
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Figure 5.17: The radiogram image shows true peipatad depth to the created
discontinuity after adjusting the relative dielécipermittivity of ignimbrite in GPR data
set. The resulting perpendicular depth from theogrdm (d = 7.50 cm) is almost the
same as the measured perpendicular (vertical) deptie lab (d= 7.50 cm). The zero
correction and display gain process were applieghttance the resolution and clarity of

the radiogram images.
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5.2.2.2 Modes of GPR survey.GPR systems usually operate and acquire data
either in time-domain system (impulse GPR systemjnofrequency-domain system
(continuous waves GPR system) using generally antmmoffset survey method for
monostatic GPR-antenna system. The GPR data soareipe done either using distance
mode or time mode in which the horizontal distawdebe normalized before processing

the acquired GPR data (Figure 5.18).
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Figure 5.18: The produced radiograms from GPR datpired using 400 MHz antenna
in time-mode (left image) and distance-mode (rigiige) surveys at Station.3 (St.3). In
time mode (left image), the data will be acquiredardless the antenna is towed or not
which results in exaggerated horizontal distaneg #ill have to be normalized before

any further GPR data processing steps.

When it comes to creating 3-D images for detectiedddn subvertical joints or
any other targets, distance-mode survey will baiired rather than time-mode survey.

Normally, the GPR antenna is attached to a wheatwis fixed on a GPR cart and is
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connected by a cable to the GPR system which hdsetset up on distance mode.
However, since our GPR field work is conducted ockrslope faces and cuts to detect
subvertical to vertical discontinuities in the stuarea, so using that cart is not possible
and even not effective especially with using 40028Hielded monostatic antenna.

To overcome this problem, a wheel was attachedogpiately to the 400 MHz
antenna and tested many times, after conductingstande calibration for the GPR
system, to ensure its capability and effectivemesseasuring distances during acquiring

the GPR data in the field (Figure 5.19).

Figure 5.19: A 400 MHz antenna with no attachedeli®), and with an attached wheel

(B) to be used in a distance mode survey.

5.2.2.2.1 GPR distance mode surveylhe GPR data were acquired using a 400

MHz shielded monostatic GPR antenna manufacturedthiey Geophysical Survey

System, Inc. (GSSI). A wheel was attached to therara as illustrated in a previous



123

section, and the distance mode was used duringadaaisition. Five to ten horizontal

GPR survey lines with length ranging from 1.40 n8100 m and intervals ranging from

10 cm to 20 cm were done at each station, rockeslape, in order to create 3-D images
for each rock slope face visualizing the geomefryeach detected hidden subvertical
joints as will be explained later in this chaptemigration section.

On each rock slope face, three slight independearksnwere etched onto the
surface by using a hammer. These three marks atanay but not colinear. These three
points will be used in this context as the thredeinpoints. On pictures and images in
this research, the index point 1 was distinguishedirawing a small blue circle, while
the index points 2 and 3 were distinguished byvdrg small red and orange circles
respectively (Figures 5.20 and 5.21).

These three index point represent fixed pointshenrvck slope faces from which
the apparent and the true perpendicular depthketaétected hidden subvertical joints
have been measured by using GPR data record inj@gisgram images). Creating tick
mark on the GPR data record was done on each otiee ohdex points at each station
(rock slope face) of the study area (Figure 5.21)

Two of the GPR survey lines passed through thestimgex points on the surface
of each rock slope face in the study area. Howewedljstinguish these two GPR survey
lines from the other lines, they were drawn on phais dashed lines contained the three
circles which represented the three index poinigufe 5.22), and these two GPR survey
profiles will be known as “the two index GPR suryayfiles” in the context from now

and on.
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Figure 5.20: Creating three different locationseach rock slope face (rock slope face of
station no.1) by using a hammer to create the timéex points as reference to measure

perpendicular depths from the surface of the rack to detected hidden discontinuities.
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Figure 5.21: Identifying the three index pointsdtons by colors on the radiogram
images. The small blue circle represents indextdgiwhile the small red and the orange

circles represent the index points 2 and 3 respadygti
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Point2

The location of the two index
GPR survey lines at St.

Figure 5.22: The location of the GPR survey lineduding the two index lines (dashed
lines) at St.1. The colored circles are the locetiof the three index points. The small
blue circle represents the index point.1, while #meall red and the orange circles

represent the index points 2 and 3 respectively.

These two index GPR survey lines are very imporsamte they passed through
the three index points at each station. The pelipelad depth from the rock slope face
surface to any detected hidden subvertical disoaityi will be estimated from these
points using the radiogram images.

Furthermore, the true geometry or orientation (@igection and dip angle) of
these joints will be determined based on the Cartesnd spherical coordinates of these
three index points using LIDAR technology and tlygiaion of the 3-point as will be
explained later in this chapter. Always, in thisearch, the index point 2 and the index

point 3 are located on the same index GPR surweyvihile the index point 1 is located
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on a separate GPR survey line. Moreover, the GBR survey line is located at the
bottom of the area of survey close to the basé@ftdock slope face; in contrast, the last

GPR survey line is located at the top of the rdokes face (Figure 5.23).

Figure 5.23: The locations of the two index GPRvsyrline (the two dashed lines) at
station 3, which passed through the three indentpoi

The location and the number of the GPR survey lifogseach station were
controlled by the accessibility to the station, thmensions of station (the rock slope
face), the degree of smoothness of the rock slape, fand the height of the team of the
personnel including the author for this researclo wiere acquiring the field data; so the

location and the length of the survey lines vagnfrone station to another within the
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same site of the study ar For instance, station 2 seems has sm@h as shov in

Figure 5.24put in reality its height is much more thihe height of the authc

q-.t--.t-Il-.l'.'—.—ll'l-l-l-ll.'...l_—’ilg-;—.

B R T T ——— III'.I.I'III_.‘I’.-.‘L“I‘.I

Figure 5.24: The location of the GPR survey linas/from one station to another ba:
on the extensions and the surface condition ofrdlck cut. (A) ShowsSt.2 as it seems

small but (B) shows its real dimensions while (69ws the locations of the GPR sun

lines at this station.
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In the purpose, first, of creating a smooth surfanewhich the 400 MHz GPR
monostatic antenna will be moved on each GPR sumeyin this study area, a wooden
panel whose dimensions are 310 cm length, 32 crthywaohd 2.5 cm thickness was used

as a try to create a smooth surface at statiomglif@5.25).

Figure 5.25: A wooden panel was used as a trydatera smooth surface on which the
GPR antenna was towed at St.1 (left image), whigeright image shows the process of
drawing using chalk the location of the GPR surwuags on the rock slope face.

Even though this try was very time consuming anebled five persons to acquire
the GPR data, the resultant data showed multipfleecton, which may cause
misinterpretation, due to using this panel. Howeteis multiple reflection was absent
when we towed the antenna directly to the surfddberock cut (Figure 5.26). Hence,
all the field work of acquiring the GPR data wasieohen with no using a wooden panel

in the study area.
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Figure 5.26: The multiple reflections resulted froising a panel during acquiring GPR
data at St.1 (A), and a good radiogram image (Bdréicquiring the data with no using
the wooden panel.
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5.2.2.3 GPR data processingGPR data processing is required to remove noise
and enhance the visualization of the radiogram eriagincreasing the resolution. Zero
correction, filtering, auto-gain, color table, deyng gain, de-convolution, and
migration techniques have been done using RADANWsoE as steps of processing for
all the acquiring GPR data. However, migration psscwas done manually instead of
using the software. Since migration is the mostartgnt part of GPR processing for this
research to get the correct geometry of the detelstdden discontinuities, it will be
described in the following section.

5.2.2.3.1_Migration. The word migration in geophysical prospecting metues
word move. Migration is a technique that moves oligpreflectors (interfaces) to their
true subsurface positions and collapses hyperbdificactions (GSSI, 2007). It is
commonly the final step in the processing armoryhef GPR user. It is generally used
for improving GPR data resolution and developingergpatially realistic images of the
subsurface (Cassidy, 2009b).

Migration is simply a mathematical process whichuged to reconstruct and
relocate a dipping discontinuity plane to its tqoesition and thus its true geometry.
Migration can be done utilizing either specialisttware such as RADAN or manually as
described in section 3.7.4 in Chapter 3. RADAN wafe offers two methods to migrate
GPR data: Hyperbola (diffraction) migration methadd Kirchoff migration method
which is more accurate. Even though GPR data nigratan be used successfully in
relatively homogenous environments such as pavemamd glacial environments, it

tends, unfortunately, to be less successful forgermand heterogeneous sites (Cassidy,
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2009b). Therefore, manual migration to avoid uraety may result from variability in
inherent properties of hidden joints.

Several parallel horizontal GPR survey lines weaaaied out at each rock cut
face as illustrated in Figure 5.27. Hence, theguitsf the GPR of each survey line can be
imagined as a horizontal plane penetrating theeskpd go through the plane of the
detected join resulting in an intersection line evhcan be considered as “the strike line”
of this joint as illustrated in Figure 3.17 B. Thagike line will be recorded as a linear
feature (reflector, interface, or even) on the GRiRogram as shown in Figure 5.28.

Manual migration was done for all detected hiddelovertical joints in the study
area using GPR radiogram images and based on tiad@g 3.25:

sinf = tana

where

B - the true declination angle of the strike linetloé detected hidden subvertical
joint.

a - the apparent declination angle of the strikee liof the detected hidden

subvertical joint.

Then the next step was to estimate the true perpdad depths from the three
index points located on the surface of the rocktouhe plane of each detected hidden
joint. It is very important to keep in mind agalmat this depth is only perpendicular to
the plane of the rock slope face, and thus, to eddhe two index GPR survey lines

separately.
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Figure 5.27: Parallel horizontal GPR survey li(dashed lines are the two index lin

which are parallel to the strike direction of tHarg of the rock face of station 3. The |

image shows a linear trace of only one joint (jaintl) which was detected in radiogr.

image as shown in Figure 5.
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Figure 5.28: The radiogram of profile 1 at St.1wRadiogram (A), processed radiogr:
(B), and the detected hidden subvertical jointdl¢yelines) (C). The strike of joint No.
has an apparent declination anglgié 17° and so a trudeclination anglef)) is 17.80°.
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The true perpendicular depths (d) can be estimasety equation 3.21 (d =z /
cosp). However, the apparent perpendicular depth (g)tbébe estimated first from the
radiogram using appropriate software (RADAN) asvain Figure 5.28. This apparent
perpendicular depth is estimated from the procesadibgram but before migration
process as shown in Figure 5.28. The resultanirdgin angles and the perpendicular
depths are listed in the appendix.

To explain how manual migration was done using ew equation (5.1), For
instance as at station 3, the hidden subvertigat jdo. 1 whose trace was depicted in
radiogram image (Figure 5.28) has an apparentragin angled = 17°); and thus by
applying the equation 5.1 (sph= tana), it has a true declination anglg £ 17.80°) as

listed in Table 5.4.

Table 5.4. The values of the apparent and trueepelipular depths of the detected
hidden subvertical joint No.1 at St.3.

. Apparent perpendicular| Apparent ¢) and | True perpendicular depths
3 depths (z) from point 1 op true ) declination| (d) from index point 1 on
1= the rock slope face of | angle of the strike| the rock slope face of St.3,
S St.3, in cm. in cm

Point 10 o B Point 10

1 165 17° 17.8° 167

The most important point for this research is toneste the apparent and true
perpendicular depths, z and d respectively, froenltications of the three index points,
on which GPR tick marks were taken at the rock eslfgre of each station of the study

area, to the detected hidden subvertical jointarsgely (Table 5.4).
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Three fixed slight marks were created at eachaostatiuring the field work, so
these marks represent the location of both the mekks of GPR data records and the
three index point which will be used for LIDAR dataalysis as will be explained later in
this chapter. The apparent perpendicular depdhsafz be easily estimated from the 2-D
radiogram image and/or the created 3D radiograngén@igures 5.28 and 5.29 and
Table 5.3) and as well as the true perpendiculpthde(d) can be estimated (Table 5.3).

Therefore, a true 3-D geometry of the detectedtgogan created as shown in
Figure 5.29. Those inferred orientations of theedietd hidden subvertical joints were
extrapolated at one end of their planes to be éacappropriately behind the rock slope
faces as shown in the Figure 5.29.

These 3D geometrical images provide accurate irdtom about the extension of
the linear traces of some detected hidden joinkss Extension can be transferred to
strike direction which needs to be estimated intamdto the dip direction and dip angle.
These 3D GPR images of the planes of the detedtietin joints can be related to the
plane of the rock slope face measured by LIDAR.nTheased on the combination
between the GPR data and the LIDAR data, the gegnudt the detected hidden
subvertical joints can be estimated using the gunotthe equation of plane as will be
explained in the next section.

5.2.3 LIDAR Field Measurements. LIDAR or Terrestrial LIDAR (Light
Detection And Ranging) scanner is a new technoldggt can provide detailed
information about the geometry and discontinuibegntations of rock slope faces with

no need for physical contact-measurements (Hackidr, 2002; and Slob et al., 2005).
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LIDAR scanner is known in some references as tHe BLS (the 3-dimennsions
Terrestrial Laser Scanner).

In LIDAR scanner, a point is analogous to the piael which digital cameras
work and many points make up which is called a pdioud. The 3D TLS transmits a
green laser pulse to the object of interest whiettects the laser signal back to the

instrument.
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The location of the three index
points on the rock face of St.3

Figure 5.29: The created 3D image of St. 3 usindPRN software (above) and the 3D-
image for the detected hidden subvertical jointhapparent and true strike directions.
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The horizontal distance between the instrument thedobject is measured
using the time of flight or a phase comparison leetwthe outgoing and the returning
signal. Each point is then identified with threeoinates X, Y, Z, while a color is
associated with the level of reflectivity from therface.

LIDAR scans were taken using a Leica ScanStati@atdinner (Figure 5.30).
ScanStation-Il scanner is a tripod-mounted systenictw deploys front and top
windows with an oscillating mirror design to covwe full field-of-view of 360°
horizontally and 270° vertically. In addition, ia$1a detection range of 90 m at 90%
of reflectivity. Moreover, it can scan 50,000 psipier second with a high accuracy in
the order of 3-5 mm. A connected laptop colleetorded data on range, angles, and
degree of reflectivity of returning laser signal$ie scanning system also collects
simultaneous photographs from a digital camera ligcsuited inside the system

itself.

Figure 5.30: A Leica ScanStation Il (LIDAR scannehich was used in this study.
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The grass, shrubs, and small plants were removetiatig from some of the
rock slope faces in order to create a clear anancleew for using the LIDAR scanner
(Figure 5.31). The LIDAR scanner was used at aligts separately. Each station has its

own point-cloud data.

Figure 5.31: Station 1 before (A) and after (Bspectively, removing the grass to create

a clean view for using the LIDAR. Notice that tloedtions of the three index
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5.2.3.1 Calibration and geometry of rock slope faceneasurements using
LIDAR. The LIDAR point cloud is defined by a set of (X, X) coordinates where z is
the vertical coordinate and which is inherentlyreot and always is vertical assuming
that the LIDAR is correctly level. Since LIDAR'’s edlinates, X, Y, and Z coordinates,
do not typically match a global geographic coortBksa a single calibration
measurements is required for LIDAR measurementswdnch can be simply conducted
using a Brunton compass (Maerz et al., 2012).

A reference object has to be identified and setketeeach station (rock slope
face). This reference object can be any part ofstagon itself, such as a vertical joint
plane, or any other subvertical-planar object whysemetry can be measured using the
compass. The last one was chosen and used irtubig since it has smooth surfaces and
fixed geometry and which can be used at all staiidhe study area (Figure 5.32).

The dip direction and dip angles were measuredguia compass for both the
reference object and the rock slope face at eatioist The measurements were recorded
in a field notebook (Table 5.5). Then a scan focheatation including the reference
object was conducted by the LIDAR to create a poliotid image for that station (Figure
5.32).

Later in the office, using the Cyclohprogram, Cyclone-SCAN is the software
interface for operating the Leica ScanStation, HDE and HDS3000, open the LIDAR
viewer for that station which was scanned, e.giostal. Pick three individual points on,
first, the surface of the reference object using mouse cursor. These points should
spread out as far as possible on the same surfdlce eference object, and care must be

taken that the three points are not co-linear aseko be collinear.
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The reference
object

Figure 5.32: The location of both the referenceeobfthe blue circle) and the three index

points (red circles) at St. 1. The below image @it cloud image using LIDAR

Table 5.5: The field measurements using a Bruntonpass for both the reference object

and the rock slope face at station 1.

Field Measurements at St.1
Dip direction (D.D.) and dip angl®)X
The reference object The rock slope face
D.D. 0 D.D. 0
025° 87° 025° 84°
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Some LIDAR viewer will allow the coordinates of thata points to be exported;
however in our case, the coordinates of these thedected points were recorded
manually (Table 5.6). Do the same steps for th& sbope face, e.g. St.1, however, the
selected three points have to be the three indexXgpwhich were marked on the rock
slope face (as shown in Figure 5.32), then redoeedcbordinates of the rock slope face

manually (Table 5.7.).

Table 5.6: The coordinates of the three pointdhefreference object at station 1 at site 1
using Cyclone 6 program.

3-point coordinates of the reference object
Point X Y Z
1 5340.39 16836.05 - 818.78
2 5413.34 16797.72 - 865.4(
3 5361.48 16814.03 - 924.44

Table 5.7: The coordinates of the three index goaitthe rock slope face at station 1

using Cyclone 6 program.

The three index point coordinates at
the rock slope face of St.1

Point X Y Z
1 e 6458.09 16235.77 -324.57
2 0 7422.82 15878.50 -122.79
3 5639.71 16751.02 -003.56

5.2.3.1.1 Three point equation and the conversiow spherical coordinates.

The standard equation of a plane in a space inatkbhs:

AX+BY +CZ+D=zero
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Where (A, B, C) is a vector normal to the planeeTéquation of the plane
through 3 different points (X Y1, Z1), (X2, Y2, Z2), and (%, Ys, Z3) is given by the

following determinants:

1 Yl Z] X1 1 Z1 X1 Y1 X1 Y1l 271
A=1 Y2 Z2 B=|X2 1 Z2 C=|X2 Y2 D=-|X2 Y2 Z
1 Y3 Z X3 1 Z X3 Y3 X3 Y3 Z

Expanding the above matrixes gives:
A=Y1(Z2-Z3)+Y2(Z3-Z1)+Y3(Z1-2)
B=Z1(X2-X3)+Z2(X3-X1)+Z3(X1X2)
C=X1(Y2-Y3)+X2(Y3-Y1)+X3(Y1Y2)
-D=X1(Y2Z3-Y3Z2)+X2(Y3Z1-YZ3)+X3(Y1Z22-Y2Z1)

Note that if the three points are co-linear themrbrmal vector (A, B, C) will be
(O, 0, 0), so the three selected points on a seiréhcthe reference object or on the rock
slope face have to be nor collinear not closeljimear. Then, (A, B, C) is converted to a
unit normal vector as follows:

(X,Y,Z)=(A, B, C)/sqrt (A+ B>+ )

Accordingly, Cartesian coordinates (X, Y, Z) areneerted to spherical
coordinates (19, ¢) as illustrated in Figure 5.3@ne should be aware that the convention
of naming the two angle$,(¢) is sometimes reversed in some reference litexatwhich
may cause kind of confusion. Since the concern iih wormal unit on the unit
hemisphere, r will always be equal to 1, and sbmwat be calculated (Maerz et al., 2012).

The values 06, which is the dip angle, and(in radians) are calculated:

cosO = Z/r , wherer=1

tang = Y/X , where if X = zero, tap is undefined.
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Z-axis
F 3

¥-axiS

Figure 5.33: Cartesian coordinates are relatedpteerscal coordinates (Adopted frc

http://www.vias.org/comp_geometry/math_coord_splmne).

The geographic coordinates system requires a Viadieeen 0 and 360° (
radian:0 and %), thereforethe transformation is as followsaerz et al., 201:

I. Ifinquadrant 1X >0, Y <0),0 — 90° —¢

ii. Ifinquadrant2X <0, Y <0),0 — 180° -9

iii.  Ifin quadrant 3X <0, Y > 0),0 — 270° -9

iv. Ifinquadrant4X>0,Y >0),0 — 360° -¢
The ¢ angle is then rotated from local coordinates sysbbtained from LIDAFR
to a global coordinates system referred to y asisthee North direction. All thes
mathematical steps amgrongly recommended to be calculated using Excerddoft
program. Thenon the excel she the measurements obtaining from LIDAR for
reference object can be calibrated by a comparstinthose ones taken by the comp
in the fidd. This comparison is for the measuigeometryof the reference object by tl

compass and the LIDAR (Table).
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Once that is done, the Cartesian coordinated ofdblk slope face measured
LIDAR (Table 5.9 will be entered into the excel sheet wno more need to make a
more calibrationfor any taken measurements at that particular ostatvhere the
measurements of the reference objected \alreadycalibrated (Table 9). On other
words, each station will need e calibration only for the attitudef the reference obje
at that stationThe reference object could be any planar part®@tdck slope face or ar

other selected object which has a planar sul

Table 5.8 The coordinate values and the geometry of thereete object for LIDAF

measurements calibration at the rock slope fa&.d

Dip direction (D.D.) and di
3-point coordinates of the reference ok angle ) measuremer
Field LIDAR
Point X Y Z D.D. 0 D.D. 0
1 5340.39 | 16836.05 - 818.78
2 5413.34 | 16797.72 -865.40 | 025° 87° 025¢ 84°
3 5361.48 | 16814.03 -924.44

Z-axis
Y

__APr. 8, ]

X-axls

Y-axis

0 =84° (by LIDAR)
¢ = 66°

The correction of the dip directic

rotation = 179° clockwise.




Table 5.9: Geometrical measurements of the rogiesface at St.1 after the calibration

process for LIDAR measurements.

The three index point coordinates at Geometry of the rock slope face
the rock slope face Field LIDAR
Point X Y Z D.D. 0 D.D. 0
1 o 6458.09 16235.77 -324.57
2 0 7422.82 15878.50 -122.79 028° 73° 026° 69°
3 5639.71 16751.02 -003.56

5.2.3.1.2 The geometry of the detected hidden subtieal joints using

LIDAR. As illustrated in Figure 5.34, the rock slope fatéSt.1 was treated as a plane
whose dip angle and dip direction 69° and 026° eetypely (Table 5.9). The true
perpendicular depth (d) from each index point om tbck slope face to each detected
hidden joint is different and which was measuresimirboth 2-D and 3-D GPR data
image and listed in Table 5.10 (see the appen@n)other words, each detected joint has
three corresponding points to those the three ipdéxts. Those three points are defined

in this research as the three corresponding indexs

e

The dip direction of
the rock slope face 4 2

Lnn [:l Apparent location of detected hidden joint

o

The locations of the three index

points on the rock face of St.1 - True location of detected hidden joint

Figure 5.34: The 3D image of St.1 showing the appaand true geometry of the

detected hidden subvertical joints.
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Table 5.10: The apparent and true perpendiculathddpm the three index point on the
rock slope face of St.1 to the detected hiddenettioal joints.

Apparent §)
Apparent perpendicular depths and true f§) True perpendicular depths (d)
S (2) from the 3-points on the | Declination | from the 3-points on the rock slope
pd rock face of St.1, in cm. angle of the face of St.1, in cm
= strike
S | Pointl | Point2 | Point3 Point 1 Point 2 Point 3
o o o | P o o
1 148 133 170 11° 11.2° 149 135 171
2 261 234 282 16°| 16.7° 262 237 284
3 325 344 314 10° 10.2° 327 345 315

The depth direction, which is perpendicular to $krike direction, at each station
was treated as a vector and so resolved to two eoemps X’ and Y’ components. As
illustrated in Figure 5.35, the depth directionteeof St.1 was resolved to:

Y’ =Y -dcos 26° and
X' =X -d cos 64°

Then the coordinates for each detected joint cacabmilated, and then by using
the 3-point equation which was calibrated for tHBAR measurements, the geometry
can be determined for each detected hidden joigtifigation field measurements for
some those detected joints was conducted usinguat®r Compass, and the results
showed good correlation (Table 5.11). All the fielata and calculation results are listed
in the Appendix.

Generally, the geometrical results showed good emgemt between those
measured GPR and LIDAR in a combination and thosasored using a geological

compass as will be discussed in the next Chapter.
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North
Y- axis
&
tion
Ctriks dirsction
.
X- axis

Depth vector

Figure 5.35: The depth vector at St.1 was resdleed’ =Y - d cos 26°; and X' = )-d

COosS 64°.

Table 5.11: Geometrical measurements using LIDARHe detected hidden subverti

joints at St.1.

Geometrical measurementsthe detected hidden subvertical jo

The corrosponding index LIDAR Filed
Joint | Point points coordinates verificatior
No. | No. X’ Y z D.D. 0 DD. | ©

6392.7° | 16101.85] -324.57
7363.6¢« | 15757.16| -122.79 025° 69° 025°¢ NA
5564.7. | 16597.33] -003.56
6343.20 | 16000.28] -324.57
7318.9. | 15665.48| -122.79 024° 68° 027¢ 72°
5515.2( | 16495.76] -003.56
6314.70 | 15941.86] -324.57
7271.5 | 15568.41| -122.79 027° 69° 026° 71°
5501.6: | 16467.90] -003.56

N
WINIFPIWINFRPWIN|F




147

Now, the orientations of the detected hidden subwartjoints have bee
measured. Then, a stereonet Lambert lower hemisphejection using OpenSter
software created by Grohmann and Campanha-USP) was conducted to plot all t
measured geometry ofoth exposed and hidden joints of each station séggrIn
general, he stereonet projection helps to buin image about the joints and join s
distribution, and thus, tevaluate and converted this distribution to dian be integrated
into slope #bility analysis. However, in our research, theirmpoint of using the
stereonet projection was to plot the distributibnh@ measured joints, both exposed
hidden subvertical joints, to see if the measuneldldn jointscan make a difference

differencein terms of poles distribution (Figure 5.2

0 [P(dd)] St1_hidden joints.txt (poles to planes) n=3
Bl area 0 [P(dd)] St1_exposed joints.txt (poles to planes) n=13
Lawerhemisphere %  [P(dd)] geometry of rock face - St.1.txt (poles to planes) n=1

Figure 5.36: Equal area projection shows that lineet detected hidden subvertical joi

in station 1 represent an individual joint set édtircle)
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6. RESULTS AND DISCUSSION

6.1 OVERVIEW

In terms of rock type and locations, two differsites were selected to represent
the study area of this research. Site 1 is a sedanerock type (sandstone) which is
located on the 44 highway in Phelps County, M@ure 2.12). Site 2 is an igneous rock
(ignimbrite) located on the 72 highway in Madisoou@ty, MO (Figure 2.13). It is
necessary to mention that all of station 1, 2, &raile located on one side of site 1while
stations 4 and 5 on the other side; however atheim are close for each other (Figure
2.12). Moreover, station 6 and station 7 are oposjte sides at site 2 with a distance
between them about 0.60 mile (Figure 2.13).

A reconnaissance field visits were done for bothessto build a general view
about the structural geology and the geometry dh ltbe two sites. Based on theses
visits, each site was divided into different stati@ach station represent an individual
rock slope, on which field work was performed amdried out utilizing the following
methods:

= Manual measurements using a Brunton compass fayagbmnetry for both
the station and the exposed joints. The resultshisf method will be
presented in this Chapter.

= A 400 MHz GPR monostatic antenna was used to ddtett hidden
subvertical and vertical joints at each statione Tésults are presented in

the appendix.
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= LIDAR technique using ScanStation2 to scan eaclk rslope face
(station) in the purpose to measure the orientatiothe detected hidden
subvertical and vertical joints related to the getwn of the rock slope
face of that station. The results are presentethenappendix while the
procedures of how estimate the orientation of teeected hidden joints
were explained in Chapter 5 — Methodology.

GPR data processing using RADAN software was donelf acquired data at
each station. All the GPR raw data and the finatessed data are in the Appendix. The
velocity of GPR pulses travelling through sandstand ignimbrite of site 1 and site 2
respectively was estimated in the lab. The velogiag 0.106 m/ns and 0.074 m/ns for
sandstone and ignimbrite samples respectively.

Field verification for some detected hidden joinigs done at all stations except
station 4 and 5 in site 1. Moreover, kinematic gsial was conducted for both exposed

joints and detected hidden joints for each station.

6.2 RESULTS OF THE STATIONS OF SITE 1

6.2.1 Station 1. The rock slope face of this station is relative sthoacross
which the 400 MHz GPR monostatic antenna was toeaslly (Figure 6.1). Usually,
rock slope faces have irregular and/or undulatethseis which cause a minor variation
in the value of the measured dip angle of the slopeg a geological compass from one
part to another part on the same rock face. HowelierLIDAR scan can overcome this

problem and give more reasonable and reliable me@mnts because it treats the whole
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face as one plane using the 3-point equation wigi@hnot be done using manual

measurement methods (Table 6.1).

This valuable advantage of using LIDAR has beeogeized during the work on

this research. In spite of that difference betwisenmeasured geometry of the rock slope

face using the LIDAR and that one using a geoldgomanpass, this difference was

within + 4° for dip direction and within £ 2° forigl angle which can be due to human

and/or device errors (Table 6

1).

Front view |

Figure 6.1: Front view and side view of the roakpd of the station 1 at site 1.

Table 6.1: The dip direction (D.D.) and the dip len@) of the rock slope face of station

1 resulting from the manual method and the LIDA&hteque.

Geometrical measurements of St.1

Field

LIDAR

D.D.

D.D.

028°

73°

026°

69°
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The manual measurements using a Brunton compassxpmsed joints on this
station are listed on Table 6.2. Three joint setewidentified using Lambert stereonet

projection as shown in Figure 6.2.

Table 6.2: The manual geometrical measurementdifodirection (D.D.) and dip angle

(0) of the measured exposed discontinuities at tble stope of St.1.

Joint No. D.D. 0 Joint No. D.D. 0

1 280° 90° 8 118° 26°
2 305° 09° 9 116° 35°
3 010° 01° 10 119° 23°
4 024° 04° 11 033° 03°
5 037° 02° 12 275° 90°
6 274° 79° 13 260° 64°
7 267° 66°

The GPR technique was significantly able to idgnttiree hidden subvertical
joints at perpendicular depth from the rock slopeefbetween 149 cm and 320 cm as
illustrated in Figure 6.3 and in the appendix (F&gu3 & 4). As shown in Figure 6.1, the
exposed side of this station is very limited in thidso it was not possible to track any
linear trace of any one of those detected hiddemtgo However, field verification
measurements were done by investigating some disodres, whose planes extend
inside and semi-parallel to the rock slope fac&wt, in the surrounding rock blocks as

shown in Figure 6.3.
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Equal-area
Lower hemisphere

o [P(dd)] 5t1 exposed joints.txt (poles to planes) n=13
¥ [P(dd)] geometry of rock face - St.1.txt (poles to planes) n=1

Figure 6.2: Projections of vectors normal to expogénts and rock face planes (pol
on a unit lower hemisphe- Lambert stereonet at St.1. The poles of these expints

can be clustered into three s

The orientations forthose hidden joints are determined using the LIC
techniqgue and the three point equation as listedTable 6.3. Field verificatio
measurements were possible for some of those hidden (Table 6.3

When the orientations of those hidden joints welotted on the equ-area
stereonet projection, they produced a new jointndeth can be added to those joint ¢
of the measured exposed joints. Based on the germitouring of the normal vecto

(poles) of the detected hidden subvertical joirgt the joint representing the detec
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hidden joints set has a dip direction of 025° artippangle of 69° as shown in Figure
6.4.

A 400
The dip direction of
the rock slope face 7 '
ol
B0 ™
~
g T
[ R
emiem -{ ®
b -
\:| Apparent location of detected hidden joint
The locations of the three index b

points on the rock face of St.1

- True location of detected hidden joint

Figure 6.3: (A) True 3D GPR image for St.1 showting location of the detected hidden

subvertical joint. (B) Field verification was dotg investigation some discontinuities
whose planes extend parallel inside St.1, in thesaading rock blocks.
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Table 6.3: Some field verification measurements tfog detected hidden subverti

joints at station 1.

Hidden LIDAR Field verification
JointNo | p.D. 0 D.D. 0
1 025° 69° 025° NA
2 024° 68° 027 72°
3 027° 69° 026° 71°

Density
22.79

20.26
17.72
15.19
12.66

10.13

Equal-area
Lower hemisphere

o [P(dd)] St1_hidden joints.txt (poles to planes) n=3

@ [P(dd)] St1_exposed joints.txt (poles to planes) n=13

¥r [P(dd)] geometry of rock face - St.1.txt (poles to planes) n=1
Figure 6.4: The poles of the three detected higdims at station 1 can be represer

as a separate joint set (blue circ
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6.2.2 Station 2. Station 2 (St.2) is located next to St. 1; andas lalmost the
same strike and dip direction as St.1 (Figure @.Bjs station has a subvertical rock slope
face whose dip direction is 020° using LIDAR (Tabld). The difference between the
measured geometry of the rock slope face usingLIBAR and that one using a
geological compass was * 5° for dip direction artf for dip angle (Table 6.4).

Only few discontinuities are exposed on the rockefavhich may cause
underestimation for slope stability analysis. Thanoml measurements using A Brunton
compass for the measured exposed joints on thierstare listed on Table 6.5. Three

joint sets can be identified using Lambert sterépngection as shown in Figure 6.6.

Figure 6.5: A front view of the rock slope of SinZsite 1.



Table 6.4: The geometrical measurements for thie stope face of St.2.

Geometrical measurements of St.2
Field LIDAR
D.D. 0 D.D. 0
022° 85° 027° 81°
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Table 6.5: Manual measurements for dip directiorD(Pand dip angle6} of exposed

discontinuities at St.2.

Joint D.D. 0
1 295° 89°
2 108° 55°
3 028° 04°
4 025° 03°
5 029° 01°
6 030° 02°
7 115° 72°
8 285° 90°
9 283° 88°

GPR technique was significantly able to identifyothidden subvertical joints at

perpendicular depth from the rock slope face betvadmut 200 cm and about 360 cm as

illustrated Figure 6.7 as well as in the appendiigyres 9 & 10). The orientations for

those hidden joints are determined using the LIDi@&hnique by apply the three point

equation as listed in Table 6.6.

Since these two detected joints have linear trétasappear on the side of the

rock slope face at 200 cm and 270 cm for deteddieh joint 1 and joint 2 respectively

(Figure 6.7), the field verification measurementsrevpossible for those hidden joints

(Table 6.6).
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Equal-area
Lower hemisphere

] [P(dd)] 5t2_exposed joints.txt (poles to planes) n=9

g [P(dd)] geometry of rock face - 5t.2.txt (poles to planes) n=1
Figure 6.6: The Lambert stereonet projections ef lbrmal vectors (the poles) of t
measured exposed joirds well as the rock slope face of the station JStThe poles o

these exposed joints can be clustered into thitsg(isal circles

Table 6.6: The orientations of the two detectedlérdjoints measured by LIDAR at S

in addition to the fieldrerification measuremen

Hidden LIDAR Field verification
Joint No D.D. 0 D.D. 0
1 029° 78° 035° 85°
2 035° 82° 030 83°
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The dip direction of 400
the rock slope face %

Apparent location of detected hidden joint

- True location of detected hidden joint

The locations of the three index
points on the rock face of St.2

Figure 6.7: The position of the linear tracesha two detected hidden joints exposed on
the side of the slope verifies the accuracy ofréseilting true 3D GPR image of station 2.
Note that the true perpendicular depths (d) oféh®s hidden joints in the 3D image

were verified by field measurements.
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The trugerpendicule depths measured by GRIR illustrated in Figur6.7 and
showed in the appendix (Figis 9 & 10) match accurately thoperpendicule depths as
well as the orientations measured in the field.sTgive a strong indication about 1
accuracy and the reliability of using our new apgto in detecting, mapping, a
measuring the geometry of hidden subvertical jamt®ck masses

Based on thecontouring of the poleconcentration bthe detected hidde
subvertical joints sethe detected hidden joints can be clusteredjoint setwhose dip

directionand dip angle ar031° and 81° respectively as shown in Fighu&

Density
29.85

26.53
2321
19.90
16.58
413.26
19.95

16.63

41332

Equal-area
Lower hemisphere L—p.00

o [P(dd)] St2_hidden joints.txt (poles to planes) n=2
o [P(dd)] St2_exposed joints.txt (poles to planes) n=9
¥ [P(dd)] geometry of rock face - St.2.txt (poles to planes) n=1
Figure 6.8: The poles of the two detected hiddantgaat station 2 can be represented

separate joint set (blue circl
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6.2.3 Station 3Even though the rock slope face of this statioadigicent to both
stations 1 and 2; it has a significant differeqt direction which dips steeply into the face
with a direction of 199° using LIDAR (Figure 6.9chiiable 6.7). The difference between
the measured geometry of the rock slope face usiag.IDAR and that one using a
geological compass was £3° for dip direction and 62 dip angle (Table 6.7).

As at station 2, only few discontinuities are esgub on the rock face of
St.3. The manual measurements using A Brunton cesnfim exposed joints on this
station are listed on Table 6.8. Six joint sets banidentified based on the stereonet

projection shown in Figure 6.10.

Figure 6.9.: A front view of the rock slope of Sin3site 1.



Table 6.7: The geometrical measurements for thie slmpe face of St.3.

Geometry of the rock slope face of St|3

Field

LIDAR

D.D.

D.D.

0

202°

87°

199°

85°
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Table 6.8: Manual measurements for dip directiorD(Pand dip angle6} of exposed

discontinuities at St.3.

Joint No. D. D. 0 Joint No. D.D. 0
1 025° 03° 9 290° 45°
2 283° 73° 10 280° 52°
3 280° 78° 11 272° 81°
4 025° 01° 12 332° 68°
5 050° 89° 13 336° 71°
6 019° 02° 14 272° 63°
7 017° 02° 15 311° 88°
8 119° 83° 16 309° 86°

GPR identified significantly three hidden subvatipints at perpendicular depth

from the rock slope face between about 160 cm &ndtad00 cm as illustrated in Figure

6.11 and also in the appendix (Figures 15 & 16} ®hentations for those hidden joints

are determined using the LIDAR technique and tiheetipoint equation as listed in Table

6.9. Only one of those detected joints has a likare appear on the side of the rock

slope face as shown in Figure 6.11 , so the fieldfigation measurements was possible

only for this detected hidden joint, joint no.1 bl@6.9). Based on the contouring of the

poles concentration of the detected hidden sulmatijivints set, this joints set has a dip

direction of 197° and a dip angle of 88° as shawhigure 6.12.
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Equal-area
Lower hemisnhere

5] [P(dd)] 5t3_exposed joints.txt (poles to planes) n=16
¥ [P{dd)] geometry of rock face - 5t.3.txt (poles to planes) n=1

Figure 6.10: The poles of the measul exposed joints at St&n be clustered into s

joint sets (red circles).

The dip direction of
the rock slope face

o
ekt
8"
wj‘:\ ‘_\@\" ~. !
; S T e

o 3

om e, “
LW; = [ ] Apparentlocatio

b B Truelocation of

The location of the three index
points on the rock face of St.3

Figure 6.11: True 3D GPR image of station 2. Nbot the true perpendicular depth
to the linear trace of the detected hidden joinin¢ 1) in the 3D image weverified by
field measurements.



163

Table 6.9: The orientations of the three detectedddn joints measured by LIDAR
St.3 in addition to the field verification measueants

Hidden LIDAR Field verification
JointNo | p.D. 0 D.D. 0
1 197° 86° 194° 89°
2 193° 88° NA NA
3 199 89 NA NA

Equal-area
Lower hemisphere

Density
18.69

16.62

14.54

12.46

10.39

831

6.23

415

208

0.00

o] [P(dd)] 5t3_hidden joints.txt (poles to planes) n=3
o] [P(dd)] St3_exposed joints.txt (poles to planes) n=16
w* [P(dd)] geometry of rock face - St.3.txt (poles to planes) n=1

Figure 6.12: The poles of the two detected hidderts can be represented as a sep:

joint set (blue circle) at stati 3.



164

6.2.4 Station 4 The dip direction and dip angle of the rock sldaee of this
station is 202° and 90° respectively measured AR (Figure 6.13). The difference
between the measured geometry of the rock slope damg the LIDAR and that one
using a geological compass was *7° for dip directind £3° for dip angle (Table 6.10).

A few discontinuities are exposed on the rock faicthis station. The orientations
of these discontinuities were measured using atBruoompass as listed on Table 6.11.
Based on the stereonet projection for those dignaities, five joint sets can be identified

as shown in Figure 6.14.

Figure 6.13: A front view of the rock slope of Sitdsite 1.



Table 6.10: The geometrical measurements for tble stope face of St.4.

Geometrical measurements of St.2

Field

LIDAR

D.D.

D.D.

0

195°

87°

202°

90°
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Table 6.11: Manual measurements for dip direct() and dip angle6) of exposed

discontinuities at St.4.

Joint No. D.D. 0 Joint No. D.D. 0
1 207° 03° 6 284° 72°
2 135° 87° 7 112° 78°
3 210° 15° 8 102° 85°
4 204° 01° 9 207° 01°
5 128° 49° 10 209° 02°

Only one hidden subvertical joint was identifieddapth about 355 cm by GPR

instrument as illustrated in Figure 6.15 and ad ain the appendix (Figures 21 & 22).

The orientation of this hidden joint was estimabgdLIDAR using the 3-point

equation. Its dip direction and dip angle was 0&1d 89° respectively Table 6.12. Based

on the density contouring on the stereonet for bmthosed discontinuities and that

hidden joint, a new joint set was identified regreng that detected hidden subvertical

joint as illustrated on Figure 6.16.

Unfortunately, field verification measurementsreveot possible for this joint

since this joint is located deeply at depth abo&b3n from the rock face of station 4 as

illustrated in Figure 6.15 and in the appendix (ffeg 21 & 22).
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Equal-area
Lower hemisphere

(o] [P(dd)] St4_exposed joints.txt (poles to planes) n=10
¥ [P(dd)] geometry of rock face - St.4.txt (poles to planes) n=1

Figure 6.14: The Lambert stereonet projectionshefrtormal vectors (the poles) of 1

measured exposed joints of St. 4 can be clustetedive joint sets (red circle:

The dip direction of v
the rock slope i‘ac%/

200

A

o

bl 1 A
0

e
S [:] Apparent location of the detected hidden joint

The location of the three index - True location of the detected hidden joint

points on the rock face of St.4

Figure 6.15: True 3D GPR image for St.4 showing ltwation of the detected hidd

subvertical joint. Field verification was not pddsifor this statiot
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Table 6.12: The orientations of only the one detd¢tidden subvertical joint measul

by LIDAR at station 4.

Hidden LIDAR Field verification
JointNo | pp. 0 D.D. 0
1 021° 89° NA NA

Density
31.80

28.26
2473
21.20
17.67
1413
10.60
7.07

353

Equal-area
Lower hemisphere

0.00

o [P(dd)] 5t4_hidden joints.txt (poles to planes) n=1
(o] [P(dd)] S5t4_exposed joints.txt (poles to planes) n=10
¥  [P(dd)] geometry of rock face - St.4.txt (poles to planes) n=1
Figure 6.16: The detected hidden subvertical jatrfst.4 can be represented as a sep

joint set (blue circle).
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6.2.5 Station 5.Station 5 (St.5) is located next to west of statébnit has a
subvertical rock slope face whose dip angle is(&fjure 6.17) The dip direction of this
station seems toward the south-west however byudiDAR, which can treat the whole
of the scanned rock slope face or a part of intese# as a plane, the dip direction is
north-east. This advantage of using LIDAR is stignigeneficial in terms of slope
stability analysis when relate detected hiddentgoia the plane of the rock slope face.

The difference between the measured geometry ofdtle slope face using the
LIDAR and that one using a geological compass wefsfar dip direction and +1° for

dip angle (Table 6.13).

Figure 6.17: A front view of the rock slope of SinSsite 1.
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Table 6.13: The geometrical measurements for tble stope face of St.5.

Geometrical measurements of St.5
Field LIDAR
D.D. 0 D.D. 0
010° 88° 015° 87°

The manual measurements for the orientations of rieasured exposed

discontinuities at this station are listed in Tabl&4. Four joint sets can be identified as

shown in the stereonet projection in Figure 6.18.

The GPR technique was significantly able to idgnfdur hidden subvertical

joints at perpendicular depth from the rock slopeefbetween about 180 cm and about

340 cm as illustrated in Figure 6.19 and as welhdke appendix (Figures 27 & 28). The

orientations for those hidden joints are determinsuhg the LIDAR technique and the

three point equation as listed in Table 6.15.

Table 6.14: Manual measurements for dip directibnD() and

measured exposed discontinuities at St.5.

dip anglef) of the

Joint No. D.D. 0 Joint No. D. D. 0
1 184° 02° 9 203° 87°
2 187° 01° 10 209° 05°
3 082° 71° 11 251° 89°
4 097° 03° 12 207° 90°
5 088° 87° 13 206° 89°
6 189° 02° 14 207° 00°
7 205° 03° 15 304° 59°
8 206° 03° 16 308° 57°
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Equal-area
Lower hemisphere

o [P(dd)] St5_exposed joints.txt (poles to planes) n=16
¥ [P(dd)] geometry of rock face - 5t.5.txt (poles to planes) n=1

Figure 6.18: The Lambert stereonet projectionshefrtormal vectors (the poles) of 1

measured exposed joints St.5 can be clusteredantqoint sets (re circles)
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The dip direction of
the rock slope face
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o [ ] Apparent location of the detected hidden joint

The location of the three index

points on the rock face of St.5 - True location of the detected hidden joint

Figure 6.19: True 3D GPR image for St.5 showing ltdeation of the detected hidd
subvertical joint. Field verification was not pdasiin this statior
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Table 6.15: The orientations of the four detectattién joints measured by LIDAat

St.5 in addition to the field verification measuems

Hidden LIDAR Field verification
JointNo | p.D. 0 D.D. 0
1 015° 88° NA NA
2 014 89° NA NA
3 016° 8g° NA NA
4 015° 82° NA NA

Based on the concentration contouring of the pofdsothdetected hidden join
and exposed joints, the hidden joints can be censitlas an additional set which
parallel to joint set 4 but with an opposite dipedtion (Figur 6.20. This joint set has

dip direction of 015° and dip angle of 8

Density
34.12

30.33
26.54
22.75
18.96
15.17
11.37
7.58

3.79

Equal-area
Lower hemisphere

0.00

o [P(dd)] St5_hidden joints.txt (poles to planes) n=4
o] [P(dd)] St5_exposed joints.txt (poles to planes) n=16
¥  [P(dd)] geometry of rock face - 5t.5.txt (poles to planes) n=1

Figure 6.20: The normal vectors (the poles) offthe detected hidden subvertical joi

at station 5 can be represented as a separatesgi(iilue circle
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6.3 RESULTS OF THE STATIONS OF SITE 2

6.3.1 Station 6.This is the first selected station on the 72 highwa site 2,
Madison County. This station numbered as statidsa$ed on the total number of the
selected stations in both sitel and site 2 in thdysarea. This station has a subvertical
rock slope as shown in Figure 6.21. The measurpddolection and dip angle using
LIDAR of this rock slope station are 159° and 888pectively. The difference between
the measured geometry of the rock slope face usiag.IDAR and that one using a

geological compass was 1 =° only for dip angle (€#&h16).

Figure 6.21: A front view of the rock slope of SinZite 2 (Madison County).

Table 6.16: The geometrical measurements for tble stope face of St.6.

Geometrical measurements of St.6
Field LIDAR
D.D. 0 D.D. 0
159° 88° 159° 89°
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The orientations of the measured exposed jointshenrock slope face of th
station are listed iffable 6.17. The normal vectors (the poles) of thameasured joints

can be clustered into four sets as shown in F 6.22.

Table 6.17: Manual measurements for dip direction and dipyle of expose

discontinuities at St.6.

Joint No. D.D. 0 Joint No. D.D. 0

1 068° 84° 8 066° 84°
2 065° 90° 9 075° 90°
3 25(C° 78° 10 069° 70°
4 25(C° 36° 11 235° 75°
5 25¢° 35° 12 235° 58°
6 25(° 35° 13 145° 20°
7 063° 75°

¢ [P(dd)] geometry of rock face St.6.txt (poles to planes) n=1
o [P{dd)] 5t.6_exposed joints.txt (poles to planes) n=13

Figure 6.22: The Lambert stereonet projectionshefiormal vectors (the poles) the

measured exposed joints of St.6 can be clustetedaunr joint sets (red circle:
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GPR technique was significantly able to identify Bidden subvertical joints at
perpendicular depth from the rock slope face betwad®ut 30 cm and about 300 cm as

illustrated in Figure 6.23 and in the appendix (fFeg 32 & 33).

7,»"..»;{-_ = EE e

D Apparent location of the detected hidden joints ‘i b
L]

The location of the three index
- True location of the detected hidden joints points on the rock face of St.6

Figure 6.23: The position of the linear tracesonfy four of the six detected hidden

joints are exposed on the side of the slope verifie accuracy of the resulting true 3D
GPR image of station 2. Note that the true perprnali depths (d) of these four hidden
joints in the 3D image match those in the fieldntld dips steeply into the slope face as

indicated from the LIDAR measurements.
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The orientations for those hidden joints are deteech using the LIDAR
technique (Table 6.18). Only four of these six digé joints have linear traces appear on
the side of the rock slope face as shown in Figh23; so the field verification
measurements were possible for those four detdutkdien subvertical joints (Table
6.18).

Based on the concentration zones of the normabk&¢the poles) of the detected
hidden subvertical joints set, these hidden jooats be clustered into two joint sets. The
first joint set has a dip direction of 158° andip dngle of 90°; while the second set ,
which is only one joint, has a dip direction of 32thd dip angle of 90° as illustrated in

Figure 6.24.

Table 6.18: The orientations of the six detectadtién subvertical joints measured by

LIDAR at St.6 in addition to some field verificationeasurements.

Hidden LIDAR Field verification
Joint No. | p.D. 0 D.D. 0
1 159° 89° 155° 90°
2 158° 90° 153° 85°
3 158° 89° 152° 88°
4 338° 90° 336° 90°
5 158° 90° NA NA
6 158° 90° NA NA
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Density
32.60

28.97
25.35
2173
1811
14 49
10 87
7.24

362

Equal-area
Lower hemisphere

0.00

o [P(dd)] St6_hidden joints.txt (poles to planes) n=6
o] [P(dd)] St.6_exposed joints.txt (poles to planes) n=13
¥ [P(dd)] geometry of rock face_St.6.txt (poles to planes) n=1

Figure 6.24: The two sets of the poles (blue estkepresented the six detected hic

subvertical joints at station

6.3.2 Station 7. This station is located about 0.6 mile to the wesitation 6 ir
Madison County. The rock mass of this station igarfoactured compared to statior
(Figure 6.2%. From the field investigation for this statiomnse discontinuities di
steeply into theock slope face which may cause toppling failurgyFe 26) .

The geometry of the rock slope face of this statfhisted in Tabl 6.19. The
orientations of theneasureexposed discontinuities using a Bromtcompass are liste
in Table 6.20. The nawal vectors (the poles) of these joints can betetaed into thre

sets as shown in Figuée27
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Figure 6.26: A side view of St.7 in site 2 is shogvsome discontinuities dipping steeply

into the slope face which may cause toppling failurthe future (Madison County).
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Table 6.19: The geometry of the rock slope facstof

Geometrical measurements of St.7
Field LIDAR
D.D. 0 D.D. 0
65° 90° 65° 89°

Table 6.20: Manual measurements for dip directibnD() and dip angle6) of the

measured exposed discontinuities at

Joint No. D.D. 0
1 330° 52°
2 330° 08°
3 335° 01°
4 329° 43°
5 334° 48°
6 330° 90°
7 145° 20°

Equal-area
Lower hemisphere

@ [P{dd)] 5t.7_exposed joints.txt (poles to planes) n=7
¢ [P{dd)] geometry of rock face_5t.7.txt (poles to planes) n=1

Figure 6.27:The Lambert stereonet projections of the normatarsc(the poles) of th

measured exposed joints of St.7 can be clustetedhree joint sets (red circle
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Three hidden subvertical joints were detected is $iation by GPR instrument.
These joints were depicted at depth ranges bet®Berm and 150 cm as illustrated in

Figure 6.28 and as well as in the appendix (Fig882& 39).

The location of the three index D Apparent location of the detected hidden joints
points on the rock face of St.7

- True location of the detected hidden joints

Figure 6.28: The position of the linear traces lé three detected hidden subvertical
joints are exposed on the side of the slope whatifigs the accuracy of the resulting
true 3D GPR image of station 2. Note that the preipendicular depths (d) of these three

detected hidden subvertical joints in the 3D imagdch almost those in the field.
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The orientations for these three detected hiddénestical joints are determined
using both the LIDAR technique and the three pemuation as listed in Table 6.21. All
these detected hidden joints have linear tracesaapm the side of the rock slope face as
shown in Figure 6.28; so the field verification ree@ments were possible for their
geometry (Table 6.21). Based on the concentrabeomotiring of the poles of the detected
hidden subvertical joints set, these joints caclbstered as an individual joint set whose

dip direction and dip angle are 65° and 89° respelgtas shown in Figure 6.29.

Table 6.21: The orientations of the three detebidden joints measured by LIDAR and

the field verification measurements at St.7.

Hidden LIDAR Field verification
JointNo. | p.D. 0 D.D. 0
1 065° 89° 069° 87°
2 066° 89° 069° 88°
3 065° 90° 070° 88°

Even though this station, which is an ignimbriteki,chas many subvertical joints
whose linear traces appear on the side of its sboge, only three hidden subvertical
joints could be detected significantly and resolbgdGPR technique and only within a
depth of about 2 m (Figure 36.0A). In contrasttista6, which is also an ignimbrite rock
and close from station 7, many discontinuities wagtected and resolved within about

3.5 m using the GPR technique (Figure 6.30 B).
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Density
35.01

31.12
27.23
23.34
19.45

15.56

Equal-area
Lower hemisphere 0.00

o [P(dd)] St7_hidden joints.txt (poles to planes) n=3
o] [P(dd)] St.7_exposed joints.txt (poles to planes) n=7
* [P(dd)] geometry of rock face_St.7.txt (poles to planes) n=1

Figure 6.29: Tie normal vectors (the poles) to the three detdutddkn subvertical joini

at station 7 can be a separate joint set (bluég.

o o
0.0 - 0.0 -
50.0 — 50.0 =
100 - 100 -
150 = 150 -
200 - 200 -
250 - 250 -
300 — 300 -

Figure 6.30: In terms of resolution and so the neimtf detected hidden joints, t

penetratiordepth of the GPR pulses was less in station 7H&) in station 6 (B
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This can be mainly referred to the attenuation &RGpulses that encountered
more in station 7 than in station 6 as illustratedrigure 6.30. This attenuation can be
due to the following reasons:

= The mineral composition and, therefore, the cheimomamposition of
station 6 differ from the mineral and chemical casifion of station 7
(ignimbrite igneous rock).

= The rock slope of station 7 is more fractured ttheat one of the station 6.
These fractures in St.7 could be filled with clagterials which caused

attenuation for GPR pulses.

6.4 DISCUSSION

Many studies show that LIDAR is a promising remeensing techniques for
collecting geometrical information of discontinesiin a rock mass with high accuracy
(Slob et al., 2004; Feng and Roshoff , 2004; Skoal.e 2005; Sturzenegger et al., 2007;
Pernito, 2008; Torres, 2008; Sturzenegger et @092and Sturzenegger et al., 2011).

The geometrical orientations resulting from fieldrification for some of the
detected hidden joints are very close to those unedsby LIDAR. The comparison
between the field verification and LIDAR measureitseshows that the difference is
generally within £ 3° for dip angles and * 5 fopdlirections. This difference is likely to
be caused by the fact that a geological compasdbeaifected by local magnetism and
human errors; in addition to that the LIDAR tre&adntinuities as perfect planes, which
are mathematically preferable, while they are ndeoly planar in reality. All the
stereonet projection results show that all theaetehidden joints represented additional

joint sets in all stations of the study area.
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Comparison between those joints that have lineaets and measured on the rock
slope and those mapped using GPR and measuredlWWBIAR have shown reasonable
correlation (Grandjean and Gourry, 1996; Porsaal.eR006; Pernito, 2008; and Torres,
2008). However, the measured linear traces of gousing a compass may have less
correlation, in some circumstances, with those redpmnd measured using GPR and/or
LIDAR. In terms of strike direction, Torres (2008nd Pernito (2008) have shown that
the extension of linear traces of some joints mesgsusing a compass may differ from
those measurements that are resultant from GPRrahdDAR. This explains why the
difference between the measured dip directionsgusinompass and those using LIDAR
can take place in some measurements and reachedp to

However, the difference between the measured dybearusing a compass and
those using LIDAR was no more than 4°. This differe in dip angle measurements
could be referred to the fact that LIDAR has besteh the measurement for the joint as
a plane. This plane is measured as it is a smodthrne undulation which may differ
from reality where the plane of a joint has not saene dip angle on each point on its
plane. This point seems as a weakness of using RID& is a strength at the same time,
since LIDAR measure the whole plane of the joinichcan be related precisely to the
plane of the rock slope face and thus predict thderof rock failures.

The results show that the number of the detectddem subvertical joints using
GPR technique was as a maximum six joints which iarstation 6 at site 2. The
extension of all the planes of the detected hidders were enough big, so the three

corresponding index points could be plotted onrtpkeines. Accordingly, there are some
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other small joints were detected by GPR but ndushed in this study due to their limit
extension constrain (see the radiograms imagéeeidppendix).

Based on the minimum vertical resolution (AnnanQ20Cardimona, 2002;
Annan, 2009; and Cassidy, 2009 a & b), the minintasolved aperture of any detected
hidden joint in site 1 is about 6 cm while it isoalb 4 cm in site 2. However, Kovin
(2010) utilized a 400 MHz GPR antenna to detedtines and joints in pillars of a mine.
Based on finite-difference time-domain (FDTD), berid out that when a 400 MHz GPR
antenna is used, one millimeter opening apertureaofracture can be detected.
Consequently, his findings explain why some hiddehvertical joints whose apertures
are less than the value of the minimum verticablitg®on were detected and mapped
using the 400 MHz GPR antenna in our study aregu(Es 6.23 and 6.28).

In general, the strength of the GPR pulses retlacfrom a rock discontinuity
depends mainly on the aperture of the discontiraniy the infilling materials both which
control the reflection coefficient (Grégoire, 200This will give a distinctive linear
interface, reflector, or event, with a high ampl#ucompared to background reflection, in
the radiogram image.

As a result, this distinctive reflection signatucan be used as criteria in
objectively delineating the discontinuities in ratiasses (Pernito, 2008). The amount of
reflected GPR pulses increase as the differenceeeet relative dielectric permittivities
increase. Open discontinuities which are filledhwitater and/or clay are clearly visible
in GPR radiogram than those discontinuities whigh@dosed or with no filling material

(Tpshioka, 2003; Pernito, 2008; and Torres, 2008).
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This situation can be seen clearly in radiogramstation 2 which were acquired
after a slight rainy night. The reflection is stgen compared to the surrounding stations
in site 1; however, the penetration of depth wigiprapriate resolution was less in
addition to the background noise was more whichseduo some extent a difficult to
identify the hidden joints..

The trade-off between resolution of GPR pulsesdeqth of penetration is one of
the principal problems of utilizing GPR system sinibe higher resolution which is
accompanied by high EM frequency is the lower degftlpenetration for EM waves
(Annan, 2001; Cardimona, 2002; Annan, 2009; anaidgs2009 a & b). On other word,
resolution is lower for lower frequency GPR pulsesintennae.

Both of resolution and penetration of depth of GP&#ses depend on the
electrical properties of the rock slope and thdling materials. The relative dielectric
permittivity of ignimbrite rock cuts in site 2 isgher than that one of sandstone rock cuts
in site. Accordingly, the penetration of depth gsthe same GPR antenna (400 MHz)
was less in site 2 than in site 1. The probablaiweace of infilling-clay materials in
apertures can cause also a significant a signifaenuation for GPR penetration.

Another common limitation of using GPR technologythe GPR data processing
and interpretation which is still subjective angeeds mainly on the interpreter’s skills
and experience to interpret radiograms. Howeveslid fiverifications, especially for
exposed linear traces, can help to avoid or mirertfizs effect.

Another limitation maybe added is that the areaoak mass which is highly
fractured may cause more diffraction in GPR datevel§ as attenuation for GPR pulses.

The effective of penetration of depth within whisbme hidden subvertical joints could
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be detected in station 7 was less than 160 cm witigedepth was to about 300 cm in
station 6 although both stations are ignimbritekroats but station 7 is more fractured

than station 6.
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7. CONCLUSIONS AND RECOMMENDATIONS

7.1 OVERVIEW

The main objective of this research is to measeegeometrical orientations of
the detected hidden subvertical joints which arelfe or semi-parallel to rock slope
faces. GPR was significantly able to detect and thape joints in types of volcanic and
sedimentary rock masses. In addition, LIDAR waseatd estimate accurately the
orientation of the detected hidden subverticaltgiiMore detailed conclusions are listed
below.

Many studies have showed the ability of GPR in ctetg and mapping hidden
joints and fractures in rock masses as mentionedhén literature review section.
However, very few of these studies focused on etitrg the geometry of the hidden
discontinuities in rock masses. Seol and other®Xp@eveloped a method to find the
strike direction from three different acquisitiorodes for the same survey in a granitic
rock mass.

Pernito (2008) used a 500 monostatic GPR antenm@aciontinuous mode (time
mode) carrying out both of two long horizontal ess&Veral vertical GPR survey lines to
map and measure the extension of the exposed lirsgss of discontinuities so can be
integrated into rock slope stability analysis. Heed the automated LIDAR method
developed by Slob and others (2002) to extracgdmmetry of the exposed facets.

His study was primary to delineate the subsurfdea&racteristics of rock mass
discontinuities. Particularly, to detect disconttias that may not detected by LIDAR,

and to verify the continuation of discontinuity pés that are detected by the same
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method. He found out that the extension of thealirnteaces of joints can be measured
more accurately using GPR and LIDAR in a combimattmmpared to the resultant
measurements using only a geological compass. rdicggy, the strike directions of
those linear traces were measured more accurattigrrthan using a scanline method.
However as a result, his proposed approach wast@lbletect only exposed joints, linear
traces.

Torres used the same approach but he was ableiltb &BD discontinuity
network and extract the geometry of hidden discwities within limited depths and
with uncertainties in measurements due to the stibgeoccur in GPR data processing
and interpretation.

The previous studies only measured the orientatbrise linear traces and/or the
hidden joints planes based on the sampling of #erast neighborhood measured by
LIDAR which may cause bias when it comes to thesesion and the persistence of
hidden joints which should be treated as planes.

In this study, the rock cut was treated as wha@@lupon which the planes of the
detected subvertical hidden joints were relatedn&beld measurements have been done
and verified the resultant geometrical measurerfeerthose joints whose linear features
can be detected on the rock slope surface. ThehdeipiGPR penetration was not
significantly affected by the approach itself bataffected by the relative dielectric

permittivity of the rock cut materials as well &g frequency of the used antenna.
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7.2 GPR AS A TOOL FOR DISCONTINUITY MAPPING

In general, GPR is a powerful tool for detectingdamapping hidden
discontinuities especially those which are subgalt@nd parallel to semi-parallel to rock
slope face. Moreover, many other points have beecladed through the stages of the
work in this research. These conclusions can bet@diout as following:

= GPR-pulse system is preferred to be used in amdistenode to locate
those joints in rock masses.

= A 400 MHz monostatic GPR antenna is an appropaatenna in terms of
depth and resolution to detect hidden subvertmial$ in rock masses. It
was able to detect and map significantly such gomithin 2 m depth with
high resolution.

»= The only obvious problem with utilizing a 400 MHDnostatic antenna is
that the presence of a shadow zone within the femtimeters 20 cm of
depth which may be needed to be considered in guimdustry not in
rock slope stability. This zone can cause missiageating some joints
within 20 cm of depth. To overcome this probleni580 MHz antenna is
recommended to be used to map only the potentiaVestical joints
occurring within that depth of zone.

= Some GPR data processing techniques are necessagphaince the
resolution and visualization of radiograms, the GHRages. Zero
correction, high and low pass filtering, displayingaauto-gain, and
deconvolution are generally required for GPR datacgssing to detect

accurately hidden discontinuities in rock masses.



190

= Migration is highly recommended to be used to lecabrrectly the
position of the detected joints, and thereforaneasure their orientations.

= Using two parallel GPR survey lines can be enoughatquiring data
which can be used with a combination of LIDAR d#taestimate the
geometry of the detected hidden joints. Howevegaiing 3D radiograms
are recommended to track precisely and accuratety geometrical
extension of the detected hidden joints.

The type of the investigated rock plays a signifta@le in terms of determination
the velocity of the GPR pulses. The more attenndtoo GPR pulses is the less velocity
GPR pulses have. The ignimbrite rock cuts at sitevd@canic rocks, show more
attenuation for GPR pulses compared to the sanelstmk cuts at site 1.

Consequently, determination the velocity of GPR,atmérefore, the relative
dielectric permittivity of the investigated intaobcks is highly required to verify or
modify the used entered parameters in GPR systeopérator. For instance, the relative
dielectric permittivity of ignimbrite at site 2 wdh was entered in the GPR system during
acquiring the field data was 6. This value lednicorrect depths values that would affect
on the migration process and results; howeverlaiheest for the GPR velocity for site 2
showed that the relative dielectric permittivityli§. As a result, the perpendicular depths

were estimated accurately and as well as the atiens of the detected joints.

7.3 LIDAR AS ATOOL TO ESTIMATE THE ORIENTATIONS OF THE
HIDDEN SUBVERTICAL JOINTS

It is well established that discontinuities meamgpts obtained from traditional

methods can be affected by orientation bias (Ténzad965); Terzaghi (1965)
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demonstrated the sampling bias that result fromguscanline method (linear survey) or
outcrop (planar) survey of discontinuities with fereed orientations, particularly with
those discontinuities which are roughly parallelato exposed rock cut face. This bias
may lead to underrepresented of joint survey térbged to that exposure. Accordingly,
Terzaghi (1965) proposed a trigonometric factorexdiion for linear and planar sampling
of discontinuities to compensate for that biassTactor was developed by Mauldon and
Mauldon (1997). Wang and Mauldon (2006) found tatt tusing Terzaghi’s correction
factor may be difficult, especially when the linearplanar sampling is roughly parallel

to the existing discontinuities.

However, this bias in linear or planar sampling limited only when the
discontinuity surfaces “facets” are measured udilAR (Sturzenegger et al., 2009;
Sturzenegger et al., 2011). In addition, in ouraesh, a geological compass with no
measuring tape was used to measure the orientatidhe exposed joints, while the rock
cut (slope) faces were measured using LIDAR, whinay diminish or delete the effect
of that bias.

The investigation results show how easily, quickliygd accurately rock slope face
can be measured using LIDAR technique, avoiding uabmeasurements that are
dangerous in some cases. In addition, LIDAR tedmmican give accessibility to measure
the geometry of rock slope faces at locations¢hanhot be reached by human.

One new advantages of using LIDAR can be addedhikithat LIDAR can treat
a rock slope face as a plane to which detectedehidaibvertical joints can be related.
Accordingly, using the three point equation to nueasthe geometry of the detected

hidden joints in a rock slope will be possible anadre reliable.
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7.4 RECOMMENDATION FOR FUTURE WORK

The main disadvantage of this research approaahy asGPR and LIDAR in a
combination, is that it needs a physical conta¢chwock slopes when carrying out GPR
survey, which may jeopardize workers’ life. Besidie is time consuming when utilizing
GPR instrument which requires at least two to ttpeesonnel to perform GPR field
work. Moreover, GPR data processing is subjectnee@depends on the experience of the
operator.

Generally, this approach can be used to detectnagmbure the orientations of
joints and fractures in rock masses, tunnels, reois pillars of mines, open pits and
quarries. However, the desirable depth of investgawill control selecting the type of
suitable GPR antenna and thus the application. fi¢igh frequency antennae, such as 1.5
or 1.6 GHz, can be utilized significantly to detsantall fractures within shallow depths
may not exceed three feet. In addition, 900 MHzan& could be the best choice in
terms of resolution and depth of penetration. Hmtenna can detect small aperture-joints
or fractures in rock masses, mine roofs and pilétkin depths of a few feet more than
the detected depth using 1.5 GHz antenna.

Both of these antennae are portable and easy tigditto significantly detect and
map hidden non-horizontal joints in ceilings andlsvaf mines, rock cuts, and more
particularly in quarries where quality and quantfyblasted materials are more concern.
It is often conducting blasting in quarry industhence, the approach of this research
may help to locate highly fractured areas whereneed for more detonations materials

and so decrease the cost of blasting process.dfortine, it could locate the more sound
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areas where more detonation materials would beetetxlextract the required quantity
and quality of aggregate.

In contrast, the 400 MHz GPR antenna is more recena®d to be used to detect
and map joints and fractures in rock cuts thanah® 1.6 GHz whose penetration depth
may not exceed than 3 feet. However, the 400 MHR @Rtenna could be difficult to be
used to map joints in roofs and ceils due to itgymeand dimension constrains.

Since this approach is build on using the GPR dcgamode, it may help to
determine the best location for installing rock teoand/or anchors and, therefore,
increase the degree of certainty of rock mass aemoofs or pillars stabilization method.
Furthermore, it may be used to extract some otha@pgsties of discontinuities such as
persistence and spacing which are needed to egatuetrry materials and ornamental
extracted rocks from open pits. Furthermore, itlsasued for uneven and/or curved rock
mass surfaces.

Although it is recommended to use this method tothier studies in terms of
detection and mapping hidden discontinuities esfigcine ones are parallel and semi-
parallel to rock slope faces, it would be recomneehdo develop this approach to
conduct kinematic analysis for those detected gomithin the first two meters of depth
where may rock failures can be induced by diffefaators and then take place.

This approach is not recommended to be used fdryhigactured or weathered
rock cuts where high concerns during slope analygis be normally taken into
consideration. However, the rock cuts and roofdanglillars of mines which show a

minor distribution for exposed joints on their swés may have many hidden joints are
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needed to be detected and integrated into sloplysamdo avoid underestimation of
stability.

In spite of the uncertainty which is still validrfthose detected hidden joints for
which field verification was not possible, this med is a straight and understandable
method. Besides, the error that may resulting frmimg automatic algorithm in LIDAR
can be negligible in this proposed approach sirc@eed for such algorithm to extract

geometrical information about the facets and linesges of exposed joints.
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SITE 1_STATION 1

Side viewof St.1

Front viewof St.1

The geometry of the GPR survey lines at St. 1
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Figure 1: The location of the GPR survey linesstdal lines are the two index lines) at

St.1 and their geometry. The colored circles aeddbations of the three index points.
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Figure 2: Radiograms images (GPR profiles) showattguired raw and processed GPR

data at station 1.
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in St.1 after GPR data processing for the two inldess.
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The dip direction of
the rock slope face

eSS

cmicrm __|E°
00 ! \:| Apparent location of detected hidden joint
The locations of the three index b
points on the rock face of St.1 - True location of detected hidden joint

Figure 4: The created 3D image of Station 1 usiddpRN software (above image) and
the 3D-image for the detected hidden subverticadtgowith apparent and true strike
directions (blow image).
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Table 1: The apparent and trperpendiculardepths from the rock slopece to the

detected hidden subvertical joints at ¢

Apparent )

Apparentperpendicule depths | and true [§) Trueperpendicule depths (d)
S (2) from the 3points on the declination | from the 3points ornthe rock slope
pd rock face of St.1, in cr angles of the face of St.1, in cl
E strike
S | Pointl | Point2 | Point3 Point 1 Point 2 Point 3

o o o | P o o

1 148 133 170 11° | 11.29 151 136 173
2 261 234 282 16° | 16.79 272 244 294
3 325 344 314 10° | 10.29 330 350 319

Table 2: Thecoordinate values and geometry of the referencecbbijor LIDAR

measurements calibration at the rock slope fa&.d

Dip direction (D.D.) and di
3-point coordinates of the reference ok angle @) measuremer
Field LIDAR
Point X Y Z D.D. 0 D.D. 0
1 5340.39 16836.05 -818.78
2 5413.34 16797.72 - 865.40 025° 87° 025° 84°
3 5361.48 16814.03 -924.44

Z-axis
F 3

0= 84°
¢ = 66°

o | The correction of the dip directic

rotation = 179° clockwise.

H-axis
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Table 3: Geometrical measurements of the rock sfape at St.1 after the calibration

process for LIDAR measurements.

The three index point coordinates at Geometry of the rock slope face
the rock slope face Field LIDAR
Point X Y Z D.D. 0 D.D. 0
1 @ 6458.09 16235.77 -324.57
2 O | 742282 15878.5Q0 -122.79 028° 73° 026° 069°
3 5639.71 16751.02 -003.56
North
Y- axis
&
Dip direction
Strike diraction
o
X- axis
Depth vector

Figure 5: Resolved depth vector at St.1 to Y’ arndYX=Y - d cos 26°; and X' = X — d cos 64°
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Figure 6: Point cloud image showing the locatiorhaf reference object (the blue circle)

and the location of the three index points (theaietles) on the rock slope face of St.1.

Table A4: LIDAR geometrical measurements for theeded hidden subvertical joints in
St.1 based on the true perpendicular depth veamponents analysis and by using the

3-point equation.

Geometrical measurements of the detected hiddarestical joints

The 3-corrosponding index LIDAR Field
Joint | Point points coordinates verification
No. | No. X’ % z D.D. 0 DD. | ©

6391.89 | 16100.0f
7363.20 | 15756.2¢
5563.87 | 16595.5] -003.56
6338.85| 15991.3 -324.57

b -324.57
b
3
D
7315.85 | 15659.19 -122.79 024° 68° 027° 72°
1
/
)
D

-122.79 025° 69° 025° NA

5510.82| 16486.7] -003.56
6313.42| 15939.1] -324.57
7269.38 | 15563.92 -122.79 027° 69° 026° 71°
5499.86 | 16464.3 -003.56

N
WINIFRPIWNFPWN|PF
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SITE 1_STATION 2
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Figure 7: The location of the GPR survey linessfdal lines are the two index lines) at

St.2 and their geometry. The colored circles aeddbations of the three index points.
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St.2_P1 (raw and processed GPR data) St.2_P2 (dwpracessed GPR data)
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Figure 8: Radiogram images (GPR profiles) showatguired raw and processed GPR
data at St. 2.
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Major detected hidden

St.2_P1 _raw data St.2_P1_processed data joints at St.2_P1
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Figure 9: The apparent perpendicular depth (zh¢odietected hidden subvertical joints in
St.2 after GPR data processing for the two indeasli
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The dip direction of
the rock slope face

400

"~y
st
R /
m\. :I Apparent location of detected hidden joint
The locations of the three index - True location of detected hidden joint

points on the rock face of St.2

FigurelO: The created 3D image of St. 2 using RADsdftware (above image) and the
3D-image for the detected hidden subvertical joimtish apparent and true strike
directions (blow image).
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Table 5: The apparent and trperpendiculardepths from the rock slope face to

detected hidden subvertical joints at S

Apparent ¢)

Apparentperpendicule depths | and true ) Trueperpendiculr depths (d)
S (z) from the 3points on the declination | from the 3points on the rock slog
prd rock slope face of St.2, in ¢ | angles of the face of St.2, in cl
c strike
S | Pointl | Point2 | Point3 Point1 | Point2 | Point3

o o o | B o 0

1 188 198 177 16° | 16.79 196 207 185
2 287 285 318 22° | 23.89 314 311 348

Table 6: Thecoordinate values and geometry of the referencecbbior LIDAR

measurements calibration at the rock slope fa&t.d2

Dip direction (D.D.) an
3-points coordinates of the reference ot angle §.) measuremer
Field LIDAR
Point X Y Z D.D. 0 D.D. 0
1 5340.39 16836.05 - 818.78
2 5413.34 16797.72 - 865.40 025° 87° 025° 84°
3 5361.48 16814.03 -924.44

0=84°
¢ = 66°

The correction of the dip directic

rotation = 179° clockwise.

¥-axis
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Table 7: Geometrical measurements of the rock &c&t.2 after the calibration for
LIDAR.

The three index points coordinates at Geometry of the rock slope face
the rock slope face In field By LIDAR
Point X Y Z D.D. 0 D.D. 0
1 e 2991.82 15447.26 464.68
2 0 2979.83 15417.44 260.11) 022° 85° 027° 81°
3 2194.30 15803.41 248.70
North
Y- axis
&
Dip directicn
Striks directon
b
X- axis
Depth vectot

Figure 11: Resolved depth vector at St.2 to Y’ afidY’ = Y - d cos 27°; and
X' =X-dcos 63°
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Figure 12: Point cloud image showing the locatidnthe reference object (the blue
circle) and the location of the three index pofiit® red circles) on the rock slope face of

St.2.

Table A8: LIDAR geometrical measurements for theeded hidden subvertical joints in
St.2 based on the true perpendicular depth veamponents analysis and by using the

3-point equation.

Geometrical measurements of the detected hiddarestical joints

The 3-corrosponding index LIDAR Field
Joint | Point points coordinates verification
No. | No. X’ % z D.D. o | DD.| o
1 2903.42 | 15272.62  464.6§
1 2 2886.47 | 15233.00 260.11 029° 78° 035° 85°
3 2110.87| 15638.58 248.7(
1 2850.21| 15167.49 464.64
2 2 2839.57 | 15140.34 260.11 035° 82° 030° 83°
3 2307.35 | 15493.34  248.7(
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SITE 1_STATION 3
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Figure 13: The location of the GPR survey linessfted lines are the two index lines) at

St.3 and their geometry. The colored circles agddhbations of the three index points.
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St.3_P1 (raw and processed GPR data St. 3 P2 (dwpracessed GPR data)
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Figure 14: Radiogram images (GPR profiles) showaiteuired raw and processed GPR
data at St. 3.
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Figure 15: The apparent perpendicular depths (#)ealetected hidden subvertical joints
in St.3 after GPR data processing for the two indes.
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points on the rock face of St.3

Figure 16: The created 3D image of St. 3 using RADsbftware (above image) and the
3D-image for the detected hidden subvertical joimtish apparent and true strike
directions (blow image).
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Table 9: The apparent and trperpendiculardepths from the rock slope face to

detected hidden subvertical joints at ¢

Apparent )

Apparentperpendicule depths | and true [§) Trueperpendicule depths (d)
S (2) from the 3points on the declination | from the 3points on the rock slof
Z rock slope face of St.3, in ¢ | angles of the face of St.3, in cl
E strike
S | Pointl | Point2 | Point3 Point 1 Point 2 Point 3

o o o | P o o

1 165 172 206 17° | 17.89 173 181 216
2 208 223 290 35° | 4449 291 312 406
3 364 396 404 03°| 03° 364 396 404

Table 10: The coordinate values and geometry of rdference object for LIDAF

measurementsalibration at the rock slope face of £

Dip direction (D.D.) and dip angl®)
3-points coordinates of the reference ot measuremen
Field LIDAR
Point X Y Z D.D. 0 D.D. 0
1 7625.47 15958.21 -596.57
2 7585.06 15985.46 -632.00 030° 90° 030° 90°
3 7610.34 15969.23 -692.15

Z-axis
F Y

0= 90°
¢ = °56

The correction of the dip directi

rotation = 4° clockwise.

¥-axis
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Table 11: Geometrical measurements of the rock &cgt. 3 after the calibration for
LIDAR.

The three index point coordinates at Geometry of the rock slope face
The rock slope face Field LIDAR
Point X Y Z D.D. 0 D.D. 0
1 0 8966.93 15322.53 -936.98
2 0 8977.10 15359.48 -486.48 202° 87° 199° 85°
3 8170.74 15708.86 -394.12
Morth
Y- axis

X- axis

Strike direction

Depth vector

Dip direction

Figure 17: Resolved depth vector at St.3 to Y’ afidY’ =Y - d cos 19° and
X' =X-dcos 71°
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Figure 18: Point cloud image showing the locatidnthe reference object (the blue
circle) and the location of the three index pofiit® red circles) on the rock slope face of
St.3.

Table 12: LIDAR geometrical measurements for thiected hidden subvertical joints in
St.3 based on the true perpendicular depth vecimponents analysis and by using the

3-point equation.

Geometrical measurements of the detected hiddarestical joints

The 3-corrosponding index LIDAR Field
Joint | Point points coordinates verification
No. | No. X’ % z D.D. 0 DD. | ©
1 8910.60| 15158.96 -936.98
1 2 8918.17| 15188.34 -486.48 197° 86° 194° 89°
3 8100.41| 15504.63 -394.12
1 8872.18| 15047.38 -936.98
2 2 8875.51 15064.48 -486.48 193° 88° NA NA
3 8038.55 | 15324.98 -394.12
1 8848.41| 14978.36 -936.98
3 2 8848.16 | 14985.05 -486.48 199° 89° NA NA
3 8039.20| 15326.87 -394.12
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SITE 1_STATION 4

The geometry of the GPR survey lines at St.4
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Figure 19: The location of the GPR survey linessfted lines are the two index lines) at
St.4 and their geometry. The colored circles aeddbations of the three index points.
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St.4_P1 (raw and processed GPR datp) St.4_P2 (rdwpracessed GPR data)
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Figure 20: Radiogram images (GPR profiles) showaiteuired raw and processed GPR
data at St. 4.
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Figure 21: The perpendicular apparent depths (#)daletected hidden subvertical joints
in St.4 after GPR data processing for the two inldess.
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The dip direction of ¥ 400
the rock slope fac%/
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- [ ] Apparent location of the detected hidden joint

The location of the three index e - True location of the detected hidden joint

points on the rock face of St.4

Figure 22: The created 3D image of St.4 using RADgdftware (above image) and the
3D-image for the detected hidden subvertical joimtish apparent and true strike

directions (below image).
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Table 13: The apparent and trperpendiculadepths from the rock slope face to

detected hidden subvertical joints at ¢

Apparent )

Apparentperpendicule depths | and true [§) Trueperpendiculadepths (d)
S (2) from the 3points on the declination | from the 3points on the rock slof
Z rock slope face of St.4, cm. | angles of the face of St.4, in ci
E strike
S | Pointl | Point2 | Point3 Point 1 Point 2 Point 3

o o o | P o o

1 348 355 379 11° ] 11.29 355 362 386

Table 14: The coordinate values and geometry of rdference object for LIDAF

measurements calibration at the rock slope fa&t.@

Dip direction (D.D.) and dip angl®)X

H-axis

The correction of the dip directic

rotation = 358° clockwise.

3-points coordinates of the reference ot measuremen
Field LIDAR
Point X Y Z D.D. 0 D.D. 0
1 2390.76 13728.16 -966.48
2 2319.41 | 13742.89 -1014.53| 196° 88° 196° 86°
3 2388.97 | 13720.45 -1074.33
z—ﬁxis
0 =86°
@ =76°




222

Table 15: Geometrical measurements of the rock &icgt. 4 after the calibration for
LIDAR.

The three index point coordinates at Geometry of the rock slope face
The rock slope face Field LIDAR
Point X Y Z D.D. 0 D.D. 0
1 e 4506.50 13003.10 -1057.25
2 0 4485.41 13012.93 -821.73 195° 87° 202° 90°
3 2804.01 13626.68 -670.18
North
Y- axis
&
Depth vector
X- axis
r Y
Strike direction
Dip direction

Figure 23: Resolved depth vector at St.4 to Y’ &6dY’ =Y - d cos 22°; and
X' =X -d cos 68°
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Figure 24: Point cloud image showing the locatidnthe reference object (the blue
circle) and the location of the three index pofiit® red circles) on the rock slope face of
St.4.

Table 16: LIDAR geometrical measurements for thiected subvertical hidden joints in
St.4 based on the true perpendicular depth veamponents analysis and by using the

3-point equation.

Geometrical measurements of the detected hiddarestical joints

The 3-corrosponding index LIDAR Field
Joint | Point points coordinates verification
No. No. , , ,
X Y Z D.D. 0 D.D. 0
1 4373.52| 12673.94 -1057.25
1 2 4349.80| 12677.28 -821.73 021° 89° NA NA
3 2659.41| 13268.78 -670.18
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SITE 1_STATION 5

The geometry of the GPR survey lines at St.5
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Figure 25: The location of the GPR survey linessfeed lines are the two index lines) at

St.5 and their geometry. The colored circles agddbations of the three index points.
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St 5 P1 (raw and processed GPR data) St 5 P2 (rdhpracessed GPR data)
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Figure 26: Radiogram images (GPR profiles) showaitwguired raw and processed GPR
data at St. 5.
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Figure 27: The apparent perpendicular depths (#H)daletected hidden subvertical joints
in St.5 after GPR data processing for the two inldess.
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400

The dip direction of
the rock slope face

] [ ] Apparentlocation of the detected hidden joint

The location of the three index

points on the rock face of St.5 - True location of the detected hidden joint

Figure 28: The created 3D image of St.5 using RADgdftware (above image) and the
3D-image for the detected hidden subvertical joimtish apparent and true strike

directions (blow image).
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Table 17: The apparent and trperpendiculadepths from the rock slope face to

detected hidden subvertical joints at ¢

Apparent §)

Apparentperpendiculadepths | and true [§) Trueperpendiculal depths (d)
S (2) from the 3points on the declination | from the 3points on the rock slog
Z rock slope face of St.5, in ¢ | angles of the face of St.5, in cl
= strike
S | Pointl | Point2 | Point3 Point 1 Point 2 Point 3

o o o | B o o

1 187 189 197 7° 7.1° 188 190 198
2 224 227 240 7° | 7.1° 225 229 242
3 248 249 236 9° | 9.1° 251 252 239
4 336 323 320 5° | 5.1° 338 324 321

Table 18: The coordinate values and geometry of rdference object for LIDAF

measurements calibration at the rock slope fa&.6

Dip direction (D.D.) and dip angl®)
3-points coordinateof the reference object measuremen
Field LIDAR
Point X Y z D.D. 0 D.D. 0
1 2422.82 13994.80 253.29
2 2333.76 | 14024.61 222.52 200° 90° 200° 85°
3 237455 | 14015.37 183.12

Z-axis
F 3

0 = 85°
0 =73°

The correction of the dip directic

rotation = 177° clockwise.

H-axis
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Table 19: Geometrical measurements of the rock &c8t.5 after the calibration for
LIDAR.

The three index point coordinates at Geometry of the rock slope face
The rock slope face Field LIDAR
Point X Y Z D.D. 0 D.D. 0
1 0 2644.17 13969.41 588.63
2 0 2599.15 13986.50 741.64| 010° 88° 015° 87°
3 1629.43 14195.73 775.75

Figure 29: Resolved depth vector at St5 to Y’ afidY’ = Y - d cos 15° and
X' =X -d cos 75°
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Figure 30: Point cloud image showing the locatidntlee reference object (the blue
circle) and the location of the three index poffite red circles) on the rock slope face of
St.5.



231

Table 20: LIDAR (3D TLS) geometrical measuremewtsdetected hidden joints in St. 5
based on the true depths using GPR and 3-pointiequa

Geometrical measurements of the detected hiddarestical joints
The 3-corrosponding index LIDAR Field
Joint | Point points coordinates verification
No. | No. X’ Y’ z D.D. 0 D.D. 0
1 259551 | 13787.82 588.63
1 2 2549.97 | 13802.97 741.64 015° 88° NA NA
3 1578.18 | 14004.48  775.75
1 2585.94 | 13752.08 588.63
2 2 2539.88 13765.3( 741.64 014° 89° NA NA
3 1566.80 | 13961.97 775.75
1 2579.21| 13726.96 588.63
3 2 2533.93| 13743.09 741.64 016° 88° NA NA
3 1567.57 | 13964.8Y 775.75
1 2556.69 | 13642.93 588.63
4 2 2515.29| 13673.54 741.64 015° 82° NA NA
3 1546.35| 13885.67Y 775.75
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Figure 31: The location of the GPR survey linessfted lines are the two index lines) at
St.6 and their geometry. The colored circles agddhbations of the three index points.
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Figure 32: Radiogram images (GPR profiles) showaitepuired raw and processed GPR
data at St. 6.



234

St.6_P7 (raw and processed GPR data) St.6_P8 (raw and processed GPR data

e [0 100 200 e we [ 100 200
0.07_ | — 0.0_ 0.0 _ | e—
500~ o= 500
100 - 100~ -
150~ - 150
i 300__ N
200~ = 200 _
7 400 =
250 _ - 250~
J 500__ -
300 - - 300
] 500~ -

processed GPR data

o
e 0.0
0.0

e

S

=
@
g
=]

] 100_
100__ _
7 150__
150 ,
7 200 "
200~ ,
i 250 "
250 _ _
7 300
300 _

Figure 32 (Cont.): Radiogram images (GPR profilsepw the acquired raw and
processed GPR data at St. 6.
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Figure 33: The apparent perpendicular depths (H)daletected hidden subvertical joints
in St.6 after GPR data processing for the two indess. The vertical scale equals to the

horizontal scale.
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D Apparent location of the detected hidden joints
The location of the three index
- True location of the detected hidden joints points on the rock face of St.6

Figure34: The created 3D image of St.6 using RADgdftware (above image) and the
3D-image for the detected hidden subvertical joimish apparent and true strike
directions (blow image).
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Table 21: The apparent and trperpendiculadepths from the rock slope face to

detected hidden subvertical joints at ¢

Apparent §)
| Apparentperpendiculadepths | and true §) | True perpendiculadepths (d) from
3 (2) from the 3points on the declination | the 3points on the rock slope fa
= rock slope face of St.6, in ¢ | angles of the of St.6, in cn
'§) strike
Point1 | Point2 | Point 3 Point 1 Point 2 Point 3
o o o | B o o
1 36 36 39 1 1 36 36 39
2 79 83 104 11 | 11.2 81 85 106
3 102 104 121 10 | 10.2 104 106 123
4 142 163 174 6 6 142 163 180
5 197 218 239 12 | 12.3 202 223 245
6 249 264 277 8 8.1 252 267 280

Table 22: The coordinate values and geometry of rdference object for LIDAF

measurements calibration at the rock slope fa&.6

Dip direction (D.D.) and dip angl®)
3-points coordinates the reference object measuremen
Field LIDAR
Point X Y Z D.D. 0 D.D. 0
1 -1835.49 19893.59 875.73
2 -2260.37 19968.69 172.37 205 81 205 81
3 - 1358.82 19581.32 401.48

Z-axis
F Y

6 =81°
¢ = 65°
The correction of the dip directic

rotation = 0° clockwise.

¥-axis
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Table 23: Geometrical measurements of the rock &c8t.6 after the calibration for
LIDAR.

The three index point coordinates at Geometry of the rock slope face
The rock slope face Field LIDAR
Point X Y Z D.D. 0 D.D. 0
1 0 -3793.10 19704.89 -395.71
2 0 -3221.23 20073.10 501.74| 159° 88° 159° 89°
3 -3998.90 19603.95 492.64
North
Y- axis
A

Strike direction

X- axis

Dip direction

Figure 35: Resolved depth vector at St.6 to Y &dY =Y - d cos2l °; and
X' =X —d cos 69°.



239

Figure 36: Point cloud image showing the locatidntte reference object (the blue
circle) and the location of the three index poffite red circles) on the rock slope face of
St.6.
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Table 24: LIDAR (3D TLS) geometrical measuremewtsdetected hidden joints in St. 6
based on the true depths using GPR and 3-pointiequa

Geometrical measurements of the detected hidaerestical joints
The 3-corrosponding index LIDAR Field
Joint | Point points coordinates verification
No. | No. X’ % z D.D. o | DD.| o
1 -3799.97| 19669.55 -395.71
1 2 -3228.10| 20037.7¢ 501.74 159° 89° 155° 90°
3 -4006.34| 19565.67  492.64
1 -3808.56 | 19625.38 -395.71
2 2 -3237.45| 19989.66 501.74 158° 90° 153° 85°
3 -4019.13 | 19499.9( 492.64
1 -3812.94| 19602.80 -395.71
3 2 -3241.46| 19969.05 501.74 158° 89° 152° 88°
3 -4022.37| 19483.21  492.64
1 -3820.19| 19565.50 -395.71
4 2 -3252.33| 19913.09 501.74 338° 90° 336° 90°
3 -4033.25| 19427.26  492.64
1 -3813.64| 19506.60 -395.71
5 2 -3263.78| 19854.20 501.74 158° 90° NA NA
3 -4045.65| 19363.45 492.64
1 -3841.18| 19457.52 -395.71
6 2 -3272.18| 19811.01 501.74 158° 90° NA NA
3 -4052.33| 19329.09 492.64
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SITE 2_STATION 7

e v}

The geometry of the GPR survey lines at St. 7

< GPR survey line 8

GPR survey line 7
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Figure 37: The location of the GPR survey linessfted lines are the two index lines) at

St.7 and their geometry. The colored circles aeddbations of the three index points.
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Figure 38: Radiogram images (GPR profiles) showaiteuired raw and processed GPR

data of profiles 1 to 4 at St. 7.
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Iat Major detected hidden

St.7_P1 raw data St.7_P1_processed d joints at St.7_P1
B P A Y eme | '
: 0.0~ 00 -
1nn_: 5I].I]_: 50.0 -
200 - 1I]I]_: 1l]!,'l'_:.
- 150 - 150
300 _
- 200 - 200 -
400__ - _
250 - Sl
500 _ E =
: 300 - uu_-__
BI]I]_: -

St.7_P7_raw data | St.7_P7_processed data Ma}jgirnflse:cst?c; h||3d7den
e o e |
3 0.0 - 0.0 —
100 _ 5l].l]_: 50.0 =
2|]|]_: 100 - 1I17[I_:
3uu_: =0 151]_"'
- 200 - :
a00__ - Eﬁﬂ:
- 25“_: {5“.:.
500 - =]
- 300 - 300 -
600 _ : =

Figure 39: The apparent perpendicular depths (#)ealetected hidden subvertical joints
in St.7 after GPR data processing for the two intiegs. Note that the vertical scale

equals to the horizontal scale.
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300

200

The location of the three index D Apparent location of the detected hidden joints
points on the rock face of St.7
- True location of the detected hidden joints

Figure 40: The created 3D image of St.7 using RADgdftware (above image) and the
3D-image for the detected hidden subvertical joimtish apparent and true strike
directions (blow image).
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Table 25: The apparent and trperpendiculadepths from the rock slope face to

detected hidden subvertical joints at ¢

Apparent §)
Apparentperpendicule depths | and true §) | True perpendiculadepths (d) from
S (2) from the 3points on the declination | the 3points on the rock slope fa
Z rock slope face of St.7, in ¢ | angle of the of St.7, in cn
= strike
S | Pointl | Point2 | Point3 Point 1 Point 2 Point 3
o o o | B o o
1 61 60 62 3° | 3.1° 61 60 62
2 96 90 103 9° | 9.1° 97 91 104
3 144 137 137 2° | 2.1° 144 137 137

Table 26: The coordinate values and geometry of rdference object for LIDAF

measurements calibration at the rock slope fa&.@

Dip direction (D.D.) and dip angl®)
3-points coordinates of the reference ot measuremen
Field LIDAR
Point X Y Z D.D. 0 D.D. 0
1 -0.23755 8.78542 0.45773
2 -0.1159 8.64696 0.36193 243° 89° 243° 89°
3 -0.18003 | 8.71774 0.26389

Z-axis
-

0=89°
¢ =42°

The correction of the dip directic

rotation = 345° clockwise.

¥-axis
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Table 27: Geometrical measurements of the rock &c8t.7 after the calibration for
LIDAR.

The three index point coordinates at Geometry of the rock slope face
The rock slope face Field LIDAR
Point X Y Z D.D. 0 D.D. 0
1 0 4489.19 14244 .57 -2032.90
2 0 4155.09 14221.15 -1410.64 065° 90° 065° 89°
3 4637.18 14243.89 -1440.03
North
Y- axis

Strike direction

>

Dip direction

X- axis

Depth vector

Figure 41: Resolved depth vector at St.7 to Y’ afidY’ = Y - d cos 65° and
X' = X—d cos 25°
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Figure 42: Point cloud image showing the locatidnthe reference object (the blue

circle) and the location of the three index poffite red circles) on the rock slope face of

St.7.

Table 28: LIDAR (3D TLS) geometrical measuremenisdetected hidden joints in St. 7
based on the true depths using GPR and 3-pointiequa

Geometrical measurements of the detected hiddarestical joints

The 3-corrosponding index LIDAR Field
Joint | Point points coordinates verification
No. [ No. 1y % z D.D. © | DD. | ©
1 4433.91| 14218.79 -2032.90
1 2 4100.71| 14195.79 -1410.64 065° 89° 069° 87°
3 4580.99 | 14217.69 -1440.03
1 4401.28 | 14203.58 -2032.90
2 2 | 4072.62 | 14182.69 -1410.64 066° 89° 069° 88°
3 | 4542.92 | 14199.94 -1440.03
1 4358.68 | 14183.71 -2032.90
3 2 4030.93 | 14163.2% -1410.64 065° 90° 070° 88°
3 4513.02 | 14185.99 -1440.03
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