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( I nlllro d U Clllio n Investigate structure of rock mass

e.g. joint spacings and NBSD

(1)  Widely spaced joints, NBSD >> specification rﬁ Y .'I
(2)  Joint spacings and NBSD = specification Massive (1) Well-jointed (2) Highly-fractured (3)
(3}  Joint spacings and NBSD << specification | | |

Evaluate mining vs quarrying Mot suitable

Y Y

Determine strength, hardness and
abrasity of rock

/ -~ -

(5) As typified by many granites Hard/ (5) Soft/ (6) Hard/ (7) Soft/ (8)
(8) As typified by many marbles Strong Weak Strong Weak
(7 As typified by many sandstones and slates * * *
(8) As typified by many limestones Cutting and Splitting Disaggregation of rock mass
Elame jet Mechanical Wedges
Explosives saw Plugs & Feathers Plugs & Feathers
Stitch drilling Diamond wire Excavators Excavators
i et ; Diamond wire saw Blackpowder Mechanical saws
" fural Block Size Distribution saw Circular saws Diamond wire saw Channaelling
(N ) Drill and broach Channelling Wire saws
Drill and broach
Stitch drilling

Minjf\g optimization to recover

the ximum blocks Stone Building Stone, Rock Fill_and Armourstone
in constructon (M._R._Smith, p498, 1999)
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1978)

T h d = ff t Table 1 Parameters used to characterize discontinuities and methods of data collection {1978 and current)
e I e re n Parameter Current methods

Traditional method (International Society for Rock Mechanics

fypes of A
Discontinuities/
Joints and e

suggested e
characterization

4. Roughness

5. Wall strength

6. Aperture

7. Filling

8. Seepage

0. N of sels
10. Block sire

{A) Compass and clinometer method
Compass and clinometer

Clino-rule of 50 m

(B) Photogrammetric method
Reconnaissance survey equipment
Phototheodolite and tripod

Control survey equipment
Sterzoscopic plolting instrument
Measuring tape. min 3 m
Compass and clinometer

Measuring tape. min 10 m

{A) linear profiling method and JRC (Barton and Choubey

1977)

Folding straight edge of at least 2 m. in mm
Compass and clinometer

10 m of light wire, marks at 1 m
(B) Compass and disc-clinometer method

Clar geological compass

Four thin circular plates
(C) Photogrammetric method: same as (1)
Geological hammer with one tapered end
Strong pen knife
Schmidt hammer: ICS
Facilities for measuring the dry density of the rock
Measuring tape of at least 3 m. graduated in mm
Feeler gauge
‘White spray paint
Equipment for washing the exposed rock
Measuring tape of at least 3 m. graduated in mm
Folding straight -edge. at least 2m
Plastic bags for taking samples
Geological hammer with one tapered end
Strong pen knife
Vizual observation
Air photographs, weather records

Based on (1)

Measuring tape of at least 3 m. graduated in mm

3D point clouds

3D laser scanning (Jaboyedofl et al. 2012; Riquelme et al.
2014)

Digital stereo-photogrammetry (Haneberg 2008; Lato et al.
2012)

SIM (Torda Bordehore et al. 2017)

D point cloeds

TLS and ALS (Slob et al. 2010; Oppikoferet al. 2011
Riquelme et al. 20135)

D point clouds

TLS (Sturzenegger and Stead 200%a; Oppikoferet al. 2011)

3D point clouds (Rahman et al. 2006: Haneberg 2007;
Oppikofer et al. 2009; Khoshelham et al. 2011: Lai et al.
2014)

Photographs (Alameda 2014)

Profiles (Tatone and Grasselli 2010}

Infill scale-independent classification (Ortega et al. 2006)

Hyperspectral imaging (Kurz et al. 2011)

TLS (Sturzenegger et al. 2007; Vivas et al. 2015)
Photographs

Digital Photogrammetry

Thermal images (Vivas et al. 2015)

Based on (1)

3D point clouds

TLS (Sturzenegger et al. 2011}

SM (Ruiz-Carulla et al. 2017)
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INPUT AND OUTPUT PARAMETERS
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* Sife presentation and | g
field measurements

eTo group discontinuities
Imfo main families, different
methods of grouping them
In sets can be used.

Geostatistical analysis: define

arameters of the statistical law of
rientatioh and the statistical law ‘d\“\'\es o \ 1 //J\\///\/\\N/\
spacing and their parameters. ynce® oM SN N
o 0\9“‘ % 1l g

* 8D model of rock mass:
simwlgtions stochastiques with the ||~
RE§OBLOK -

* Rasults and Conclustion: analyze |-
nflugnce of the regrouping on I
nstabjlity parameters [ i Bla |
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3/mains types of survey:

-| borehole surveys,

-/ scanline surveys, and

areal surveys.

NpUt parameters such as:

Discontinuities( fracture orientation,
fracture density, spacing, trace length,

L W\

Strong Moderate Weak

Uncertainties of input parameters

C:
orientation
x=dip dim.

L
number of

J: filling
type, width

N

Influence of per-

sistence of discontinuity on
the degree of fracturing and
interconnectivity
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The structural data

eo®

{5\‘? d\(e’ orth direction
B Dip
P Scanline’s trend
/V 3/ a
- > N AN
Discontifuity N
surface

Field méosuremen’rs, different stations, using scanlines

Section Drift face / \ / scanlines

0 xtl) xt2 / xt3 xv/ xt5 | *17

Scanline

Scanline method of discontinuity survey
W
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The structural data

» The data of disconftinuities and their parameters are usually acquired via:
ore logging, scan line, window mapping or other methods.

> Orientation of a discontinuity: dip angle (B,). dip direction (ay).
>|The frend (a,,) and plunge (B,):
a,= agy* 1807 (0° < a,<360°) and B, = 90°- B,

Dip
direction

NZ

> The normal of a plane by a unit vector X'(u,, u,, U,) in @
Cartesian coord/'na’re system:

.\

‘

= cos(aty) cos(By)
u, = Sin(an) COS(BH)

L u, =sin(,)

A

1
L— POLE VECTOR

(Dips, 2003)

used lower hemisphere Schmidt net to
represent the orientation data in this paper.

(Dips, 2003)
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Uncertainties of input parameters:

' The grouping of discontinuities info main families (with different methods):

and => jsodensity curves of poles in stereographic net.
and => counting techniques and sought to minimize an objective
function.
and => the algorithm of fuzzy k-mean.
and => the vector quantification, directional data are grouped into separate isotropic
clusters and at the same time the average dip direction and dip angle are calculated for each group.
and ; and => the spectral clustering
approach with a simple measure of similarity between normal unit vectors in the spherical space.
Spectral clustering algorithms group points using eigenvectors of matrices from the orientation data, etfc.
Numerouys cases, the number of families is defined in advance, while the
decision is subjective and can depend on " the operator

i

1. Grouping "automatically”, method was named PSMY beause it combines and develops
S.Priest (1993); Shanley and Mahtab (1976) Mahtab and Yegulalp (1982): PSMY

(Nguyen2014)

2. Grouping "automatique” intfo K famillies (K of the PSMY method) with a spectral
method of grouping (Andrew, Michael, & Weiss, 2002; Jimenez-Rodriguez & Sitar, 2007).

| W
3. Using Dips software of RockScience (2003): it is possible to group the discontinuities in

fhe main family around the zones of high density of fracture and thedgpoundaries of the
groups are chosen by the user of the software.

LW )
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Field measurement, using
scan lines

(o, By, card)

Np = {(aq, Bn, cardl), (ap, Pp, card2),..., (o, Pav, cardN)}
(a4 Bo)

ag = o T Angle to be added

Pa=Pr
N = {(ar, Bar), (. Baz)s -, (@aw P}

(o, Bo)
=0+ 180°with (0°< o, < 360%)
P= 90° B4
X (uy, uy, uz)T
u, = cosa, cosf3,
u, = sina, cosf,
u, = sinf3,
I}
Geostatistical analysis 8 (0°< 8 <90°)
c=1-cosd

S is the probability (P) taken equal to 0,05 where S = ¢
_ ¢ e Newey

P(>tc)=1 —ijoj—!

tet PGt Q)< S.

I

8, = arccos|XT - X|

I

=> p "dense points” are thus reached

I

Grouping in the same set the classes such as the acute angle between the centers are
lower than &

Grouping all the non-dense points, which are inside the & angle of a dense point, are
allocated to the group of the dense point.

K classes. somme discontinuities can be without a set

0

‘iz(i(iiz(j) =_(uxi =)+ (g — y)? + (U — )2
XXX KD

¢ ={(ai,Bi),i =12,...,m}

X = (Z{LK/:}FE?L Yi/m, 32, Z;/m)

F(P) = X)L, 5,7, d*(X4), %) + B3 By d2(X0 )

I

F(P) & Min => Nf

I}

Nm and Nf

I

Statistics of the different
families

The average orientation of the family,
The coefficient of Fisher;
The spacing ; etc.

Flowchart of PSMY method grouping

=
reference hemisphere

The distances
intra-classes are
minimized

P(=t, ) /,/’

The distances
‘inter-classes are
maximized

An « objective function » based on the Huygens (Picard,
1999) decomposition as suggested by Shanley RJ,

Mahtab MA (1976)
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PSMY
method

Field measurement, using
scan lines

(o, By, card)
N = {(ag, Pa. cardl), (ap, P, card2),..., (o, Bay, cardN)}

(aias Ba)

oy = oy + Angle to be added

Pa= B¢

N = {(aaq, Ba), (@@, Ba),-.., (Gax, Pa)}
(0, Bu)

=g+ 180°with (0°< oy, < 360°)
Ba= 90°- Ba
X (uy, Uy, u,)T
u, = cosa, cosf3,
u, = sina, cosf,
u, = sinf3,,

SPECTRALE

method

Field measurement, using
scan lines

I}

Geostatistical analysis

8 (0°=8=90°)
¢=1-cosd
S is the probability (P) taken equal to 0,05 where S = ¢

P(>t,¢) = 1- 3,0
ta P S)< S,

(o, By, card)

N = {(oq, Pa, cardl), (ap, Bp, card2),..., (. Pav. cardN)}
(og, Ba)

aq = o + Angle to be added

Pa=Ps
N = {(aa. Ba). @a. Ba).. .. (Can, Ba)}
(o, )
=0+ 180° with (0°< o, < 360°)
Ba=90°- B4
X (uy, uy, u,)!
u, = cosa, cosf3,
u, = sina, cosf,

u, = sin3,

|

I

Geostatistical analysis

8, = arccos|XT - X;|

I

=> p "dense points" are thus reached

I

Grouping in the same set the classes such as the acute angle between the centers are
lower than &

Grouping all the non-dense points, which are inside the § angle of a dense point, are
allocated to the group of the dense point.

K classes. somme discontinuities can be without a set

0

‘iz(i(i:i(j) = (uy = )% + (g — uyy) 2+ (g — uyg)?
X (X1, Xs,.. Xi)
€ ={(ai,pi),i =12,..,m}

Xe = (X2, Xi/m, X2, Yi/m, 32, 7;/m)
N P S
F(P) = ﬁlziildz(xﬂx,-)+2f"=}1 5?1:1+1d2(Xi'Xj)

6 =0.09-0.5
P, x)=1- (XTi-Xj)
7d2(xi,x[-)

The affinity matrix : 4;; € g DA;=e 2% siiFjetd; =0

i

Define D as the diagonal matrix whose (1,1)th element is computed as
the sum of A
3 [ =D2Ap1?

K= Nf
Compute the K largest eivenvalues of L:

> V[V, V... V]
il

Form the matrix U from V by normalizing each row of V

= Vi
> 0= vV

[

1

F(P) & Min => Nf

I

Nm and Nf

I}

Statistics of the different
families

The average orientation of the family,
The coefficient of Fisher;
The spacing ; etc.

=

of PSMY method grouping

PSMY method  Nf |

Cluster such points (the rows of U) into K= Nf : K-means algorithm.

[

Nm and Nf

4

Statistics of the different
families

The average orientation of the family;
The coefficient of Fisher;
The spacing ; etc.

Flowchart of SPECTRAL method grouping
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Statistics of the different families

The statistics of orientation of fractures was detailed by Peaker (1990)
and Priest (1993) or Hommah & Curran (1998)=> the same value

The distribution of the poles according to a given direction is usually
adjusted by Fisher distribution via the coefficient of Fisher (K).

y 7__.L\\. 2 T ceinciden! pokes /
: R=N=7.0 ¢
v

Mean vector calculation

scontinuity spacing can then be calculated
ithin each disconfinuity set, and is generally fitted
negative exponential, log-normal or gamma, etfc
ending on their mean (m) and standard
de&Xiation (o).
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If the directions are uniformly distributed on the upper hemisphere, the probability density function (pdf)
associated with a surface element ds 1s ds/ (27). Expressed in spherical coordinates as the surface associated
with d6 and d¢ 1s ds = sin6 d6 d¢, the bivariate pdf of the polar coordinates 6, ¢ referred to the reference
sphere is expressed by uniform distribution, such as:

£(6,0) = %sin@ 0<6<mn2 0<¢<2nm (1)

with 6 (dip angle). ¢ (2r - strike azimuth) are independently distributed, ¢ 1s uniformly distributed on
[0,27], and cos® uniformly distributed on [0.1].

Fisher distribution is an 1sotropic nonuniform distribution, the pdf of the polar coordinates (6°, ¢’)
referred to the reference sphere 1s:

f(e,¢") = L ksingy exp (kcos6") 0<0’<m 0<¢’<2m )
With k 1s a concentration parameter: for k = 0, the mass 1s uniformly distributed; for large k, the mass is

2 ek—e—k
concentrated on a small portion of the sphere around the pole of the mean direction. It can be estimated k
and used to check whether the bivariate distri]bution of (6, ¢) such as truncated Fisher.




Automatic Mapping of Rock Mass Joints Using UAV Technology: Case Study

The intersection of any of the basic models with a line provides a 1D Poisson process (Priest 1993).
Successive spacing 1s independent and follow an exponential distribution.
e—}lx(;{x)k

P(k,x) = S0 (3)

If the total event discontinuity frequency 1s A, can be shown that the probability P (k, x) of exactly k
events (discontinuity intersections) occurring in an interval of length x, selected at random along the line
(Scanline surveys). The probability of zero events in an interval 1s found by setting k =0, giving P (0, x) =
g™ /

If fractures cannot be considered as infinite at the scale of the study, the distribution of their size largely
determines the frequency of intersection and hence the mechanical behavior of the rock mass. In practice,
it 1s not possible to observe the exact size of a fracture. A 2D survey, however, provides the trace length
distribution, which linked with the fracture size distribution. But the experimental histogram of trace length

1s affected by several biases that have to be corrected. For a fixed 3D fracturation density, there 1s a better
connectivity with a few large fractures than with many small ones.
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Baecher (1978) Veneziano (1978) Dershowitz (1978) Combination: (Lin et al. 1987;
Jing 2000; Lu 2002)

N magdels: Warburton (1983), Heliot
(1W88), (J/ing 2000, 2003) |

]
(initial block) |

l [
TtZ

1 v ni— discontinuity planes
111, 111 -block numbers

a)
RESOBLOK (Heliof 1988) N
N

(Jing, 2000).
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1 ) Fracture Measurements
(orientation, spacing, length, fracture ends ...)

determinist measurement (piloft site)/
scanline measurement (prediction)

v

2 ) Fracture Analysis (DIPS, STAF, PSMY)
(family of orientations, fractures organisation rules,
adjustment of fracture parameters to statistical laws )

3 ) Representation of the fractured rockmass
(RESOBLOK, LMGC?0)

determinist simulation (validation) /
stochastic simulation (prediction)

standart version (hierachic rules) /
new version (+ fracture length)
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RESOBLOK was developed by LAEGO and
INERIS, Ecoles des Mines de Nancy. Heliot
(1988), Asof(1991), Baroudi (1992), Korini (1995),
errien-Shoukatchoff and al. (2012), Nguyen
T and al. (2014, 2015). RESOBLOK is a discrete
fracture network (DFN) code which couples
eometrical block system construction and an
iferative stability analysis based on limit
quilibrium stability analysis according a vector
nalysis method initially proposed by Warburton

Two models exported from a
scenario file in RESOBLOK (a) and
LMGC90 (b) three discotninuities
sets using the colour signify: one

colour/set

is a software dedicated to the modelling
and the numerical simulation of dynamical
problems made of large collections of rigid or
deformable bodies interacting through
interaction laws (Frictional Contact for example,
etc.). LMGC90 infroduced and developed by J.J.
Moreau (1988) and M. jean (1999). LMGC?0
is Open-source software with its source
code made available with a license in University
Montpelier ll, France.
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CASE STUDY

discontinuities

4.5 m

13 with a selected surface for dhdl'y'si'sﬂ

(c) (d)

was talculated using 30
ours to enable higher
ence of the principal
orientations (i.e.,
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(@) - (b)

D581 - eluwied 6

O
Distance; : dhraction of shike
13.347 m i of dis

.
{d] 05 1 - cluster 10
O
& 5 .
e rirarsices o wrdka
ol of i £

(e)

e .l E= Ly v
i

(3419/399); D=-7.0553
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E Surface Properties - Surface2
Information ]Deﬁmt\on Analysis 1Stat|st\cs ]

Analysis type:
|:| Preview

Slopes
Legend
‘E} Slope v

Ranges

Number:

Range Details
Scale scheme to fit

(=]

Minimum Slope Maximum Slope

0.0414%
2.0321%
3.7643%
6.2281%
10.5967%
19.4402%
31.6135%
45.1938%

2.0321%
3.7643%
6.2281%
10.5967%
19.4402%
31.6135%
45.1938%
532.5543%

[ RN T T I U =Y

oK

[ G TN TR G TS G G O U A G G
NSO ©0®~NOO RN ©RNDO AWM =

Scheme: Reds

A

1299025,617
1298475,751
1298486,987
1298481,348
1298463,133
1298559,656
1298564,919
1298579,053
1298567,680
1298937,328
1298957,239
1298950,070
1298935,451
1298927,833
1298927,815
1298944,896
1298923,120
1298914,121
1298967,182
1298960,418
1298970,908

E

B

656710,729
656114,756
656125,353
656146,382
656146,606
656283,097
656269,204
656264,673
656293,336
656554,581
656550,323
656563,857
656567,805
656561,187
656571,309
657664,937
657574,639
657602,484
657615,953
657429,782
657422,661

87,328
54,058
54,213
56,653
60,141
94,123
89,060
85,450
95,642
77,575
69,646
71,934
78,515
82,812
83,165
46,207
45,077
45,278
45,920
45,850
46,087

ction Views

Azi(deg)
167,85916
222,80165
337,07959
154,45978
139,97878
159,53336
160,21419
161,15325
153,83105

93,75287
76,89867
9411777
84,12185
99,39953
87,60321
216,23797
219,39203
234,59552
260,17807
3,49186
3,45720

slope(deg)

18,79360
2,60256
0,65974

1467175

21,63658

14,67175

22,04049

21,72653

12,96925

25,95064

15,06102

23,17973

20,67012

37,74856

28,83745
0,95484
1,18047
1,00691
0,45141
2,09990
2,09990

4



Stereographic  projection  of  lower
hemisphere Schmidt net:(a) plot of
discontinuity data of the 11 scanlines (one
color/scanline);(b) manual groupings in 3
and 4 main sets with DIPS method:
Dips(Ni)_casel with about 50% of the
points belonging to no familyGasc-Barbier
et al. 2008; Dips(Ni)_case2 with about 41%
of the points belonging to no family; and
15% of the points belonging to no family in
Dips(Ni)_case3 with 4 main setsic) 3
mains families using PSMY method; 47% of
the points belonging to no family(d) 3
mains families with spectral methode) 4
mains families (experimental) with spectral
method; (f) comparison of the pole of sets
according to the spectral method, tle
proposed value is 0.21 for these two cases;
and (g) comparison of the various methods
of grouping by the pole of sets. The PSMY
and spectral methods were computed in
Mathematica.
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CONCLUSIONS

» The three grouping methods were applied to a rock cut “Case study”
and the statistical parameters of the families were computed from 856
measured discontinuities from “Automatic Mapping of Rock Mass Joints
Using UAV Technology”.

» Three ouping methods of discontinuities into main sets were
presented. Each method has its advantage. PSMY allows determining
autophatically the opfimal number of families to be adopted, but a
proportion of discontinuities belongs to no families (47% in the
application case). The spectral method attributed each discontinuity to
a/family but the number of families has to be given (possibly from the

revious PSMY method) and the grouping depends on a factor o
hose sensitivity was investigated in the present study. The "manual”
method using DIPS software is convenient and useful; it can allow
taking info account qualitative and geological informatfion on datq,
ut it is broadly dependent on the users skills and experience
omprehension, and can give variables results.
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