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Joint Roughness Measurement Using
Shadow Profilometry

M. H MAERZY
J. A, FRAWKLING
C, P. BENMNETTI

The shadow cast by a ruler or string reveals g rovghmess profile across a joint
swrface. If the rock is smooth, the edge of the shadow is straight, and if rough,
thie shagdow is irvegular, The image can be vecorded on video tape, digitized by
an image anpdyzing micrecomputer, then processed to ivolote the shadow edge.
Farameters of royghness can then be cainifoted and displayed.

Thiv photoanalysis method compares faveurabiy with the aften awlward and
impracticad mechanival and optical technmgies of roughness meanrement, In
& series of laboratory and field cxperiments, the authors have investigaied
errors resuleing from vartations of fluminarion and image processmyg, Resulis
demonsirate thar with reasonable precoautions. the results can be veproduced to
within about 5% af the full roughness range.

Roughnexs paramefers conpey in o guantitative manner the meaning of
tomoath T and CroughT, and arve weeded g5 a basis for prediciion of shear
strenpth wud otfier propertiex. The many availahle alternative paramelers,
borrowed from fields of electromics, acoustics and mechanical englneering,
runge from simple measures of amplitude, wevelength and slope, o more
commplex sivchastic, frequency domain and fractal anaplies, These are re-
viewed, and oriteria for seflection discussed,

Shear strength models hased on roughnesy include those of Pavton, Ladanyi
arid Archambardt, and Barton. Barron™s JRC f5 nol g geameiric property: i
mnist be extimated either front shear testy or by comparing a rough foint with
the publisfed standard set af comparator profiles. Visww! comparison &5 found
to be wnveliahle. Better vesults con be obtained by digitizing the siandard
profifes wong the method described in ihis paper, and reloting JRC to a
measirehle guaniity, the roughmesy prafife index, R, The regression equation
refating JRC 1o R, comipares closely with ihe same form of cquation
determined bv direct correlation of the results of shear testing and roughness
e e T,

INTRODUCTION

Measurements of jeinting using tape measures, geologi-
cil compasses and profilographs are slow, and oflen lead
to engineering designs based on statstically inadequate
samples of the data.

Photounalysis techniques provide a mote practical
altermative [1 3], Images of the rock are digitized
from still photographs or video tape, then enhanced o
measure roughness. orienlation, spacing and  tace
length. A quick survey of a ming by video camera can
record much of the information on jointing needed for
rock mass classification and analysis of stability. The
same method can quantify the results of Blasting, includ-
ing characteristics of overbreak and fragmentation,

FUndversity of Wagrloeo, Oatario, Camida.
£5hell Onl, Culpary, Alberts, Canada.

Measurement of roughness is the focus of this paper.
Il roughness can be measured reliably, characteristics
such as shear strength [4-6] rock mass deformability
[7-9] and hydraubc conductivity [14, 11] can be predicted
for use in design,

TRADITIONAL METHODS OF MEASUREMENT

Mechanical methody

Measurements of roughness arc well-cstablished in
mechanical cngineening. particularly at microscopic
scales, and include contacting methods, taper seclioning
and optical technigues [12-14],

Among the contacting methods, mechanical or elee-
tromic stylus profilometers give precise measutements
along a traverse. Deflection of the stylus is recorded as
a Tunction of position. Less direct contacting methods



¥l

include tactibe tests, measurements of kinctic or static
Friction using a rolling ball (similar o the Gl test of
Barton and Choubey [135]), and measurements of the
compliznge of 4 metal sphere with a rough surface [14].
On a larger scale in avil engineering, the roughness of
a road surface = measured dyvnamically using a vertical
accelerometer [§6]. Taper sectioning, a method of metal-
lurgy, consists of cutting across & surface at a low angls
o 1o physically amplify the height of asperities by
col o [14].

Cintival metfods

Optical methods mclude lighl sechion microscopy,
interferometry,  speckle metrolosy and  laser pro-
flometey.

Light section microscopy [17] illuminates a rough
surface with a thin slit of light at an angle of 45 The
surface is observed at 907 from the direction of llumina-
tion. The projected slit appears as a straight line if the
surface is flat, and us a progressively more undulating
line as the ronghness of the surface increases.

Interferometry [13] and speckle interferometry [18] use
the interferenee frimges prodoced when monochromatic
and lascr light are reflceted off a rough surface and a fag
reference surface. The fringes are contours of roughness
al a contaur mterval of ahout ane-hall’ the wavelength
of the light used. The technique thus can be used only
fisr guite smoorth surfaces,

O o larger scale, ocean wave profiles have hesn
measured by reflecting laser light off the surface of the
waler [19].

Megstromrenrs in pock mechanies

ISRM Swggested Methods for the Quansitarive De-
seriprion of Discemiimeitics i Rock Masees (2] include
three techniques for measuring joint roughness, namely
profilometry [21, 23], compass and dise clinometry [21]
and photogrammetry [23],

Profilometry can be a manual measurement of the
distance between a reference line and the rock. or an
electrical one, with the help of a transducer. Delicare
apparatus has to be mounted on the joint surface, and
much time is often spent at difficult and danperous
locations. Roughness measurements on plastic replicas
of the rock surface may be safer, bul are usually less
convernient.

As an afternative, Barton and Choubey [13] recom-
mend cstimating roughness by visually companng rock
joinls with a secies of 1 standard profiles of known
roughness, o method investigated and discussed later in
this paper. The rooghness profiles are classified in terms
of JRC (oint roughness coefficient) which (s aciually a
measure of shear strength, not of the geometry of
roughness directly,

THE SHADOW PROFILE TECHNIQUE

Memering nringiple

The intersection of a plane with a 3-D rough surface
produces an rregular line whoss waveform is a linear
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{2-I) measure of roughness. When the intersection is at
right angles, the rodghuess waveform becomes a true
roughmesy projife, 1o @ cross-scction through the surface.

In the taper sectioning method outlined above, actual
physical slicing produces a wavelorm. A low angle of cut
amplifiecs the roughness as an aid to messurement,
Similar amplification can be achieved using the Schmaltz
microscope method also ouilincd above, but here the
planar “cul™ is provided by a negrrow slit of Light without
physically slicing the surfage,

In the method of shadow profilomerry, a planar
inferscction s provided by the edge of a shadow cast
arte the rock surface from a straiphtedge. If the rock is
stmonth, the shadow edge iz straight, and if rough, the
shadow is irregular. Figure | gives a simple lhustration
using a piece of corrugated cardboard.

With illumination at 457 to the surface, the height of
the shadow is the samc as the height of the asperity, With
other angles of (llumination, the true asperity height is
magnified ar diminished, and a correction factor must be
applicd if’ a true roughness profile is to be oblained from
meagsorements on the shadow waveform. Angle of illumi-
nation s caleulated Mrom the length of shadow cast by
a “shadow post™ of known height, as shown in Figs 1,
2 and 6.

Sowrce of ifuminarion

The portable equipment required to record roughness
in the fiebd includes o light source, a straightedge shadow
bar, and a video camera (Fig. 2).

The sharp shadow needed For precise measurement is
abluined, ideally, with a point source of light. Feal
sources have a finite sive and tend to give a blurred
shadow unless they are both bright and distant. In
practice, the light should be as small. as bright, and as
far from the surface as possible. If the lighting is diffuse.
the shadow can be sharpened by placing the straightedge
closer to the rough surface.

For video camera fleld work, brilliant illumimation s
provided by & portable baltery-powered spollight. The
authors ure wsing o General Elgctrc Q4559 PAR 46,
28 W 450 W guarte—halogen aircraft landing/taxiing
lamp, whose parabolic rellector has a 507 horizontal and
117 vertical spread. The lamp is powered by a Concorde
CB-24-11M lightweight, 24 ¥, 17 AH vented lead-acil
aviation hattery,

The single lamp gives an intensity of dlumination
that fades towards the edges of the image. The image
analysis seftware described below compensales for un-
even lighting. but even then, the usable zone of illumina-
tion is limited to aboul a 3 m radius, sullicient in most
applications.

For still camera work, an clectronic flash gives a small
and brilliant source during the short mterval of flm
exposure, and is lightweight and convenient. A supple-
mentary, conlinuous and low-intensity light should be
mounied alongside the flash te permit focussing of the
camera and adjustment of the angle of iilumination.

When available, sunlight gives sharp shadows and a
uniformity of illumination that s hard to malch with
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close-up artificial ighting, Unfortunately. sunlight tends
i be unrehiable. s diffused by cloud cover, and the angle
of llumination cannot be adjusted.

Strangiviedoe and sotoliol

Using a sundial with a shadow post of known heighi

in the picture, the length of shadow pgives the angle ol

incidence of the lighting, and the sundal’s diameter or
the length of the steaightedge gives Lhe scale, The sundial
[ace should be white te contrast with the shadow, and
can be marked with cireles 1o help set the correet angles
of illumination

For sampling lengths no greater than aboul 1m, a
siraightedpe of the type shown in Fig. | with intepral
shadow post s convement. Greater lengths require a
surveyor™s pe, stretched string of longer rigid straight-
edee with separate sundial in the field of view, as shown
in Fig. 2. Straighiness and closeness of the string or tape

1o the surface of measurement are sometimes dilTicult
13 CSUrS

Cerrera

A haghly sensitive camera allows measuremenls over
a greater parl of the illuminated area. reduces the
requirement for brillant lighting and heavy batleries,
and makes the equipment as a whole more portable.

[he authors use a Panasonic Omnivision PYV.5350-k
video camcorder {camera and recorder), with 400 lines
off resolution and with NTSC video output. Minimum
illumination is | 1x. The storage mediom is 5-VHS
video tape.

Alternatively, the image can be stored on photo-
graphic film. with the benefit of fash lighting. 5till
cameras give greater resolution, but this advantage s
lost when the photograph is later digitized by a wvideo
camera in the laboratory. Use of a video camera in the
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field eliminates this double-handling and detetioration of
the image. suves time amd expenss in photographic
processing, and allows the user to seleel an image from
muny frames stored in compact video tape format,

Povage amerdvifs lardware

The anatopue image from video tape. or from a video
camera scanning a still photograph, must be converted
tova digitil image Using un appropriate “frame grabber”
idigitizer). The authors use a PCVISIONplus frame
grahber and imags display buffer, which has a resolution
of 512 % 512 » 256 The frame buifer resides in 4 micro-
computer with either 80256,7 or 803867 processors and
numerical coprocessors. Graphical ocutput is provided
by an EGA/NVGA adapter and the PCVISIONplus
Frame buller.

PROCEDURE
Sumpling the Joint svstem

The joml system =t any given location consists of 2
population of joints that may clusier inte subparalie!
sets, Joint roughness estimation calls for three levels of
sampling: sclection of representative joints, selection of
4 sampling line and scleetion of points along the line
The first two arve at the discreiion of the engineer,
whereas the last level of sumpling is controlled by the
hardware that scans the recorded image.

Sampling of joints must take into account that differ-
cnt sets are quite likely 1o have different roughnesscs.
and that roughness may also vary within a single set at
different locations, For examphe. some beds o a sedi-
mentary tock muy he sheared and slickensided, and
others separatcd along micaceous o shaly partings.
These variations in roughness are reflected by a spectrum
of shear stengihs, The sige of sample, .. the number,
positions and directions of profiles, depends on the
required  accuracy und reliability. Access s often
difficult. Serious sumpling biases cun  resubt from
sumpling only where convenicnl,

The dircetion of the sampling line needs to be varied
in a syslematic or random manner taking inle account
the possihifity of anisotropic roughnesses such as those
of ripple-marked beds or plumose tension joints. If a
seale eflect s present, suniple images are also needed al
different scales of obscreation,

Availability of & simple and quick measuring tech-
nique makes it possible 10 investigate each of these
ellects, amd to determine the appropriate sampling
frequencies, locilions and dircctions.

Angies af camra aned fighiing

The camery should be wimed at right-angles 10 the
rock surfnee, Tlowever, Lhe measurements aré not very
sensitive 1o Lhis perpendicularity, and an error of 57 gives
un error of less than 1% in the rooghness measurements.
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A 45 + 5 angle of illumination 15 recommended when
feasible. Errors cuused by incorrect measurement of this
angle are then at a minimum. High angles ol illumina-
tion give short shadows, hence poor accuracy. Low
angles give greater accuracy. but al very low angles, the
shadows cast by asperities tend o interfere with the
shadow cast by the straightedge

Sumpling the vecorded image

Digitizing an image requires sumpling a1 predeter-
mined intervals in a 2-D grid The vertical sampling
interval is set by the spacing of video scanlines, The
horizontal scanling, being a continuous analogue signal,
can be sampled at varioos rates, limited only by the
bandwidth of the signal. Typically a horizontal resolu-
tion of §/256. 1/512 or 171024 of the image width is used
by digitizers,

A profile should fill the screen: using the author’s
digitizer, a 100 mm profile occuples most of a 312
pixcl-wide image, giving n sampling interval of 0.2 mm.
A 10m profile has a sampling inwrval of 20 mm if
analyzed from a single image.

According to Nyguist sumpling theory [24], Frequen-
cics greater than twice the sampling rate will not be
resolved, and may ferthermore cause aliasing i the
digital signal. Typically, aliasing is avoided by the use of
an analogue low-pass filter. Inevitably, the sampling
process becomes a bandpuss lilter where frequencies
higher than twice he sampling rale are lost. Low
frequencies alse are lost because wavelengihs longer
than the field of view can nol be represented.

Higher [requencies can be sampled by wooming in
during the image acquisition stage, st the cost of losing
low frequencies. Lower froquencies can be samplad by
zooming out, al the cost of losing high frequencies
Several images can be merged edge-to-edge {forming #
mosnic) 1o inerease the sampling of lower frequencies
without the loss of higher frequencics, In this manner
there is practically ne bimit Lo the resolution that can
be obtained.

Filwering

Because the sampling grid of an image digitizer is
relatively coarse, straight hnes ofien tend to appear
stepped in digital form {2 phenomenon known as alfay-
img ), The stepped line bolh looks and meusures rougher
thun the straight line that it represents.

The amount of aliasing depends on the angle hetween
ihe line and 1he (horizental) scanning direction of the
imupe digitizing camera. 1t is most pronounced when this
angle is about 22,5 and 67.5 | for the above-specificd
hardware. For this reason, the shadow 1o be digitized
should be aligned ncarly parallel with the scanning axis
of the video camerd.

A digita! smoothing filker, applicd along the length of
the stepped line after it bas been extracied from the
digita! image. reduces this imposed roughness, but ul the
same lime removes real roughness @l high tequendcies,
Some smoothing appears advaniageons, und usually has
litlle detrimental effect.
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Dugital smoothing i achicved using a five-point
Ciaussian moving average Aler. which recalculates the
amplitude of a point on the digilized shadow edge by
the following formula:

p=006y ,+028y |,

+0323, 4028y, +006p,.. (1)
where »# 15 the amplitude and {5 the position along a
profile of constant « spacing. This type of Hliering is
selected mainly for its tendency to subdue single-paxel
spikes or impulses, and sdges or steps such as aliasing.
However, i also removes any real roughness at that
scabe, and can only be used if the roughness signal to
be measurcd s oof muoch greater amplitude than the
unwanied noise.

Tmgge aradvsily software

Afer digitization, the image of the shadow is com-
posed of o matriz of 312 » 480 pixels each with one of
256 groy wnes. The imuge is processed by computer to
isolate the shadow-cdge and caleulate true ¥-Y coordi-
nales and roughness. The following are the stages
of analysia:

|. The scale of the image is calibrated by matching the
abserved length of the scale bar to its actual length.

2. The angle of incidence &, between the illuminating
ray and the normal to the rough surface, iz caleu-
lated as tan '{x/p) where v is the known height of
sundial post and x is the observed length of its
shudow,

3, The prey tone image is converted to a binary {black
amd white) nage by thresholding, The threshold
level is adjosted until the shadow becomes black,
and the parts of the image not in shadow hecome
white, a5 in Fig. Ha).

4. The waveform is solated by stripping all bot the
lower edge of the shadow from the threshoided
image. Figure Ha) shows the shadow edge superim-
posed on the original image, which provides a test
of the fidelity of edge isolation.

3.A ling-Tollowing routing is used o “walk™ the
length of the isolated shadow waveform, recording
ils X ¥ coordinates.

f. The wavelorm is smoothed Lo reduce the aliasing
(pixel step effect) introduced by digitizelion. A
fve-point Gaussian low-pass (moving average)
filter is used.

7. The waveform is converted into a roughness profile
of true amplitude by correcting for angles of illumi-
natlion olher than 4537, The observed amplitude of
the shudow 15 multiplicd by cot @ where ¢ is the
angle of illumination as defined above,

B, The centreling of the profle s defermined by fhe
least-squares method, sunimizdng the mean sguarg
deviation. 1 the centreline 18 not  completely
horizontal, it and the profile are rotated nto a
horizental attitude.
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Y. Parameters o characterize the roughness arg
selected. calculated and displayed alongside a
graph of the wavelorm. as in Fig. (b

EYALUATION OF SHADOW PROFILOMETRY

Tmitial triafs ar Hemle Mine

The techmique was first evalvated underground in
MNoranda's Hembe pold mine in Onlario, Canada, A
video camera augtented By sull photography was wsedd
to record 91 roughness profiles, which were then gng-
Iyzed. The profiles included three joint sets at five
locations and with different base lengths and orienta-
lions.

Analysis of variance tests showed a significant differ-
ence: in the roughness of the three sets. and different
roughnesses on the sume joinl for profiles in different
directions

Sourees of error

Potential sources of error include those associated
with illumimation of the roogh surface such as vanations
in the angle of illumination, intensity of lighting. sensi-
tivity of the camera and reflectivity of the rock (dark-
ness, werness, dustiness and uniformity of colour of
the surface).

A further photographic variable is parollelism be-
tween Lhe cumaers’s “horizontal™ scian line and the edge
ol the renghness shadow, With sill photogeaphy, this is
unimportant because the photo print can be rolated
when re-scanned in the lehoratory. With direel use of o
video camera. however, any lack of alignment will
introduce aliasing which a5 noted above, augments the
measured roughness.

Variables introduced ai the image processing stage
imclude operator subjectivity in picking an appropriate
threshold level,

Lehoratury fmvestigation of ervors

T evaluate the maportance of these sources of etror,
the roughness of a joimt face in schist from the Hemlo
Mine was measurad in the laboratory under o range of
conditions.

Errors were evaluated with reference to the roughness
profile index K. a parameter defined later in this paper,
This parameter varies from | for a completely smooth
surface, 1o about |25 for a very rough rock surfuce (a
value of 1,35 was measured for corrugated cardbosrd)
Errors werg determimed w5 a percentage of the maximum
expected range ((h25) Similar evaluations were made
with reference (o the RMS roughness parameter, with
similar results that are not reported here.

For cach investigation &, was measured both for the
raw data, and for the same data smoothed by & Gaussian
digital filter to remove aliasing.

Effect af fght miensivy. surfoce speekiingg and wernesy

The Hernlo trals bad shown that enderexposed pro-
filzs pive unrealistically high values of & . The reason
was suspected to be that in poor highting, dark grains in
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Fig. 3. The effiects of varying light intensity, surfuce weiness and colour
o messuremnants of roughness: an expesure value (EV) of % represeols
it badly wnderenposed imigee | —4 F-stops in g photographic metering
syslian) 17 represents o badly cverexposed mmage {equivalent o +4
F-atepsl. EV = |3 05 i ¢OMTect cRposure.

the rock Blend with the shadow, adding to its apparent
roughness, Confirming this, black dots placed along the
length of a shadow on a smooth white surface were
found 1o merge with the digitized shadow-edge, which
appeared rougher than it should. The speckled pattern
and henee the “artificial roughness” was enbanced when
the roch wos wet.

To investiguie the various hghting etfects, & sampling
profile was illaminated at 45" and the intensily of a
0 W light source was varied (o give images ranging
from highly-underexposed to highly-oversiposed.

The experiment was repeated three times, brat with
o dry specimen. then with the surface moistened by
spraying with o mist pump. then spray-painted white.
The position of Lhe straightedge shadow bar remained
unchanged.

Underexposed images were found to give a shadow-
edee with poor contrast, dificult to isolate during image
processing, tending to merge into the dark rock. The line
representing the edge of the shadow undulated more
than the true edge of the shadow.

Highly overexposed images gave gooed contrast bul &
shadow wilth a mottled appearance, leading to some
difficulty in selscting & threshold level during image
processing.

Best results were obtained with proper to moder-
ate overexposure (up to 2 Fe-stop overcxposure in
a photographic metering system). Figure 3 shows
thal the measurcd roughnesses of dry, wel and white-
puinted schist all tended o a constant value for light
intensitigs in this range (700-28001x, for this par-
twular lighting arrangement). Errors were reduced to
scceptable levels of & and 3% for uniiliered and filtered
profiles, respectively, compared with errors as pgreal
ag 74% over the entire ramge of possible illumi-
nations. In practice the entire range need not be con-
sidered: the authors have experienced no problem in
routinely achicving an exposure value in the correc
range.

The expsrniments confirmed that wel surfaces appear
rougher than drey ones, partieudarly in poor lighting,

and that white painted surfaces appear smoothest of
all. The smoothness of the painted surface may. how-
ever, be partly caused by the film of puini coating the
surface.

Angle of incidence of the lghiing

A geometrically undistoried rouphness profile is
created when the angle hetween the light source and
the mean plane of roughness is exactly 45, As it s
incomvenient to ensure 45 illumination in the field, the
actual angle of illumination is recorded in the image,
and then the shadaw trace is corrected (rotaled) to give
a true profile.

In theory, with this rotation the calculated rowghness
values should be independem of angle of incidence. |n
practice, however, some variation has been noted. There
are at least four possible causes:

I. With decreasing angles of incidence, the undulation
of ihe trace rcduces until its apparent roughness 1s
just a few pixels in amplitude. The amplitude of the
reughness signal approaches that of “noise” such
a5 caused by aliasing.

. With increasing angles of incidence, the edge of the
shadow moves away from the shadow bar and the
sampling line moves to a slightly different position.
This effect is probably not systematic and wouid
give more or s random variations.

3. With increasing angles of incidence, less light is
reflected, and the dark shadow dees not contrast 50
sirongly with the brightly-lic rock. Dark grains
increasingly are confused with the shadow edge,
giving greater apparent roughness.

4, At high angles, close to grazing incidence (not
investigated in this experiment), the shadows cast
by asperities tend 1o merge with the shadow of
the siraightedpe, making the profile appear
rongher.

Fd

To quantify this, an experiment was set up where the
angle of incidence of the light was varied from 35
10 15" by raising the lamp without moving the specimen
or the straighledge. Actual angles were calculated during
the image processing stage. The results (Fig 4) showed
an exponential increase n apparent roughness with

1.90 =
1,28 p
1.30
4 2%
1,20
115

1.4

Rgughnass profite index (Rp)

108 "

‘H‘"‘?——\

] 1 |
0 21 -] L[] el &

Incident Light angle {degrees]

il e e I |

Fig. 4. The effen of zngle of illamination on measusements of
Toughness,
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decreasing angles of incidence. The potenrnial error can
be summarized as follows:

Anglk of light 20 s 30—y ) H
Oiriginal trace (%) o) 22 %
Filtersd irace (%) e 4 1

This lcads the authors o conclude that the error
resuliing from variations in angle of illumination can
be held to witkin about 5% by mamtaining this angle
at 43+ 5. Variations of +10° probably will not
greally increasc the error, und even larger variations
might be tolerated If the image magnificution is
sufficient to give roughness amplitudes of at least 10
pixels.

Chaice af’ thresfedd level

To estimate the subjective error when choosing a
threshold for shadow-cdge isolation. a single shadow
profile of the schist surface was analyzed for threshold
grey scale intensities in the range 12351 A, the complete
range possible Far that image.

Al low threshold values. the shadow edge became
discontinuous, whereas at high threshold values, the
shadow edge tended 10 merge into the illuminaed rock
joint surface. Tests showed that in praciice, a threshold
in a much narrower range was casily selocted, provided
that the shadow contrasted well with the rock surface,
Only a small range of grev tong thresholds, in this case
between 150 and 160, could be chosen. vven by an
inexperienced operatar. Ereors for the full range and the
more limited and probable range of selected threshold
values, with and without filtering, were determined as
follows:

Euntire Optimuier

range range

125 175 150 L&D
Original draee (i 11 2
Filtered trace (%) 1 I

With some care in setting the threshold, the errors from
this source were very smull,

Measuremenis on a compleiely smooth surfuce

A completely smaoth surface should of course register
zero roughness. However, an a discretized raster image,
straight lines only appear smooth when aligned in the
herizental, vertical and diagonal directions. Any rota-
tion of the line from these four attiludes increases Lhe
apparent roughness because the line i stepped as a result
of alissing. Because it is difficult to keep u shadow profile
exactly horizoniul in the camera’s field of view, a slight
refation is always preseat.

For this experiment, the digitization of a com-
pletely smooth trace was simulated by drawing straight
lines at various angles from the horizontal wsing the
mage analysis system. Figure 5 shows the results. The
error in R, increased sharply for small angles of
deviation from both the harizonial and the diagonal.
R, was al o maximum hualfway between horiconlal
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and the diagonal. The errors for selected angles
were:

Ange of the Irace

(rewn the horirontal 5 n L
Crngmal trace (%) 13 2l 3l
Fillered tracs (%) 2 2 [

‘The cxperiment confirmed an errar that was practi-
cally eliminated by applying a Gaussiun low-pass filier,
showing the cause to be aliasing (a pisel effect). How-
ever, application of a filier to a relatvely smooth joint
profile will climinate net only the noise, but alse the real
roughness. The solution appears to be firstly 1o adjust
the relative orientabions of shadow profile and cemera
sean line until they are within a few degrees of parallel,
and secondly. when measuring relstively smaooth sur-
faces, to ensure sufficient magnification so that a few
pixels of aliasing will not be sufficient to mask the true
roughness,

Srcule effecis

Experiments were conducted o investigate scale
clects both in the measuring technigue, and in the
roughnesses of the joinl surfaces themszlves. The mea-
suring techinique was found 1o be free of scale effects
provided that aliasing was rendered insignificant by
using an appropriately magnified image. For lack of
space in the present publication, joint roughness scale
effects will be reported separately.

Reproducibility of a single measurement

Sefting the above variables (0 within the optimum
range, the reproducibility of the shadow profile method
was tested as follows. Continuous foolage was taken
with the cameorder of a dry schist joint face with
a moderate overexposere. The footage was divided
inlo nine segments by wrning the light on and off,
Images in each segment were digitized and analyzed
identically.

Mine more images were taken with a Vidicon CCTV
camera and digitized directly without recording them an
video lape. Additionzlly, images were digitally averaged






Fig. &, Laboratory cquipment lor measuring the roughness of a joint surface culting a picce of granitic core: (a) cantera; and
(b elose-up of rock and shadow bar.

lor two, Tour and eight frames. Four tests were done for
cuch level of averaging.

The crrors for taped, live and averaged images were
determined us lolows:

Averupe  Average  Average
Imuge 1vpe Taped  Live (2} (4) (3)
COrriginal
trawe (%) w ¥ 4 4 6
Filtered > 3 | I 4

trave {a)

The results sugpest that unalyses of live images are
marginally less error-prone than taped ones, and that
reproducibility can be improved by frame averaging and
by filtering. Overall reproducibility of the technigue,
wilh reasonable precautions, is ¢stimated as better than
+ 5% of the full range of roughnesses.,

Comparison with mechanical profilometry

A fracture surface running the length of a 325 mm
dia piece of core (Fig. 6} was analvzed that had
previously been measured by Derck Elsworth and
Andrew DPiggott at Pennsylvarmia Stale University
using a mechanical profilometer. The mechanical
measurements had, for convenience, been on a 3 x
Smm grid, Shadow proflle measurements were made
along the identical grid lines (spaced 5mm apart)
but at a sampling interval of 0.684mm along cach
ling.

In an initial comparison, every seventh data point was
used in the culeulation of roughness, resulting in a
sampling interval of 479 mm, close to that of the
mechanical profilomeicr. A pair of typical profiles is
shown in Fig. 7. The mechanical profile (R, = 1.008) is

Mechanical profile

L 1Q0em J

_————— e T

Shadow profile

L 10em |

—
b T T e e A

Fig. 7. Comparison of roughness profiles oblained by shadow and mechanical profilometry: the mechunical profilometer
tsampling interval 5 mm) tended to suppress the higher roughness requencics. The sumpling interval along the shadow profile
was 0.684 mm.
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simifar to the shadow profile (&, = LOL1Y, but appears
und measures smoother.

Using each data point from the shadow profile re-
sulted in a much grealer estimate of roughness
(R, = 1.3, This increase in apparent roughness with
increased resolution 5 common o any  roughness
measure, and 5 deseribed by Mandeibrol [23] in the
classic “How leng is the coast of Britwin?® problom.

ROUGHNESS PROFILE CHARACTERTZATION

Trtrlug i

The 2-D waveform of a ronghness profile is perhaps
easier 1o see and to interprel than o 3-1 rough surlace,
bt 15 still 1oo complex and qualitative to be of much use
a3 it stands. For purposes of predicing the effects of
roughness on, say, shear strength, the waveform must be
further simplified and characterized in terms of one or
several numerical paramelers.

Roughness profiles ure waveforms, so are analyvzed
using methods similar 1o those for processing electrical
signils. The methods range from simple measurements
of amplitude, wavelength and slope. to more comples
stochastic and frequency-domain analyses. The results
range rom single constants to paramefers that are
functions of one or severul variables,

Amiplitnde parameters

The scale of geometric irregpularitics {waves) is
sometimes broadly classified into lwo or more cate-
gories, although these are perhaps urtilicial rather than
natural divisions. In rock mechanics, roughness has
been categorized as unevenness {small irregulurities
damaped during shearing) and waviness (larger ones
that cause dilationt [20]. In tribology, four orders
of roughness have been identified, based on their
genesis [14],

The Following amplitude measures are described in
Arrerican Standards [13]:

i, The muximum peak to walley roughness height

(A, ) or waviness height (B} measures the ver-

tical diswnee between the highest peak and the

[owiest valley,

The levelling depth (Rt messures the vertical dis-

tance between the highest peak and the cenireling

ol the profile.

3. The 10-point height (R.) measurcs the average
vertical distance betwoen the five highest peaks and
five lowest valleys.

d. The average peak-io-valley roughness {(R) is the
average of all indwidually measured peak-lo-
valley heights,

i

Some of the slightly more sophisticited measures arc
of the type that determine some statistical amplitude
mensuIemant,

1. The Swedish height of irregulanties measures the
vertical distance containing 90% of the points on
the profile, symmetrical about the centreline,

ROUGHMESS MEASUREMENT

1

2. Skewness measwres the symmetry of the profile line
about the centreling.

3 Kurtosis measures the distribution of heights from
the cenlreline.

The root mean square roughness (RMS) is a measure of
average devialion from the centreling, In discrate form;

[ 112
BEME =| - L
5]

n =number of evenly-spaced sampling points,
1 =amplitude of rampling point about centreline.

(2)

where:

Twe varations of this are the ceatreline average (CLA):

cLA =1 ¥ v, o)
Ly
and the mean sguare value (MSY) [26]:
Msv -1 5y (4

L

Wavelength paramelers

The following measures of wavelength are also
described in American Standurds [13]:

1. The average spacing {A,) is the average measured
spacing between cach adjacent peak,

2. The bearing length ratio (#,) measures the pro-
portion of the length of the profile that has posi-
tive amplitude values above a presclecied vertical
distance from the centreline.

3 The method of peak counting [27] simply gives a
count of the number of peaks per unit length.

Slape parametery

The root mean square of the first derivative ol the
profile [28] s & single-parameter measure that character-
izes a profile based on its average slope:

1w i _
Zy= [m EI ':'1}‘;]'] (5}

where:

# = number of cvenly-spaced sampling points,

dx = distunce between points along sampling ling,

dy =distance between poinis mormal to sampling
line.

Another parameter is ihe roughness prodile index
(K.} defined as the ratio of the true length of a frac.
ture surface trace to its projecicd length m the fracture
plane [29].

A third slope parameter of roonghness, introduced
here, is the micro-average / angle (), defined as:

Ll :
e f
i n}EJ”i" (6)
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where:

s — number of evenly-spaced sampling points,
I = inelimation angle batween adjacent points along
sampling line.

Myvers [28] alse intredduced the £, parameter, the root
mean sguare of the sccond denvative of the profile,
which is a measure of curvalure:

) I n . : : 5 11k
le[fa(dr}.—d.r, T L y—dy, '}] 6

The £, parameter, & measure of the directionality of the
roughness also defined by Myors [28] is

_ Yodx ) — ¥ ),
YN ).+ S (dy)]

(5

wherne:

= positive slope,
n = negative slope.

FPover spoeciva

Roughness can he characterized by spectral density
functions. where the profile, a8 an analopgue of 4 time
series, is represented in the frequency domain, Spec-
tral density functions can be represented by Fourier
transtorms of the original prefile data. by Founer
transfommns of 4 previeuwsly calculated correlation func-

tiom, o1 by bandpass filtering, squaring and averaging of

the signal [28].

Stoefavife maeifinds

Stochastic methods, in broad terms, incorporate prob-
ahility density Tunctions for input into analytical models
The smplitude of a roughness profile, for example, can
he presented in werms of 4@ mean amplitude component,
plus a rundom amplitude component,

Stochastic methods are bused on the assumption thai
a profile is a random, siationary process, This implies
thut roughness is independent of postion along the
fenglh of the profile. and of direction. Thus rough-
ness measured inoa small domain is valid for the entire
surlave [30]

The awlocorrelation function (ACF) describes the
dependence ol amplitude at one location on the ampli-
tude at @nolher localion separated by a constant lag
distance §;

| Mo
ACK = —— X ri— Yo, (9)

I

=1
where:
i =number of evenly spuced sampling points,

r=umplitude of the sampling point about the
cenireling,

The strocture function (SF 3 1] has an advantage over
the ACF in that it is independent of the mean plane and

can be computed over only a portion of the profile
without the loss of statistical significance [32]:

=il (10}

Fracral dimension

Fructal dimension [25] provides a measure of rough-
fiess for profiles thal are sell-similar froctal objects. A
profile is selfsimilar if its shape is the same at all scales
of obwervation. To be representzd as a fractal object,
roughness therefore should be independent of the scale
of obszrvation.

The fractal dimension of a profile can be calculated
by counting the number # of “yardsticks™ of length r
needed to cover the profile. This measurement is re-
peated for various lengths of #. The fractal dimension D
i3 evaluated by the cxpression:

” dillog,rl

_ T dilog, =)
The fractal dimension D has a minimum value of 1 for
d perfectly smooth profile and a maximum value of less
than 2 for an extremely rough undulating profile. In
practice it 15 calculuted by plotting # by # = r on log-log
paper and equating the slope Lo | — D,

1-D 1)

Sedectinn oriterio

Roughness parameters help convey in a quantitative
manner the meaning of werms such as “smooth™ and
“rough™, and allow prediction of charactenstics such as
shear strength that depend on roughness. Communica-
ticn ameng engineers and geologists becomes easier if
some measure of standardization ean be achieved in
selecting which of the many parameters to use. To make
4 choice, the following factors should be taken into
consideration:

[a) the parameters should be insensitive to the
technigues of measurement, giving reproducible
determinations;

ity they should faithfully represent the roughness,
permitting regencration of a swrface of a similar
roughness to the one from which they were
derived, given only the purameter values,

{c] they should if possible be simple to visualize, and
to relate to meaningful physical characteristics and
behaviour:

{d} they should allow prediction of mechanical prop-
eriies such as shear strength, if possible with use of
cuasling models;

{e) i two or mone paraneters are selected, they should
have a low intercorrelalion, e they should repre-
sent independent charactenistics of roughness 1o
avold redundancy.

Clearly the selection requires some compromise. The
simplest meaaures, such as the single-parameter ones,
record anly part of the roughness picture, Measures that
best represent the geometry of roughness, such as spec-
trul density, tend to be difficult 1o visualize and compare
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guaniitatively. In addition, some of the methods require
assumptions of stationarity or scale independence.

The authors have completed a preliminary imvestiga-
tion to determine which parameters are correlated most
closely with shear strength. represented by Barton™s JRC
standard waveforms, As might he sxpected, the stope
parameters have tended 1o give the closest correlations.
These investigations are sull in progress.

PREDICTION OF SHEAR STREMGTH

Photoanalysis offers a simple way to predict the shear
sirength of rock joinls, assuming that a correlation can
be established between roughness measured directly. and
the parameters of a published shear strenpth criterion.

Fatton’s shear sivength criferion

From Patton’s model [4] comes a bilinear peak
strength envelope, where roughness, defined as the incli-
nation angle of the asperities on the joint surface, plays
an imperlant roke for small displacements or low
normal stresscs:

T =, tan{g, + i) £12)

whers;

t = peak shear strength,
a, = normal siress,
P, = ultimate tciion angle,
i = inclination angle of the asperities,

For this idealized model, roughness is related o the
inclination angle {f) of the teeth of a sawlooth surlace.
When applying the model to real rock joints, {5
measured as the rise angle of asperities which occur at
many different scales. The § angle used is normally the
one perceived to have the greatest effect on the shear
strength. McMahon [33] recommends measurement of §
on asperities whose wavelength is 2% or more of the
potential surfave of sliding. The Patton model offers a
method for “scaling up” laboratory tests to take into
aecount large-scale waviness.

Ladany and Archambault’s curvilinear model [3]
applies to bath high and low normal stresscs by consid-
ering separately the shear stresses on the surface arca of
imntact asperities and on the area of sheared-off asperities.
For low normal stress, where roughness plays a role, the
model reduces to Palton'’s lincar model as above.

Another roughness parameter, R, can be used in a
Fatton tvpe model. Turk and Dearman [34] have sug-
gested that it is related to Patton’s ¢ angle by the

following equation:
f=vos! —I
L 5 .

Measurcments of ¢ angle can be made by photo-
analysis secording to whichever definition is preferned.
Beeause of a potential scale dependence, the buse length
of measurement should be simied. The micro-average
i-angle, defined earlier in this paper. could be used for
shear sirength prediction in 4 Panon type of model.

(13}

ROUGHNESS MEASUREMENT L1

although it is imtended more as an index property that
measures the average inclination angle, irrespective of
asperity size.

Barton’s JRC

Barton's curvilinear shear strength eriterion for rock
joints [6] is expressed as follows:

=g, wn[JRC log(dCS/a, ) + o], {14)

where:

T = peak shear sirength,
a, = cffective normal stress,
JRC = joint ronghness coefficient,
JCS =joint wall compressive strength,
@, = base friction angle,

The name “joint ronghness coefficient™ is perhaps mis-
keading hecavse JRC is pot a messure of roughness
geometry, but of shear strength, it s an cmpirical
parameter in a shear strength equation. It cannot be
measured directly, but must be cstimated either from
shear tests on mated rough swerluces, or by visually
comparing ¢ rough joint with the standard set of com-
parator profiles published by Barton and Choubey [13],

Redasion between Paiion and Barfun’s modely

Pattem’s and Barton’s models for rock joints can be
egjuated to each other, giving

$.+ i = IRC log(ICS/a, ) + b, (15)

Assuming further that o, = ¢, (ultimate friction = base
friction angle} pives:

i = JRC log{JUS/m, ). {16}

In the special case wherg FCS/a, = 1 not an unusual
situation in natere, the result is that:

[=IRC, {17

Eetimation of JRC frome pubfivhed signdard profiles

Estimation by visually comparing a joint profile with
a set of published siandards [15] was found 1o be
unreliable in a test in which two graduate studenis and
three mining engineers participated, The subjects were
asked 1o estmate JRC by visually comparing the stan-
davds with 124 profiles obained by shadow profilome-
iry. The profiles were from three joimt sets, sumpled i
sire and by coring, and ranged from 50 to 200 mm in
length

The visual estimaies o JRC values in the range 1 18
were in orror by an average of +3.61 JRC units 95% of
the time. Also there were systematic differences between
subjects. The spread of average JRC values for all five
subjects was 1.4 JRC units.

Avoiding the subjectivity, betler results might be
obtained by digitizing the standard profiles, measuring
their geometric roughness, and correlating one or sev-
eral roughness parameters with the published JRC
values. This was tricd by Tse and Cruden [32], who used
manual digitization, OQur attempts to duplicate their
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Fig & Cormelatiom between 8 and JRC (4] obiained by phetoanalysis of (e type-profiles published by Barion and Choubey
fe5) and (bl determined from laboratory tll and direed shear tests on samples of schist Trom the Hemlo Mine

results with o manval digitizing pad were disuppointing.
The measurements depended on the operalor and the
steadiness of the hand that truced the profiles.

Cireatar success was achicved by substituting photo-
analysis for manual digitization. The standard profiles
were digitized and geometric characteristics computed
in the manner described above, Lincar regressions be-
tween the reporicd JRO values and the geometric
chatactenstics were then exanuned. The closest cor-
relation (Pearson’s product moment corrclation ¢o-
chicient = 0984} was obtained with the roughnoss
profile index (R, ). Figure 8{a) shows the plot of JR-
Cwvs R,. From the regression cquation, the following
relation was found:

JRC =411 (R, — 1}, (1%)

Direct corvelation between roughness and JROC

In a further experiment, roughnesses measured by
photoanalysis were compared directly with JRC values
caloulated from shear tests on the same specimens.
Corcs and blocks 50 3040 mm in size were sampled from
the Hemla Mine by personnel of Noranda Mines
Roughness was measured by the shudow profile method
siv times on each of 12 specimens, which were then
subjected to tilt and direct shear tests.

The closest correlation (8 = 0.973) was obtained with
the roughness profile index (&b Figure 8(h) shows the
plot of TRC vg &, The following relation was found by
lincar regressioss

JRC =401 (R —1). (19)

This compares guite ¢losely with equation (18] given
above, derived from the published standard profiles.

CONCLUSIONS

Shadow profilometry has been evalusted both in
a mining and a laboratory contesi. Tt i @ siraightfor-
ward and reliable method, Using this and related rech-
nigues of phatoanalysis, a survey of a mine by video
camera can provide much of the information on jointing
nocded Tor rock mass classification and analysis of
slabality,

Onverall reproducibility, witk reasonable precautions,
is cstimated as belter than +5% of the full range of
roughnesses, and can be improved by magnification, by
frame averaging and by fltering. Lighting should bhe
sufficient, and ideally the angle of illumination should he
45+ 57, Imapge magnification should be sufficicnt Lo give
roughness amplitudes of ar least 10 pixels, and the pro-
Blg should fill the sereen. Analyses of live images are
marginally less error-prone than of taped ones

Roughness parameters help convey the meaning of
“gmooth™ and “rough®”, and permil guantitative predic-
tiong of such propertics as shear strength. Alternatives
range from simple measurements of amplitede, wave-
length and slope, Lo more complex stochastic and
frequency domain analyses. Few of these are in com-
mon use in rock mechanics, and the ones most used
are not necessarily the hest for characterizing a joint
or for representing its mechanical or hydreaulic be-
haviour.

Estimation of joint roughness by visually comparing
a joint profile with a set of published standards was
found 1o be wnrelinble, Visual cstimates of JRC values
im the range 1-18 were in error by an average of £3.61
JRC units 93% of the iime. Greater success was achigved
nsing JRC =411 (& - 1), where R i measurcd hy
photognalysis, A similar telation was found by cor-
relating JRC estimated by photoanalysis with direct
measurements of shear strength.
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