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ARMA e-NEWSLETTER

SPRING 2015

SPECIAL ISSUE: Imaging and
Remote Sensing in Rock Mechanics

Early in 2014, the ARMA Publicutions Committee undertook a hew ini-
fiative: using Specidl Issues of the ARMA e-Newsletter us u platform
for publishing fechnical hotes on specific topics of wide interest o the
membership. The first Specidl Issue on "Geomechanics of Hydraulic
Fracturing in Shale Formuations” (May, 2014) wus received with greut
enthusiusm. Encouraged by the positive feedbuack, we dre publishing
u second Specidl Issue of the e-Newsletter; this time on the theme of
“Imuyging und Remote Sensing in Rock Mechanics.”

With their hon-destructive und non-contact nature, imaging and re-
mote sensing technigues have uhiyue udvauntuges in helping us better
understund rock deformation und fuilure mechunisms on the luboruto-
ry scule us well as on the field scdle. In this specidl issue, we include four
contributions. Kos und Amman illustrate the use of u portuble radar
inferferometer for u cuse study mMonitoring rock block stability. Lin and
Labuz discuss the applications of speckle methods, such s electron-
ic speckle puttern interferometry (ESPI), und digitdl imuge correlation
(DIC), in luborutory experiments. Kusperczyk et dl. present u grid-bused
opticul method for meusuring fracture extension und opening in U hy-
draulic fracturing experiment. Findlly, Benton ef dl. describe the use of
photogrammetry for monitoring underground mining environments.

We hojpe that this specidl issue would sfimulate your interest in these
novel techniyues for both resedrch and practice in rock Mechanics
und rock enyineering.

Pleuse feel free to send us comments und sugyestions regyurding this
issue, und Specidl Issues of the ARMA e-Newsletter in generdl, Sugyes-
tions of hew topics for future Specidl Issues dre dlso welcome.

Address your comments to: bhaimson@wisc.edu
Haiying Huung.
On behudlf of ARMA Publicutions Committee
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american rock mechanics association

Invitation to San Francisco

he American Rock Mechuanics Association invites you to its 49th US Rock Mechanics/Geomechanics Symposium, to

be held in San Francisco, Cudlifornia, USA on 28 June-1 July 2015. The 2015 program will focus on hew aund exciting

advunces in rock mechunics und yeomechanics. Sun Francisco is one of the country’s most dynamic cities. Home
to some of the world’s most innovative compdanies (Silicon Valley is hearby), San Francisco is knownh for its beautiful hills
and views, its world-cluss restaurants, and its sophisticated culturdl institutions. The symposium will be held at the Westin
St. Francis on Union Syuare in the heart of the city. This yeur, ARMA is pleused to offer childcure services for participunts
who may want to bring families to enjoy Sun Francisco.

Papers, Posters, and Other Features

The symposium techhical committee selected 366 puapers from over 650 dbstracts. Forty-eight technical sessions are
plunned over three full days. The sessions will feature rock mechanics und geomechunics presentations on petroleum
enyineerinyg, mining engineering, civil engineering und interdisciplinary topics. Presentations will include posters and
podium deliveries. The popular ARMA Trivial Pursuit competition will tuke place, alonyg with the Career Center display for
employment opportunities.

Two short courses are offered: Rock Fracture Process Modeling Using FDEM, and InSAR and lts
Application to Mining. Three one-day workshops are included: Workshop on Geomechanics in Unconven-
tiondls for Industry Professionals: From Characterization to Production; Workshop on Digital Rock Physics Derived Rock
Mechuanics Properties; and Workshop on How to Give un Effective and Enguging Presentation.

Three technical tours are scheduled: Faulting in San Francisco Bay Area Tour; Sun Francisco Bay Geoloygicul Engineering
Tour with Dick Goodmun; und the Geysers/Nupu Valley Techhicul Tour. Speciul events include mujor leugue busebull,
various city landmarks, socidl activities and other attractions.

Keynote Speakers
The Symposium will fedture u lineup of provocuative und interesting spedukers for keynote addresses. The list will include:

e Jumes R. Rice, Mdllinckrodt Professor of Engineering Sciences und Geophysics, Harvard University, will lead off with the
MTS Lecture on the topic: “Thermo-Poro-Mechunics
of Shear Locdlization in Rupidly Sheared Granular ﬁ

Rock.” m

o Kute Hudley Buker, Retired, BP und ExxonMobil, on -
“Some Thoughts on Rock Mechunics in the Oil und
Gus Industry.”

o
-
B

PEI

o Christopher Murk, Principul Roof Control Special-
ist, Mine Safety and Health Administration on “The
Science of Empirical Design in Mining Rock Mechan-
ics.”

o Steven Gluser, Depurtment of Civil and Environ- E E
mental Engineering, University of Cdlifornia, on

“Friction Mechunics, Onset of Sliding, und Luboruto-
ry Quukes.” - — e ——

Join us. For more information or ear-
ly registration, use website www.armasymposium.org
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Characterizing Rock Slope Deformations With a Portable Radar Interferometer

ByAnhdrew Kos, Terrasense Switzerland Ltd, (Werdenbery, Switzerland)/Institute for Geotechnicdl Engiheering, ETH (Zurich,
Switzerlanhd), and Floriah Amman, Geologicdl Institute, (ETH Zurich, Switzerlanhd)

Introduction

Terrestrial radar interferometry (TRI) uses phuse coherent, imaging radur technoloygy und interferometric methods for meusuring sputial de-
formations at high precision for yeoloyicul und yeotechnical applicutions. The gyenerdl techhigue involves the use of radar sensors that
actively emit u phuse coherent signal in the form of u microwuve beum using d redl uperture untennu. A humber of different radar imuging
technigues are used for terrestrial radar inferferometry. These include the use of dish-shaped (Reeves et al 2001), synthetic aperture (Levu et
al 2003) und slotted waveguide antennae (Werher et al 2012). Regardless of the imaging technique, the emission of a phuse coherent signal
is u prereyuisite for determining changes in differential phuse, und hence the meusurement of deformution. The busic principle of interfer-
ometry involves the subtraction of phuse from one radar imuge to another. (For further detdils concerning terrestrial interferometric methods,
the reuder is referred to Cuduff et ul (2015)).

In this contribution, we outline u cuse study of un unstuble rock block where deformations were imuged using un innovutive, redl aperture
portable radar interferometer. The presented cuse study demonstrates the utility of high resolution imaging of spatial deformations, which
support the churucterization of rock slope behuavior and fuilure mechunisms.

Portable radar interferometry

The portuble radur interferometer used in this study is a Ku-bund (17.2 GHz) redl uperture FMCW system consisting of one trunsmitting und
two receiving antennae (Figure 1) (Werher et al 2012). Movement is measured dlong the radar line of sight (LOS), with a measured precision
as low us 0.2 mm (Caduff et al 2014). At ranges greuter than ~1,000 meters attmospheric perturbations may affect the data gudlity, however
a runye of dutu processing strategies muy be employed requiring specidlized knowledye to revedl the characteristics of the radur signals
representing rock slope deformation.

Rudar imuges ure ucyuired by rotating the antennue around u central uxis. The field of view is programmable to 360 degrees und rotution
velocity is 10 degree/sec. In practicul terms, rapid scene acyuisition allows for (1) highly coherent radar images with high datu gudlity, (2)
coherent tracking of fast Moving objects (e.y. ~0.3 mM/sec), relevant for hear redl-time mMonitoring involving critical failure, and (3) stacking
many imuyes to reduce utmospheric effects.

Figure 1. Examples of u portable radar interferometer mouhted on a heavy-duty survey tripod (left) and on da simple 18 x 18 cm
stuinless steel plate (right).

Case study: Rock block instability

The study site is lurge rock wall consisting of Gneiss (H ~300 m, L ~600 m), which hus been the scene of severdl block fdilures in recent yeurs,
the largest of which occurred in 2007 (~3,000 m?) followed by two smaller events in 2008 und 2009 (< 500 m?) (Kos et al 2011). A lurge unstable
block undergoinyg proygressive failure (~3,000 m?) remains particlly attached to the rock waill. In 2013, un earth daum was constructed by the

rouds authority to protect the adjucent stute roadway from future block fdlls.
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Characterizing Rock Slope Deforme

Figure 2. Rudur interferometric deformation map projected into
a high resolution 3D point cloud from laser scanhing. The mag-
hitude of deformaution is 4.0 mm within a 3 month period. View is
towurd the southeust, deformations in the hegative direction are
towurds the radar instrument.

Rudur interferometric meusurements were undertaken as part of
resedrch project into rock fall release mechanisms. The radar instru-
ment wus mounted on u heuvy duty survey tripod, which was lev-
elled und centered with respect to u fixed reference point. A totdl of
7 cumpuiygns lasting 3-4 hours were ucqyuired between March 2010
und November 2011. The distunce between the radur und the meu-
sured object was ~600 meters.

An inferferometric deformation mMap is shown in Figure 2, derived
from three meusurement cumpuigns undertuken over a three
month period. The deformation Mup hus been projected into U high
resolution three-dimensionul point cloud from laser scanning (Figure
2) und u high resolution photogrammetric model (Figure 3). The
techniyue dllows u precise delineution of observed deformution
with respect to yeoloyicul structures und litholoygicul bounduaries.

Figure 3. Detdil of the radar interferometric deformation sighal projected into a high resolution photogrammetric 3D model (left),

contoured deformution field of the unstable rock block (center) und side-looking view of the unstable rock block showing u buckling

mechaunism (right)

Detdil of the radar interferometric deformation sighal is shown in
Figure 3. The deformution field is characterized by more intense
movement to the left of the block, which gradudily diminishes in
both the horizontdl und vertical directions. This puttern indicutes a
dominunt buckling fuilure mechaunism, which is ulso evident from
field observutions (Figure 3). Crackmeters instulled ut three locutions
dlony the left margin of the rock block corroborate the magnitude
of deformution observed in the radur dutu. Severdl environmental
purameters ure dlso being monitored (e.y. rainfull, shallow rock und
ambient dir temperature)

For most instabilities with low deformation rates, the portable radar
interferometer can be utilized for fracking movements through the
implementation of periodic meusurement cumpuighs. An example
of this is shown in Figure 4 where medusurements undertaken at peri-
odic intervals between 2010 and 2011 showed preliminary evidence
of seusonal effects, influencing deformation. In this case, slightly ele-
SPRING 2015, Issue 15

Questions or Comments? Emuil us ut hewsletter@urmaurocks.ory

vuted deformutions dre observed to take place prior to and during
the autumn months when umbient atmospheric femperutures be-
gin fo proyressively cool.

Conclusions

The cuse study presented results of radur interferometric meusure-
ments of un unstuble rock block using u portable radar interferom-
eter. The high spatidl resolution of the radar results combined with
luser scunning und photograummetric-bused visudlization enubled
recoyhition of buckling us a dominunt fdilure mechunism. Periodic
meusurements over ~2 yedrs indicuted seusonul influences on the
temporul deformation field. The results from the portable radar inter-
ferometer demonstrute the utility of the technique und method for
ygeoloyicul und geotechnicul investigutions aund monitoring.
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Characterizing Rock Slope Deformations (continuea

Figure 4. Radar interferometric deformation medsurements showing possible evidence of seusonal influences (left). P1-5 are points
selected in the radar interferometric deformation maps (right).

References

Cuduff, R. Kos, A., Schlunneyger, F., McArdell, B. & Wiesmann, A. (2014) Terrestriul rudur interferometric meusurement of Hillslope Deformution und Atmospheric
Disturbunces in the lligraben Debris Flow Catchment in the Swiss Alps. IEEE Geoscience und Remote Sensing Letters. Vol. 2, No.11.

Cuduff, R. Schlunneyyer, F., Kos, A., & Wiesmunn, A. (2015) A review of terrestrial radar interferometry for meusuring surfuce change in the geosciences. Earth
Surfuce Processes und Lundforms Vol.40, 208-228 DOI: 10.1002/esp 3656.

Kos, A., Strozzi, T., Sfockmann, R., Wiesmanh, A. & Werher, C. (2011) Detection und churucterization of rock slope instubilities using u potuble radar interferometer.
Proceedinys Second World Lundslide Forum, Oct 3-7, Rome.

Levu, D., Nico, G., Turchi, D., Fortuny-Guusch, J. & Sieber, A. (2003) Temporul unalysis of u lundslide by meuns of u ground-bused SAR Interferometer. IEEE Trans-
actions on Geoscience und Remote Sensing 41: 745-752. DOI:10.1109/TGRS.2003.808902

Reeves, B., Noon, D.A., Stickley, G.F. & Lonystuff, D. (2001) Slope stubility radar for monitoring mine wualls. Proceedinygs of SPIE, 57-67. DOI:10.1117/12.450188.

Werner, C., Wiesmunn, A., Strozzi, T., Kos, A. & Cuaduff, R. (2012) The GPRI multi-mode differentiul interferometric radur for ground-bused observutions.
Proceedings, 9" Europeun Conference on Synthetic Aperture Rudar; 304-307.

ARMA Board of Directors. Inthe recent election, the following members were elected to serve on the Bourd of Directors: Loren
Loriy, Joe Labuz, Maria-Katerina Nikolinakou, and Joe Morris.  Further, Derek Elsworth was uppointed to replace Rico Rumos for
the remuainder of his ferm (June, 2017). In addition, the hew officers are John MclLennhan (President), Laura Pyrak-Nolte (Vice-
President), John Curran (Treasurer), und Kate Baker (Secretary).

National Academy of Engineering appointment. Derek Elsworth, ARMA Fellow and a member of the Board of Directors, wds

honored by election to NAE in February. He is professor of energy und geo-environmentul engineering ut Pennsylvaniu State
University (University Park). He wus cited for his contributions to understunding natural processes uffecting flow und transport
properties of fructured rocks.
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Speckle Methods and Their Applications

By Qing Lin, College of Petroleum Engiheering, Chiha University of Petroleum, Beijing, and Joseph F Labuz,
Depurtment of Civil, Environmental, and Geo- Engiheering, University of Minhesotu,

Introduction

Speckle methods use u rundom speckle puttern (Fiy. 1) yeneruted by surfuce structure, haturdlly or urtificially, us u cuarrier to extruct informu-
tion on displacements, and with processing, strains. In this article, two muin speckle methods, electronic speckle pattern interferometry (ESPI)
and digital image correlation (DIC), are explained, and principles, system cdlibration, and applications to rock mechanics dare discussed.

Principles of ESPI and DIC
o Electronic speckle puttern interferometry (ESPI)

Surface structure for most materidls is rough enough to yenerate scuttering of light, such that a speckle
puttern is creuted (Fig. 14). The dark und bright spots are the conseyuences of u lurge humber of su-
perpositions from scuttered light waves. The iradiance chanhges of speckles can be used to obtdin infor-
mation about surfuce displacements on the scale of the light wavelength (Butter and Leendertz 1971,
Macovski et dl. 1971). A typicul setup of un ESPI system is a double luser beum interferometer (Hugyerty
et dl. 2010). It meusures uni-directionul displacement (e.g. x-direction) becuuse the opticul configuration
eliminates the influence of the other in-plane displucement us well us the out-of-plune displucement.

Thus, the x-direction displacement u, can be determined by EPSI: Figure 1 (a): Rundom speckle pat-
_ nl terns, opticul speckles from ESPI
* 2sine M

where nhis the fringe number, \ is the wavelength, and 0 is the angle between the incident beum of light
and the hormual of the specimen surface.

® Digital image correlation (DIC)

ESPI decodes the phuse information in the speckles to produce fringes based on the opftics; in contrast,
DIC is cohceptudlly simple since this technique traces u unhiyue feuature on the specimen surface to
obtuin displucements (Chu et al 1985; Sutton et al 2009). For exumple, a speckle puinted on the surface
(Fig. Tb) cun serve us u turget to determine its movement between two images. However, the irregu-
larity of u speckle makes it ulmost impossible for u computer ulgorithm to identify. Thus, u grid (mx m

pixels) culled a subset, which contdins severdl speckles with u unigque intensity puttern, is selected us
Figure 1 (b): Ruhdom speckle put-

the target, und a reldtively larger area (h x h pixels) culled the region of interest (ROI) is selected us the
terns, puinted speckles from DIC.

sedurching areu. The deyree of similarity between the originul and deformed subsets cun be evaluuted
by u cross-correlation ulgorithm, where the peuk position of cross-correlution values represents the dis-
placed position of the subset. The cross-correldtion function (CC)is defined as the two-dimensional spatial convolution of /and /*

@

where | and I* ure intensity values from the reference und current images r*espec’rively. For a giyen subset, there exists a maximum value of
the cross-correlution function in the ROI, where it sutisfies the conditions X =X+ U, and Y =Y+ Uy . und thus it is possible to deter-
mine the displucement of the subset (u,.u). Note thut DIC meusurements involve the influence of u mugnificution fuctor M, becuuse the
DIC ulgorithm gives the results of displacements in pixels. For a knowh magnification factor M, the actudl displacements can be computed
(Lin and Lubuz 2013).

It should be noted that the two speckle putterns in Fig. 1 ure completely different, even though they look similar. The patternin Fig. 1ais gener-
ated by un interference effect of the specimen surface, while the pattern in Fig. 1b is created artificidlly by codting or puinting the specimen
surface. In uddition, pattern (Q) is superimposed on the specimen surfuce, und more importantly, it may “decorrelate” if the displacement is
large; puttern (b) is glued on the surfuce and it moves with the specimen, since only perfect adherence of the couting material is considered.

System calibration

¢ Rigid body translation
The simplest displacement field is rigid body translation. A block of muterial (Bereu sundstone) wus translated over u known distunce using u
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Speckle Methods and Their Applications

b

Figure 2: Experimentual results from rigid body translation, (a) ESPI
fringe puttern (b) DIC meusured displacement field

Vernier scule with 2 pm resolution. The ESPI meusurements resulted
in a series of purdllel horizontul fringes (Fig. 24), indicuting thut there
is ho displacement gradient across the field of view in the horizontal
direction. The spucing between puardllel fringes is ussociuted with
the ESPI system und the amount of translation. A relation can be
established between the fringe spucing und the frunsiation value,
und system error cun be estimuted.

The DIC meusurements give a set of displacements with respect to
the totul number und distribution of subsets (Fiy. 2b). Since the indi-
vidudl displacement may vary, the average vulue of the displuce-
ments is taken us the meusured DIC value. The system uccuracy
cun be determined by compuring the meusured DIC value to the
induced displacements

15

o

Figure 3: DIC meu-
surements, (<) dis-
placement contours
(b) estimuted stress
intensity factor

10

® Stress intensity fuctor

The crack openiny displucement (COD) neur the crack tip is reluted
to the model stress intensity factor (K) through the classic relation-
ship from lineur fracture mechanics. Thus, the information of COD
that is extracted from the horizontul displucements meusured by
DIC (Fig. 3u) cun be used to compute u meusured K™. Depending
on the distunce from the crack tip, an apparent K can be culcu-
lated bused on DIC meuasurements, and K, ™ is the y-intercept of u
best fit line through the dutu of K . Fig. 3u illustrutes the DIC meu-
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Questions or Comments? Emuil us ut hewsletter@urmarocks.ory

Figure 4: DIC meausurements, (<)
displacement contours (b) opehing €]
displacements ulony the fracture.

surements us contours of displacement
for the loud increment of 2.0 - 3.4 kN for
d three-point bend test on un dluminum
beum. The results of the fracture unulysis
dre shown in Fig. 3b, with the meusured
K™ = 2185 MPa*m'2 aund the theoretical
K '= 2253 MPu*m'2,

u difference of 3%. b

Fig. 3b dlso shows the

results for the load in-

crement of 20 - 40

kN, showing u differ-

ence between the

meusured und theo-

refical value of 1%.

Application to
rock
mechanics

One upplication of speckle methods is o identify fracture initiation
(und propugation) under different louding conditions (Lin et dl.
2009, 2014). As un exumple, u Bereu sundstone beum wus louded
to fdilure in u three-point bend test. Fructure initiation is revedled by
the displacement contours determined from DIC. As shown in Fig.
4u, the reyion between the meryed position of the displucements
und the hotch fip clearly displays u discontinuity in displacement.
Fig. 4b gives the openiny displucements ulony the fructure at var-
ious louding stages. Thus, speckle methods provide high-resolution
information on displucements (und reluted strains).
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Experimental Two-Dimensional Hydraulic Fracture Growth and
Opening Measured Using a Grid-Based Optical Method

By D. Kusperczyk, R.G. Jeffrey, and J. Kear, Commonweudlth Scientific und Industrial Research
Orguanhization (CSIRO), Melbourhe, Australic

Introduction

Continuous displucement often heeds to be meusured during laborato-
ry rock fracture experiments. Popular technigues for optically medusuring
sumple displucement und struin include speckled digital imuge correlu-
tion (DIC) und moiré interference putterns. However, there ure occusions
when the experimental set up is hot conducive to using these technigues
becuause of limited spuce or unfuvouruble light conditions.

The grid meusurement method described here uses u digitul cumeru to

meusure movement of u grid drawn on u rock surfuce to 10x better thun

pixel resolution. The grid meusurement method is simple and effective und

includes udvantages similar to other remote sensing imaging methods

such us non-contuct meusurement, redl-time continuous meusurement,

und sub-pixel resolution. Unlike some other imayging methods, it is eusy to

correct imayge distortion, cun be used in poorly lit spuce-constrained ex-

perimentudl setups, and in instunces where the cumera position may move

relutive to the sumple during testing. Figure 1 — Rock sumple with grid purdllel to the fracture

The method wus developed for meusuring fructure opening of two-dimen- plane. Fracture opening is equal fo the differentidl dis-

siondl hydraulic fractures in rock sumples confined in u true triuxial loud placement of the gridlines on eifher side of the fracture.
frame (Jeffrey et ul., 2015). This experimentul uppuratus is designed to dl-

low for both recording of the fracture puth and meusurement of fructure opening. The hydraulic fracture path is controlled by upplied stress-
es und opehing occurs perpendicular to the fracture puth. Considering the fracture opens perpendicular to the yrid, fructure openiny cun

be culculuted by meusuring differential movement of the ygrid on opposing side of the fructure puth in u single plane (Figure 1).

Method

In experiments such as presented in Jeffrey et al. (2015), a hydraulic fracture
is growh horizontdlly from the centre of u 350 x 350 x 50 mm siltstone sumple.
A 5 mm syuare grid is prinfed onto the rock sumple using u plotter, ulthough
u 10 mMm syuure grid is used in ureus where un unobstructed view is heeded
(Figure 2).

A digital cameru is used to record a video of the grid at 25 frames per second
with d resolution of 1920 x 1080 pixels. The resultunt pixel size for the described
) o ) ) ) cuse is 80 x 80 um. The grid is used to provide u known squdre coordinute ref-
Figure 2 — Gridlines in 5 x 5 mm grid printed on d rock
) o erence to correct for any imuge keystone und buarrel distortion.
sumple. The horizontdl fructure path can be seen origi-
hating from a 1mm thick hotch extending about 12mm To meusure fracture opehiny, the relative mMovement of the centre of each
on the right side of the imuge. gridline is unulyzed. After removing dll image distortion, the video footuyge is
processed by u correlation ulgorithm to locute each gridline. The set of pixels
ucross each yridline are then fitted with a Guussian distribution und subse-

yuenhtly a least-squares fit to calculate the centre of euch yridline.

At uny location dlonyg the fracture puth, the fracture opening is meusured by the differential displacement of two gridlines on opposing sides
of the fructure puth (lubels A und B in Figure 1). Elustic deformation of the rock between the gridliines causes the opening to be underesti-
mauted when meusured this way, but this error is small for the experimentdl configuration used here.
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Experimental Two-Dimensional Hy

Figure 3 — Pixel intensity duta dlonyg u gridline. The five colored
series showhn represent the selected locution and four adjacent
pixel strips to the selected locution. The data dre for one frume
ohly.

Two averaging variables, strip size und imayge stack, are used fo re-
duce hoise und increuse medusurement accuracy (Pan et al., 2009).
Strip size includes pixels udjacent to the target locution to opticul-
ly dither the results. A line intensity chart with strip size of § pixels
(0.42mm) is shown in Figure 3 where each colored line represents
pixel intensity values udjucent to the target locution. Increusing the
strip size purameter increuses the precision of the yridline center lo-
cution. However if aun overly wide strip is anulyzed un error is intro-
duced, since the mugnitude of the fracture opening is not uniform
through the grid.

The imuge stack variable averages the intensity values of analyzed
pixels over u set time period. By using u hulf-second time period, us-
suming 25 frumes per second ure cuptured, 12 imuyes are stucked
toyether to muke two discrete meusurements per second. The im-
age stuck fechnique reduces noise und increuses mMedsurement
accuracy; however, increusing the image stack exaggerates small
errors us the fracture openiny varies with time.

In order to vdlidute the presented yrid meusurement method, u test
bed wus creuted to provide cdlibration displacement measure-
ments. This test bed dllowed compurison of duta from two opticul
methods (grid meusurement and speckled DIC) to direct meusure-
ments of displacement from a Lineur Variuble Displucement Truns-
ducer (LVDD).

The test bed displuced u sumple marked with u 5 x 5 mm grid und
u speckle DIC puttern ut 0.4um per second while recording imayes
at 25 frames per second ut u resolution of 1920 x 1080 pixels. In this
test bed exumple, one pixel represented un area of 180um x 180um.

Results
Optical data from the fest bed cdlibration experiments have been
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Figure 4 - Grid displacement (red) without averaging variables.

unulyzed with and without the use of the two averuying vuriuble
technigues (strip size and image stack). Without using the aver-
ayging variubles techniyues, the long-term linear correlation of the
opticul meusurements provides u close match to the direct LVDT
meusurement. However, the instuntuneous opticul meusurement
results give u poor match to the direct LVDT meusurements with an
instantaneous error of around 80 pm (Figure 4).

Figure 5 — Grid-displacement method (red) compured to DIC
speckle (green), und to LVDT (blue)

When dnalysing the same data using the two uveraging variable
tfechnigues (strip-size = 5, image stack = 12), g good long-term
mutch fo the LVDT duta and much smailler instantauneous medsure-
ment error of ~ 8 um wus obtuined (Figure 5).

Displucement and strain were dlso culculuted with images of u 2D
DIC speckle puttern using Ncorr soffware (Blaber et dl., 2015). The
long-term mutch to the LVDT dutu gives u 20% error und the instan-
tfaneous error was ~ 30 um (Figure 5). All of the dbove results are
summuarized on the following tauble. This error is hot indicutive of the
yudlity of the Ncorr software packuge, merely its accuracy in this
specific experimental setup.
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Experimental Two-Dimensional Hydraulic Fra

Concluding Remarks

The presented ygrid meusurement provides u simple und eusy meth-
od to opticully meusure sumple displucement for cuses where the
displacement is perpendicular to upplied yridlines. The presented
culibration cuse demonstrates that the grid medasurement method
is cupuble of providing uccurate und precise displacement results
through the andlysis of yrid deformations. The suitubility of the grid
meusurement method is however dependent on experimental con-
ditions. If the fracture curves sighificuntly awuy from the grid direc-
tion, the averaging cualculation must be corrected for the change
in relative orientution between the gridline und fracture. A similar
problem cun arise for opening mMeusurements neur the fracture tip
where the opening displacement is small ahd can be lost in the
noise; dlso, averayging pixels neur the fip Muy degrade the meu-
surement since the openiny displacement is changiny rapidly with
position.

Nevertheless, the method described here provides u simple up-
prouch thut can be used to meusure displucement to u resolution

at leust 10 times better than pixel size.
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Using Photogrammetry to Monitor Underground Mining Environments

By D. Benton. M. Boltz, M Ruffaldi, and S. Iverson, Nationdl Institute for Occupdational Safety and Heualth, (NIOSH) Spokane, Washingtonh.

Abstract

Photogrammetric methods ure advauncing rapidly and show considerdble promise us u ground control reseurch und monitoring tool. The
ability to guickly capture three-dimensional geometry in field and laboratory seftings is a significant advancement in deformation monitoring.
Photogrammetry is being dpplied in both settings as part of the NIOSH ground control research program. This paper describes three appli-
cutions of photogrummetry for use in yround control monitoring. First, photogrummetry was used to meusure complete putterns of ramp rib
und buck deformation caused by creep und mining-induced seismicity. The results of this application are being used in a mine visudlization
project. Second, reldtive displacements across seismically active faults were medusured photogrammetrically. Cuse studies dre provided that
illustrate how photogrammetry may be used to supplement crackmeter monitoring systems. Third, photogrammetry wus used in luboratory
tests to delineute the relationship between shotcrete und mesh intru-bolt bulge deformation und residudl support strength. Results of this
upplicution were upplied to field situutions.

Introduction

Photogrammetry systems were implemented by researchers at the Nationdl Institute for Occuputional Sufety and Hedlth (NIOSH) Spokane
Mining Research Division (SMRD) us part of its ground control resedrch to improve mine sufety. Data collection may take s little as a
few minutes, cun be performed ut sufe distunces from huzardous ground conditions, and cun cupture complete yeometry for luborutory
analysis. NIOSH/SMRD reseurchers have demonstrated that photogrammetry can produce millimeter-level meusurements in three different
applications. First, photogrammetry has been used to measure three-dimensional patterns of excavation deformation. The results of this ap-
plication are beiny used to document temporal changes in ground conditions. Second, ground displacement across seismically active faults
wus meusured photoyrammetricully, Cuse studies have shown that photogrammetry can successfully sepurate global from locul ground
movements, thus more clearly describing fault behavior. Third, photogrammetry was used in laboratory tests to establish relationships be-
tween support system deformation and residudl support strength. A series of volume-energy relationships for different support systems is beiny
completed for industry use in ussessing support performance. All three applications of photogrammetry will improve andlysis und response to
chunyging ground conditions, aund in turn, increuse worker sufety.

The photogrammetry system software, hardware, aund methodoloyy were previously expluined by Benton, et ul. (2014, 2015). A photogram-
metry system produced meusurement uccuracies within 1.0 mm in laboratory conditions (Benton, et dl., 2014). In field settings, this system
had un averuge uccuracy of 8.0 mm whenh compured to crackmeter meusurements (Benton, et dl., 2015). A sepurate laborutory system
had a linear accuracy of 2.0 mMm, and a volumetric accuracy of 1.8% (Benton, et dl., 2014). This system was used to monitor high energy, high
deformution testing of shotcrete punel and mesh support systems (Martin, et al., 2015).

Excavation Profile Monitoring

Photogrammetry was used by NIOSH/SMRD resedrchers to monitor fault exposures at u deep underground mine. Quarterly photogrammet-
ric surveys of three sepurute fault structures ut the purticiputing mine were

conhducted, beyinning in Junuary 2013. The mine in this study has three faults

intfersected by a ramp system ut nine locutions, spunning seven levels, with

no more than one fuult structure at euch site. Using photogrammetric datu

from these sites, cross-sections of the fuult exposures cun be represented via

points und coordinutes. If these cross-sectionul profiles ure compured over

tfime, geometric chanyges to the ramp cun not only be visudlized, but meu-

sured using the point cloud dutu, The cross-sections may be developed ut

any locution aund at uny orientution to dllow for totul site unalysis.

A visudlization tool wus creuted that dllows the user to interact with a 3D visudl
model of the participating mine, which integrates and visudlizes the results of
excuvdution profile monitoring (Orr et al., 2015). The visudlization tool wus cre-
ated using Unity® (Unity Technoloyies, 2015), which is a development platform
for desighing video gumes und other interactive programs. The visudlization

Figure 1. Screen cuptures from the Unity visudlization

tool consists of u model of the mihe workinys, seen in Figure 1A, that the user tool showing (A) un overview of the workings und (B)

cun huavigute in order to view the workings und geoloyic feutures of the mine. a photogrammetric reconstruction in the visudlization
tool. The blue und red ih (A) represent faulfs.

SPRING 2015, Issue 15 Questions or Comments? Emuail us ut hewsletter@urmarocks.ory www.armarocks.ory Page 11

The user dlso hus the option to enter the workings in specific ureas of the mine




Using Photogrammetry (continued)

to view the photogrammetric reconstructions (Figure 1B), scrolling
through euch seyuentidlly o see how the site is changing. To dute,
quurterly reconstructions cun be viewed for nine different sites from
January 2013 to Januuary 2015. Work is dlso underway to integrate
photogrummetric data with other reseurch results such us the locu-
tions of recorded seismic events and geotechnicdl instrumentation
dutyu,

Fault Behavior Characterization
o Crackmeter supplementation

A second application of photoyrummetry investigated by NIOSH/
SMRD reseurchers provided supplementury datu to the crackmeter
medusurements. The participating Mine uses vibrating wire crackme-
ters fo monitor fault movement. These crackmeters are designed
specificdlly for monitoring movement across hatural rock joints in the
civil and mining industries. The instrument is placed across the joint of
inferest and unchored info the rock to meusure ground movement.
However, because cruckmeters measure displacement in u single
direction, the meusurement is likely only a componhent of uctudl
fault offset. Point cloud medusurements provide a more complete

Figure 2. Representations of 5600 Sublevel analysis based on
observed shortening of the crackmeter
SPRING 2015, Issue 15
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picture of 3D movements, e.y., folding und squeezing deformuation.
Photogrummetry’s dbility to observe changes in crackmeter locu-
fion und orientution over time cun provide udditional information
dbout rock muss movement.

e Cuse study 1 - 5600 Sublevel

Conditions at the 5600 Sublevel provided o good enhvironment to
test the cupubilities of photogrammetric monitoring. Mine personnel
observed severe stress-induced pillar deterioration that ultimately
necessituted bypussing und buckfiling the site (Bourd, 2015). Pho-
togrammetric unalysis wus conducted to determine whether fault
movement diso influenced pillur deterioration.

Andlysis of cruckmeter dutu focuses on shortening und lengthen-
ing of the crackmeter. Depending on the orientdtion of the fault
crossing the cruckmeter, u sense of direction of fuult motion cun
be uscertuined. This fechnigue is illustrated in Figure 2. In Scenario
A. the initiul crackmeter locution (gold bur, October 2013) is orient-
ed such that upward movement of the haungingwdll would result in
shortening of the crackmeter. The final crackmeter position (green
bar, September 2014) represents the scene after movement has
occurred. Alternatively, us shown in Scenario B, the footwall could
have moved downwuards, dlso resulting in u shortening of the crack-
meter. In either scenurio, the relutive motion is the sume, sugygesting
dip-slip offset of the fault.

However, andlysis of the crackmeter dutu at the 5600 Sublev-
el cunnhot uccount for other observed deformations. The ~30 cm
rib dilation observed by mine personnel indicutes mMore sighificant
movement than that registered by the crackmeter. In addition, pho-
tfogrammetric survey dutu dlso indicuted widespreud movement,
including rib convergence. To investigate this, globul coordinutes
of euch cruckmeter unchor were used for u photogrummetric time
lapse compuarison between October 27, 2013 und September 28,
2014. During this period, the entire cruckmeter wus observed photo-
grammetrically to have moved un uverage of 24 cm outwurds, und
roughly 15.5 cm upwurds.

Additionul points on either side of the fault were selected for similar
analysis. Globul displucements for ull these points were produced
in Mine globul coordinates of eusting, horthing, and elevation (x, vy,
and z, respectively). To determine a comprehensive representation
of the fault activity at the 5600 Sublevel site, the globdl x, y, and
z displucements were fransformed into locul coordinute displuce-
ments oriented on strike aund dip of the fuult. Photogrammetric duta
indicated u strike of N 632 E, which served us the hew y-uxis. A fault
dip of 582 wus used for the second trunsformation, which served us
the direction of the hew x-uxis. The final x”, y”, and z” uxes represent
movement in the dip, strike, and dilation orientutions of the fault. All
meusurement points, both uxis systems, und the left and right fault
blocks ure identified in Figure 3.
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Using Photogrammetry (continued)

Figure 3. lllustration of measuring points (red dots), globdal axis
system (lower-left in black), local axis system (upper-right in yel-
low) und left and right fault blocks ut the 5600 Sublevel site. The
thrust, slip, ahd conhvergence vectors of the fault are represent-
ed by x”, y”, and z”, respectively.

Another potentidl use for photogrummetric methods cun be seen
by this analysis. Photogrammetric medasurements of global displace-
ments are compared to locul displacements at the 5600 Sublevel
site. Though crackmeter meusurements indicated significant move-
ment nheur the fuult, they provided litfle information in terms of over-
dll movement. Photogrammetric dutu indicated movement of both
fault blocks in both the dip-slip (+ x”) und the strike-slip vectors (+y*).
The lutter of these two photogrammetric observations seems to con-
firm mine personnel observations of rib convergence. Additiondilly,
there appeured to be a slight separation of the right block from the
leff block in the dilation orientation (z*). This dlso confirms observa-
tions of skin deterioration, und the consequent uppurent widening
of the fault exposure. Overdill, the primary rock mMass Movement dp-
peurs to be rib convergence, with the uppurent fault movement
more likely being d result of movement in the skin of the excavation,
rather than global fault offset.

® Cuse study 2 - 5700A Sublevel

An additiondl photogrammetric cuse study wus completed for the
5700A Sublevel of the sume mine. The cruckmeter ut this site ulso
meusured sighificant movement, though on a much smaller scule
than the previously examined 5600 site. Furthermore, overall ground
conditions ut the 5700A site were much better thun the 5600 site
during the period of photogrammetric and crackmeter monitoring.
This cuse study wus completed to determine how photogrammetry
could track fault behavior, and thus, how it may supplement crack-
meter instrumentution at u site hot undergoing severe creep und
rib closure.

Actuadl crackmeter meusurements from the 5700A site indicuted 6.2
mm of cruckmeter extension between October 2013 und Junhuary
SPRING 2015, Issue 15
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2015. Photogrammetry-produced, or virtual crackmeter medusure-
ments indicuted 6.4 mm of extension during the sume period. Unlike
the previous cuse, point cloud compurisons did hot show lurge scule
rib deformuation. That is, it uppeured that movement was largely
limited to fault offset. Crackmeter interpretation indicuted that the
hanygingwdll was moving dowhwuards relative to the footwudll,

A point movement dnalysis was conducted to determine the
amount und type of fault offset ut the 5700A site. The ylobul coordi-
hutes of euch crackmeter unchor, ulong with five udditiondl points
oh euch block, were converted tfo locul coordinutes using the
fault’s strike and dip (N 63° E und 582, respectively). The collective
movements of the points on euch block were uveraged to identi-
fy frends in fault block behavior. A tfrend wus identified that corre-
sponded to crackmeter interpretation shown in Figure 2, Scenario
A. The average haungingwdll movement in the dip shear orientation
(x") is hegutive, indicating that the crackmeter should have meua-
sured elongution. Relutive strike shear movement (y”) of both fault
blocks indicates uniform creep, thus likely not being the result of fault
movement. Findlly, average movement in the dilution orientution
(z") indicuted little in terms of opening or closing of the fault.

e Cuse study conhclusiohs

Cruckmeters cun provide highly auccurate local meusurements in
redl fime. Severdl crackmeters may dlso be used together o guin
u sense of ylobul movement trends. The primary hindrance to prac-
ticdl implementation of these photogrammetric techniyues is lony
dutu processing und interpretution times. Once photogrammetric
duta is interpreted, however, full-field deformations cun be gquan-
fified. As seen in the 5600 Sublevel cuse study, crackmeter datu
provided limited understanding of overdll movement. While the
crackmeter ut this site did register significant movement, it missed rib
movement throughout the site. Photogrammetric dutu, on the oth-
er hund, meusured lurge-scule deformution ut the 5600 Sublevel,
and data from the 5700A Sublevel cuse study indicuted specifically
which fault block was moving. However, in both cuse studies, pho-
togrammetric unulyses were time-consuminyg, delayiny insight into
ground movement. They ulso could hot discern how movement oc-
curred in time. One of the full benefits of photogrammetry may be
most apparent in volumetric monitoring us opposed to point-move-
ment monitoring.

Volume Calculation
 High ehergy, high deformdtion testing

A third application of photogrammetry by NIOSH/SMRD reseurch-
ers involves correlating volume of deformation with energy reledse.
Ground control sufety often depends on supporting, or uf leust con-
tuining, the ground between the rockbolts. Shotcrete and mesh, in
various combinations und with other components, are often used
to do this. A test method dubbed High-Eherygy High-Displacement
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Using Photogrammetry (continued)

(HEHD) wus developed to investigate this type of deformution (Mar-
tin, et al., 2015).

Photogrammetric observation of HEHD punel testing wus conducted
to frack volume chunges of u specimen s it is point louded. This in-
formation could then be used to delineute the relutionship between
volume chunge due to deformution und remaining cupacity of
the support system. This cun be dohe by correluting volumetric dis-
placements of shotcrete punels with known displacements und loads
obtdined during punel tests. This technique may dlso be upplied to
mesh or reinforced shotcrete installed in o Mihe to infer remaining
support toughness from observed volumetric changes. This is particu-
larly important knowledyge where seismic louding may impart signifi-
cunt eneryy to the support system. Thus, photogrammetric methods
cun did in desighing u sufe work site.

e Volume-energy reldationship andlysis

To conduct the photogrummetric undlysis, photographic imuyge
puirs were selected at 5 cm displacement intervals of the loading
ram. These puirs were reconstructed in 3D for volumetric unalysis.
Volume-eherygy relationship analyses were cohducted for three
types of shotcrete paunels. A weukest-to-strongest spectrum for anul-
ysis wus creuted by using u punel made of u stundard shotcrete mix
(ho reinforcement), u punel made of poly-fiber shotcrete mix (fiber
reinforced), and g punel made with cyclone fencing enclosed in
fiber shotcrete mix (Mesh and fiber reinforced). Additionul tests us-
ing only 1.8x1.8 m sections of cyclone fence und welded wire mesh
with no shotcrete were conducted us buselines. Synchronized clock
times were estublished prior fo each test between the camerus and
datu logyger. The loud und displucement datu for euch test were
used to cdlculute enerygy, which wus then mutched with digitally
recorded time stumps for euch photograph puair. These datu were
used to match photogrammetric data with the calculated energy
dutu af the 5 cm rum displucement intervals. Corresponding vol-
ume chuhyes ucquired through photogrummetric meusurement
were then compured to enerygy culculdations for euch interval.

Punel volumes remained reldtively constant for euch interval, re-
gardless of punel type. This wus expected becuuse both dimehnsional
medusurements were based on similar ram displacements. The slight
variubility in volume und height were due to punel surfuce texture
and yeometry of punel fdilure. More significant, however, is the rela-
tionship between volume change und eneryy input. Figure 4 (fop)
shows volume-enerygy relationship. The effect of shotcrete reinforce-
ment is clear in terms of energy dbsorption capacity. Cyclohe-re-
inforced fiber shotcrete cun withstund enherygies over 400% yreuter
than standurd mix shotcrete while undergoing the sume volume of
deformution. A clear difference in performunce between the three
types of shotcrete cun be identified from this unalysis. Assuming
1.3x1.3 m bolt spucing, the potentidl exists for u yield “volume” to be
assessed in field settings. While standurd and fiber mix shotcretes ap-
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peur to lose loud-beuring cupucity ut deformation volumes of 0.10
m?®, cyclone-reinforced fiber shotcrete cun still ussume more louding
even ut deformaution volumes of 0.25 m3. At present it is hot possi-
ble to determine whether the better performance of cyclone-rein-
forced fiber shotcrete is the result of fencing reinforcement, or the
fiber in combinution with the fenciny. Future tests of cyclone-rein-
forced stundurd mix shotcrete punels still heed to be conducted.

The cyclone fence test provided less conclusive results. It required
approximately 9 cm of ram displacement before the fencing start-
ed fo provide significunt resistance. This is becuuse the fencing is
relatively loosely constructed and that there is play in the system
until the links mMuke contfact/interlock and start fo develop tension
in the steel strands. The force then begins to increuse linearly with
further displacement us the chdain link fence beyins to tighten und
the wire strunds ure louded in tension within their elastic region. With
enouyh displucement, the chuain link fence would be expected to
exhibit ductile deformution. The welded wire mesh tests provided
slightly better results, requiring less displacement (3 cm) before re-
action begun. However, no point of fdilure wus reuched, becuuse
of the sume fuctors that limited the cyclone fence testing. Without

Figure 4. Reldtionhshi between enhergy uand volume for shot-
crete support systems (top), und wire mesh types (bottom), us
determined through photogrammetric medusurement.

WWW.Urmurocks.ory

Puge 14



Using Photogrammetry (continued,

shotcrete, both types of mesh have, on their own, essentidlly no loud
currying cupacity until excessive deformations occur. Since the test
stopped ut 25 cm of displacement, behavior of the cyclone fenc-
ing und welded wire mesh ut fuilure wus hot observed. The ener-
gy-volume relationship for euch type of mesh cun be seen in Figure
4 (bottom).

e field volume medusurements

Resedrchers used specific in-mine reconstructions to correlate lab-
orutory volume meusurements to field volume meusurements. The
numericul methods used to determine luboratory testing volumes
were used fo culculute field deformuation volumes. Site selection
wus bused oh two factors: range of deformation ut the site, and
orientation of jointing. The chosen site displayed varying levels of
deformution, ranging from minor (< 3 cm) to severe (> 30 cm). Areus
of the rib with roughly 1.8x1.8 m sides were chosen for both minor
und severe cuses of deformution, us well us un udditionul ureu of
sighificant (~ 15 cm) deformation. Bedding ut the site wus pardllel to
the rib face, an orientation that leads to greater deformation.

Following technigques used in laboratory volume Mmedsurements,
euch 1.8x1.8 m ureu of the field site wus considered us u uni-
form “punel” securely pinhed by bolts ut its corhers. The volume
of “buyyed” or “bulged” material within the perimeter of bolts
wus freated as the bulge deformation of the shotfcrete panels. It
should be mude cleur, however, that cyclone fencing only, und
not shotcrete, wus used for surfuce control at this particular field
site. Agisoft® PhotoScun Professionul Edition wus used for field vol-
ume culculutions (Ayisoft, 2014). This soffwure is more umenuble to
field culculations because before-und-ufter reconstructions are not
needed fo culculute volumes. Surfaces of bulging materiul cun be
isoluted, frimMmed, und transformed into stand-ulone solids by bridg-
ing low points ulony the perimeter across the ureu. Side views of
euch ureu ure shown in Figure 5. Areu 1 wus composed of loose
slabs being pushed out between bolts, while Area 2 was primarily
highly fractured muterial bagyging in the mesh between the bolts.
Conversely, Areu 3 consisted of competent rock, with minimal extru-
sion between bolts.

Energy estimations were culculated by inferpolating the datu ob-
tdined from luboratory testing of cyclone mesh. Due to the obscured
duta for displucements less than 9 cm, the eneryy for Areu 3 could
only be estimuted as less than 100 J. Areus 1 und 2, however, could
be assessed us having undergone upproximately 3000 J and 8900 J
of work, respectively. Confidence in the uccurucy of the culculuted
volumes is bused on their uppurent correlution with volumes calculu-
tions derived from laboratory testing of panels having similar 1.8x1.8 m
surfuce ureus. Refinement of field volume culculutions would include
cdlibration and optimization of Agisoft’s PhotoScuhn software in both
luboratory and field settings. Further upplications of these techniyues
include usuge ut shotcrete reinforced sites, und culculutions of vol-
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Figure 5. Side views of deformation areas selected for field defor-
mation volume calculations. The Areas 1, 2, and 3 correspond to
slubbiny, fractured, und competent rock mausses, respectively.

ume loss in ureus of keyblocking. At present, photogrummetric cul-
culdtions of deformation volumes uppedrs to be u vidble techhiyue
for understanding rock mass behavior.

Conclusions

Photogrammetry wus employed by NIOSH/SMRD resedrchers to
monitor true ramp rib and buck deformations atf a deep under-
ground mine. A cutuloy of geometric snapshots of ramp conditions
over u period of two yeurs wus developed und implemented in u
mine visudlization project. These photoyrummetric duta may even-
tudlly become integrated with other recorded dutu, such us seismic
event locutions und stress instrumentation duta,

Fault monitoring ut the same Mine hus been conducted using pho-
togrammetry, the results of which have been used to supplement
crackmeter duta. In two cuse studies, photogrammetry was found
to confirm mine personnel observations of conditions, us well as in-
form crackmeter interpretation. At ohe site, severe rib deformation
wus found to override crackmeter readings of fault movement. At
u second site, fuult movement indicated by crackmeter elongation
wus supported by photogrammetric observation. In both cuses,
photogrammetry showed sighificant potential to supplement crack-
meter monitoring techniyues.

Lastly, laboratory photogrammetry wus successfully implemented in
shotcrete punel und mesh support system testing to delineute the
relationship between bulge deformation und remuaining strenyth.
Results showed that significant differences in energy-absorbing
cupucity ufter deformution cun be uscertuined volumetrically for
varying types of support. The results ulso indicute that yield volumes
cun be ussessed in field settings. Field volume culculutions show
the sume potential to estimate eneryy release based on amount
of bulge deformation between bolts. These photogrammetric tech-
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Using Photogrammetry (continued)

nigues have potentidl to greutly increuse the dbility to assess field
support conditions und reyuirements, and thus improve sufety.
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