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ABSTRACT

In this study,the ASTM flatjack methodology was modified in several ways. The overlapping
borehole sl ot was r epl aotwhith producdd a amoathssenai ovdla r d 6
opening for the installation of various shapes and sizes of flatjack without the need for grout. This
methodology was tested initially in the field at Pioneer Coal in Stellarton and latebip@gram.

Lab tests wer conducted on specially prepared concrete blocks to evaluate the ratio between
flatjack pressure and applied loddhe lab tests results were used along with numerical modeling

to develop correction factors to compensate for the difference in shapezanidesiveen the
differentflatjacks and the sloshapes used-inally, a relationship was established between slot

closure andhe appliedstress for the tested geometries.
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1.0INTRODUCTION

In-situ stresses are stresses Hre preexisting within the Brthd s priortcsahy disruption.
These stresses impabetstructural integrity of engineering works such as dams, mines, tunnels
and oil wells. In addition, the stress field is one factor that conth@direction of crack
propagation in rock, an important factor in oil and gas extradiesitu stresges aetoo often only
estimated using existing measurements that can be tensdieeds of kilometers away or by using
the depth to determine streshis means that stresses used in excavation designsah be
representative of the actual environmeéntaddition, rock stress measuremeats often highy
variabledue to rock mass heterogeneyvariety of different techniques hateen developed to
measure thesgtressesuch as overcoring, hydraulic fracturing datk analysisechniquesut
these metbds require the use of specialised equipment and mobilisation of heavy machinery such

as a drill rig(Hoek, 2008)

The flatjack ést is one of theimplestandlowest cost irsitu stress measurement techniques
It beginsby inserting pins into theock and measuring the initial distance between therslofis
cut between these pins atiekir relative displacemeid measured. Thdatjackis inserted into
this slot andoressurized until the pins return to their original location. The fluid pressure in the
jack can then be correlated to the stress in the grdureflatjack was first patented in 1940 by
Eugene Freyssinet althoughettlesign has since been modified (US pdtEht2226201 A)One
of the first usef the flatjackin rock mechanicsvas by the Mayer, Habib and Marchand in
collaboration with Tincelin in 1951 where he conducted a lab test in loaded concrete to determine
thetheoretical viability of the flatjack test in both the plastic and elastic ré@vigger, Habib, &
Marchand, 1951; Tincelin, 195Q0ver the next couple of decades this test was used extensively
however the results were often anomalolsading people to quisn the effects ofnelastic

1



behavior on the te¢Moye, 1958;Hoskins, 1966)In 1966 Hos ki néds conducted a
in which he tested the performance of the flatjack on various types of rock and concrete under
known biaxial and uniaxial loads both with and without time allowances for creep. He found the
tests to be accurateithin the margin of error of his measureme@ts5% to +5.5% Despite

Ho s ki n § the flatack tedt fellsout of favor in the rock mechanics field in favor of other tests
such as overcoring and hydrofrackidgeto the following limitationg Amadei & Stephansson,

1997)

1. Aflatjack test mly measures near surfaceesses. Stresses in the near surface can be
significantly impacted by topography and, weathering and disturbance (e.g., excavation).

2. A flatjack test mly measures stresses in a single direction normal to the cut axis.

Despitefalling out of favor in rockmechanicst he f | atj ack became popul
it was modified for masonry structural evaluation by Palo R@&sgorczyk & Lourenco, 2000)
The test remains popular in masoifdSTM International, 2003; Atkinson & Schuller, 1990;
Carpinteri, Invernizzi, & Lacidogna, 0B5; Gregorczyk & Lourenco, 200®ecause it has
significant advantages over other-situ stress measurement gestuch as(Amadei &

Stephansson, 1997)

1. Nearly direct measurement of stress value (as opposed to indirect calculation based on
strain).

2. Involves a fairly large volume of rock or masonry, reducing sensitiwigmaltscale
characteristics.

3. Can be used to determine Young6s modul us.

4. Relatively straighforward to execute and interpret results.

5. Cost effective method compared to most others.



While the test is simple in principlé can be difficult to make a &f that matches the
dimensions of the flatjackOften the jack must be grouted which limits the recoveralulitihe
jack and increases waiting time resulting in a highstcost. This research hopes to reduce the
cost of the flatjack method for-situ stress testin@y using a saw cut that is different in shape to
the jack and eliminating the use of grolibe reduced cost and reusability of the modified flatjack
test could allow for many measurements allowing for statistical analysis of the higiallear

results.

Prior to developing the research section of this thesis, a delidesture review was
completed. Irthe literature reviewthe fundamental principles governing stresgesereviewed
to ensure a solid foundation to discuss mooenplex topics. Once a solid foundation sva
established, the types of stress fields encountered in a rockwesssxplainedalongwith the
factors that causia-situ stressesThesestresses have been measuredarious locationsround
the globe andhcorporate into the World Stress MafHeidbach et al., 2008vhich was briefly
discussedObservations for estimating stress in the field or in a boreteteexaminecandprove
useful for both setting up measment tests and validating tressults. Then, the different types of
stress measurement methods alamigh their strengths and limitationaere examined to
demonstrate why the flatjack testasgoodcandidate to reduce the cost of det@ing in-situ
stresses. Th#atjack testing method is then described in detail to provide the reader a detailed
undersanding of its principles, advantages and limitatioNsimerical modeling plays na
importantrole inthisthesis and multiple types of numerical modeklvegssummarised to explain
why finite element modelingnd specifically Plaxis3Was selectetbr the maleling components

of this thesis



There ardwo mainresearch sections this thesis (1) a lab component and (2) a field
componenteach of which incorporate numerical modelihgthe lab component aMN load
frame was designed and butit subject al m by 08 m by 0.5m concrete specimen to an axial
load on the smallest face. The flatjack test was then conducted on the $padederusing a
variety of different slot geometries such as plunge cuts, drag cutsvaridppingooreholes. This
was doneo determine correction factors basedtmdancelation pressure &lot geomeiesthat
deviated from the ASTM specifitions It was also used tetermindf any relationships existed
between relative slot area and thisrectionfactor. In additionclosure data of the slot afteutting
was examinetbr each of the slot geometries and a relationship betWeemn nngodutus, closure
and axial stress was determined. Thégsure results are plotted versus the surface area of each
slot to determinefia broader relationship existech@tests conducted in the lalere numerically
modeled usindPlaxis30 to gain further insight into the internal stresses of the sample and to
create a validated numericalodel This model set up can then be used withfidenceto
determine correction factors and closure relationship constantgetonetries that weraot

performedn the lab.

The field component took place in Stellartbiova Scotaat Pioneer Codlimited (Pioneer
Coal)open pit. While the flatjack tesould not take place in an area of significarsit stress,
it did demonstrate the variatisto theflatjack test explored in the lab could be scaled to the larger
flatjacks used in the fieldlhe slot closure for a location at the bottom of therpa continuous
stratum was useid determine the stress in the. fihis closure was then relatedbe stress using

the method created duririgb testing and a numerical model of the slot. This result was then

! Plaxis3D is a program by the company Plaxis in Delft, Netherlands. It is available for purchase from
https://www.plaxis.com/product/plaxis3d/.



corrected using a numerical model of thepit to provide th@re-mining state of stress at the

location of measurement

This thesis airadto showit is possible to reduce the costtbé flatjack in-situ stress test
usinga saw cuslotand eliminating the use of grodit.is hypothesised thahe errors created by
the \ariation between slot shape aftatjack shape can be corrected using a correction factor

specificto the slot geometry.



2.0LITERATURE REVIEW

This literature review aims to inform the reader of the fundamental principliessati
stresses, their causes and what influences them. This knowledge emphasises thg difficult
getting a true measure of-situ stress and some of the many techniques used sn.dbhis
information will help the reader understand why the flatjack sedesctedo reduce the cost of4in
situ stress measuremehbw the changes made will affect the test and what its limitations are

when used.

2.1Fundamental Principles of Stress

In-situ stress, also known as far field stress, is the stress naturallyiogcwithin an
undisturbed rock mass. Knowing these stressegasrtantwhen designingmderground tunnels,
cavernsminesandlarge open pitsStress is a tensor consisting of nine parametersyfsivhich
are independent of each othdrpwnin Equaton 1. These independent tensdefine the shear
and normastress in three dimensiosBown inFigurel. In rock mechanics, the convention is to
have compressive stress as a positive and tensile stress as a n@tagive oppositdo the
convention used in other engineertigciplines and allows geotechnical and mining engineers to

work with positive numbers when dealing with rock magbksek, 2008)
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Figure 1: Stress tensor component&xisting within an infintesimally small cube of any
material (Aiyeru, 2014)

There areseverabpropertiesvhich are important in the determination of r@tiess states
Youngbds modulus is a value that relates the st
law, as shown inEquation 2. Anothermportant parameteis PdassanGs ratiq shown in
Equation 3 It is the relationship between the axial compreséitrain) andhe radial expansion
(strain).Although plastic deformatiooanoccur within a rock masshé flatjack test when carried

out properly typically takes place ihe elastic region.

[2] a &

[3] h

Another concept important to measuring stregseisnanensethysteresisHysteresis is
when a body is exposed to a load that defatraad once that load is remove it returnsrag a
load displacement patio an unloaded state that is different than the original state.
micromechanical modelf rockattributeshysteresis to the effects of sliding crack frict{daeger,

Cook, & Zimmerman, 2009)To explain what sliding crack frictionisonsidera sample with



many randmly oriented elliptical cracks. Aapplied compressional stress begins closing these

cracks. As the cracks close thfleung®s modulusincreasesWhen unloadd, the modulus is the

intrinsic modulus of the rocglhut as the stress decreases cracks with progressively smaller angles
relative to the loading direction begin to oghnsdecreasing the modulus. The hysteresis occurs

when thereg a lateral confining stress that prevents these cracks from reopening and the friction

of the crack stores some of the strainenergys ul t i ng i n a permanent 0S¢

permanent

2.2Rock StressFieldsand Their Causes

In-situ stressesra often simplified as the vertical stress, estiméi@a weight of the rock
above, and the horizontal maximum and minimum stress. ddnsept,however does not
necessarily provide the principle stresselich could be at an angle relative to the oaitiand
horizortal, as shown inFigure 2. This simplificationis made because many measurement
techniques can only measure stress in one or two dimemsidriberefag one test camot provide
an estimate for thaull in-situ stress field To get a complete strefisld, it may be necessary to
take multiple differently oriented measuremermtgiteate a system of equatiots solve for the

principle stresses.

a, 00 e 7 %, N\
—L \
a., 0

. _}-‘

Figure 2: The vertical and haizontal stresses (left) and the principal stresses that correspond
to no shear(right) (Aiyeru, 2014)



A variety of different types of stress fields can occur in a rock massrandutlined in
Figure3 by the ISRM This Figureshowsthe types of stresfistributionin a rock masaredivided
into four maincategoriesin-situ, perturbed insitu, structural, and perturbed structuraksitu
stress is broken down into foeauses gravity loadng, tectonic, residual and terrestrial. The
tectonic stresses are further gdiided into threalifferent scales of tectonic stressist order
which are the largest arage on the scale of tectonic platescond order which isostasyand on
the scée of mountain ranges. Finally, the third order stresggsh are the smallest aage on the
scale oflocal faults. These categories are more thoroughly explainetie subsequent sect®n

however there issometimes overlap between iine



Earth

(A2a) (A2b)
First-order Tectonic Second-order

Figure 3: Rock stress scheme and terminology at three hierarchical levelselel categorises
the types of stress fields in a rock maskevel 2 separatesn situ stress components according
to their origin forces. Level 3 separates tectonidiesses according to theicoherent domains

(Ulusay, 2015)
2.2.1 Continuous IrSitu Stress Fielsl

The continuous #situ stress field is th@mplest stress fieldt assumes a homogenous and
undisturbedock mass on which a variety of stresses are applied possible strecausesare

divided into fourcategoriesgravity, tectonic, residual and terrestrial.
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Gravity Stress

Gravity plays a a&rge role in causing 4imitu stresses, the vertical stress is often
approximated as the stress due to the weight of the rock aladymthtand is relatively accurate
as shown irFigure4 (left). The ratio betwen the vertical stress and the horizontal stress is often
represented by a capital Kigure 4 (right) shows this relationship as a functibdepth andhe

value of K isless variablen relation to both depth and o u nrgodwuswith increasing depth

Ventical stress, G, (MPa) k = horizontal stress / vertical stress

0 20 40 60 &0 0 1 2 3 4
1

1000 4 1000 —

. 6, =0.027

2000

Depth below surface, z (m)

(=]
=
=
=
1

Depth below surface, z (m)

3000 _|

3000

Figure 4: Vertical stress measurements form mining and civil engineering projects from
around the world (left) and the ratio of horizontal to vertical stress as a function of depth
(right) (Brown & Hoek, 1978)

Tectonic Stresses
Tectonic sresses are stresses calbg tectonic forcesn the lithosphere. The ISRM

sub-divides tectonic stresses into three orders based on the scale of the influence.

FirstOrder. Plate Scal@ectonicStreses
The main causef high horizontalin-situ stressesre the inteactiors between plate

boundarieM. Lou Zoback & Magee, 1991Yhe current model gélate tectonics suggests that

plate movement is driven by convection currents within the outer m@i@lvn inFigure 5).
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These currents aae tectonic plates to move, rotate, collide and split apart gendratimgndous

forcesin the crust resulting in horizontal stresses even when vertical stress isdowexistent

INVERGENT TRANSFORM DIVERGENT CONVERGENT CONTINENTAL RIFT ZONE
ATEEOUNDARY  PLATEBOUNDARY  PLATEBOUNDARY  PLATEBOUNDARY (YOUNE PLATE BOUNDARY)

L

TRERCH TREKCH

LAND ARC : SHIELD DCEANIC PREADIND i T, O Oy s
\ VOLCAND AIDGE-S5a T -

STRATO- 5 : i W Nt

2} VeLcaNo : . e e Lo R o

o e :'Jl‘i. wle  CEANIC CRUST e CONTINEMTAL CAUST Gy T

o LITHOSPHERE
A il k! - N .~
Fs Sy !
LI ASTHENOSPHERE SUBDUCTING i
! PLATE

HOT SPOT

Figure 5: Tectonic plate movement and relaéd geological featuregSimkin, Unger, Tilling,
Vogt, & Spall, 1994)

Secondrder. IsostaticStresses
Isostasyis thegravitationalequilibrium betweerthe Earth's crust and manttbat allows

the crust t o ABothmauntain baildingrobesseandgladiagohcan shift this
equilibrium so thatthe bottom of the cruss deeper into the manteRapid removal omaterial
due to erosion can cause uplifhélhigherinitial stressfield coupled with the noinstantaneous
transmission of séiss within the crust result in high near surface residual horizontal stress

therock orice sheet is removegil. Lou Zoback & Magee, 1991)

Third OrderFault Stresses
The presence of faulting is caused by thsiin stress field. According to Fjaer et al. (2008)

normal faults typically form when the vertical stress is thehésy and the horizontal stress

12



perpendicular to the strike of the fault is the loweghe stres§ield. Thrust slip faults are formed
when the horizontal stress perpendicular to the strike is the largest and the vertical stress is the
lowest. Strike sp faults are formed when the highest horizontal stress is parallel the strike of the

fault and the lowest stress is perpendiculat.t®his is illustrated ifFigure6 below.

a, vertical 03 vertical 0, vertical

Normal fault Thrust fault Strike-slip fault

Figure 6: Normal, thrust and strike -slip faults in relation to their respective vertcal and
horizontal maximum and minimum stressegAiyeru, 2014)

ResidualStresss

Residual stresses atresseocked in equilibrium inside a free bodyth tractinless and
momentlessboundaries(Engelder & Sbar, 1984)In rock thiscan result from changes in
temperature, applied strasat has since been removeaopprevious changes to tikenfiguration

of the body(R. Holzhausenab & M. Johnson, 1978)

TerrestrialInducedStess
Terrestrial foces are forces induced the Earth by the moon and asmall relative to
tectonic and gravity force§ hey are ignored in engineering des{ghusay, 2015)ard are only

mentioned tacknowledge their existence but aeglected in theest of this thesis
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2.2.2 PerturbedStressFields

Perturbed stresses are stresses that have been affected by some disruption to the rock mass
this could be alteration of the rock madige to weatheringr removal of material by erosion,
tunneling or thecreation of an open pitWeathering, topography and pit effects are examined in

the subsequent subsections.

Weathering

Weathering changes the shape and physical properties of theeackurfacerhischange
does not have one clear effect the stresss in the ground because thperties that change
depend on the type of rock attte environment of weatheringrosionandrock jointscreates a
free surface thateleasesstrain thus reducing stresbhese openings can be infilled with either
precipitae minerals or water that freezes increasing stiegsical thermal fluctuations due to
weather are not large enough to cause significant expatostbange the stress levah the large
scalebut much larger thermal changes such as the proximity to magmChemical veathering
in rockcauseslteration ofthe mineralso a f orm t hat i s more stabl e
minerals include clay minerals and oxides which expand when forming and cause a volumetric
change leading to swelling that casulting in heaving and raveling or stress increases depending
on confinementSome otheminerals arestable on the surfacsuch as quarfzlo not change and

minerals such as calcite dissolve leading to voids which release(dlelson, 2011)

Topography

Topographyelieves horizontal stresses within mountains or ridgée ridges irFigure7
can be thought of as the removal of strips of material in one directionrérh@al of material
has the effect of relievinghe horizontal stresperpendicular to the ridgese-aligning the

maximum horizontal stress to coincidéh the strike of the ridges and valleys within the ridges.

14
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Figure 7: A diagram of a series of ridges and moumtins with an inset of the Plaxi@D model
showing stress concentration changes with erosion similar to that done byrigeau (Matthes,
2006)

A simulation was done by Parise@lf71)and again byMartel (2016)to illustrate the
internal stress changd® a r i ssienalatiah she initial state of the land mass was assumed to be
flat and through a series eévencuts repeating valleys were cut into the land mass so that the
final landmass has a saw tooth shaped series of mountains and valleys. The result of this study
found that significant uplift took place throughout the land mass with more uplift in the valleys
and less on the mountain tops. The mountain tops had significant stress relaxation bordering on
tensile stress while there was stress concentration near tley ¥ialbr. The effect of the
topographyon the stresfeld was found to extendsimilar distancdelow the valley floor as the
height of themountains Martelés model used low amplitude sinusoidal hills and found similar

resuls kut the effecton the stess fieldextended deeper relative to the smaller hills.

A more refined model of the experiment performed by Pariseau (¥&&linaddo help
gain further insight into the effects of topograpfishis model replacedhe chevronshape
excavationsvith a rourded sinusoidapatternto better reflect the reaborld hills and eliminate

the localised effect of the sharp points in the model. The nvealnitially setas a flat surface

15



and erosion was simulated by removing seven successive layers. These lageisusaidal in
shape, equal in period and increasing in amplitude with the peak of each period occurring at the

original surface level.

It was found that the tensile stresses in the mountainfoopsl by Pariseau (197 Were
eliminated while the stres®wicentration at the valley floor remained as showigure 8.Like
Pariseau (1971), the effects of the topography were fourt@ somilar with the ifluence of
topography extendinigelow the valley flooequidistant tadhe heidnt of the mountains. Thussat
world near surface environments are not accurately modeled by the linear stress gradient due to

the presence of residual stress and topography.

16
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Excavations

Excavationsperturb the stress fieldround their boundaries. In an elastic medium, the
stress around circular tunnels can be approximated usingiteeh equations resulting in the
stress distributiorshownin Figure 9. More complex shapeoften require the use of numerical
modelingto determine the resulting stredistribution. This thesiswill focus on the measurement
of in-situ stress field in the form of an open pit mine so a pit was modeled to predict the effects on

the insitu stress field.

Maximum principal stress Gy / G

Z'~I]]|.1U1L?;T_Jr:u|.-.'||:rﬁl stress 5_1

Figure 9: Relative maximum and minimum horizontal stress around a circular opening
based on the Kirsch equationgHoek, 2008)

This model examinethe corner effect of benchén an open pit. The model, a 200 m by

200mfootprint open pit in a 1006 by 1000m by 500m block wasconducted using the numerical

18



modeling softwarélaxis3D. The pit was two benches deep with a bench height of 15 m of and a
bench width of 20 m. Theadhnizontal (i1 a n @) sttesses were represented by a K factor of 2 (i.e.

twice the vertical stress).

Figure10 showsthe maximum principal effective stressbe concentratedear the toe of
the bench while the &8s is relaxed near the crest of the bench. The stress concentration near the
toe is much more significant than the stress relaxation near the crest. Similar to the maximum
principle effective stresigure10showvs the minimum principal effective stress concentrated in
near the toe of the bench while the stress is relaxed near the crest of the bench. The stress
concentration near the togless pronounced for the minimum stress than the maximum stress

however thestress relaxation in the crest is more pronounced and is in tension.

Bvjm)

(a) (b)

Figure 10: The effect of an open pit on the maximunga) and minimum (b) principal stresses
modeled using Plaxi8D.

2.2.3 Structuraly ControlledStressFields

Structural features such as joints, bedding or rock of varying material properties can
influence the stress distribution in a rock mass. Under etyaah stiffer rock layers are subject
to higher stress than the surrounding softer chak to theithigher Young@s modulusin
addition, pints cause regions of Igwr ng shear stressedistributingthe stres# their vicinity

19



andthe petrogenic historyor differentstratigraphidayers can contain different residual stresses.
The effect of these fé& can result in principle stresses that vary in direction and magnitude as a
function of depthFigure11 showsthe borehole breakout directigminimum horizontal stress)

as a function of depth at various locasadn the United Kingdom has been graphed by Harper
and Szymanskil@91)and demonstrates that not only does the orientation of principle stress
change but thesa@rientations can be specific to a particular geoltayers. As seen in the figure

the diretions of maximum stress can vary significantly with depth, notably between lithographic

units.
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Figure 11: Break out direction with depth for various boreholes in the United Kingdom, the
borehole label is at the top of each colum The breakout orientation and by extension the
principle stress direction shifts sharply across certain depth@Harper & Szymanski, 1991)
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2.2.4 Perturbed Structuley ControlledStress-ields

A perturbed structurbl controlled stress field is a combination of battructurally
controlled and perturbed stress fields. This type of stresscildot be represented by a simple
homogeneousiodel governed byran-situstress field an@nalysis of his type of stresield does
not lend itself to closed form solutiongstress A more detailed argsisis requiredthan the other
types of stress fielddescribed here to determine the stress around the perturbdagoto tke

complex rock mass

2.3 In-Situ StressMaps

The accurate determination ofsitu stresses is often difficult and expengivgueiredo,
Lamas, & Muralha, 2010 hisanalysisgesulted in the desire to creatglobal database of-gitu
stressedy collaborating with industry and gesnments around theonld. The results of these
effortsis the World StressMap shown inFigure 12 which is used for studying plate movement

andestimation of irsitu stresse@M. Lou Zoback & Magee, 1991)
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2 4 Field Observationsfor Preliminary Stress Estimation

Various field observations can be usedafproximate the direction of maximum and
minimum horizontal stresses. These observations include valley orientation, the presence of pop
ups andfolds in the lithographic unitsThe information obtained from these observations is often
inexpensiveand theefore attractive as a preliminary method/hile field observations can be
useful, they do not provideraasonablyaccurate magnitude or direction for engineering design,
as such they should only be used for an ind&tllmateof in-situ stresses for pdgoning further

tests or for data validaticafter performing further tests.

Valley orientation usually coincides with the direction of maximum horizontal stesss
t he e ar t.Aldissfeatsreis because the formation of the valley releases sinefise
direction perpendicular to it while the remaining ridges maintain some of the existing stress
parallel to the valley. This method is qualitative in nature but is usefully for a&$tishatevhen
positioning other tests or validating their resuRgsultsof this method are only applicable in the
near surface stress field because stress relief does not exigmect deptliFroidevaux, Paquin,

& Souriau, 1980)

Figurel3illustratesa p h e n o me n o op upsn,o0 wvm hreicaasediahen high near
surface stressuckleintact surfae rockon the free face. This createsak ridge that can extend
for hundreds of meterdong its strikeand can have @epth up teseveraimetergWhite & Russell,
1982) These pop ups indicate two things about the sedace irsitu stresses, firstlyhey are
high in magnitude and secondly that the highest horizontal stress is oriented perpendicular to the
strike of the pop ufold axis Pop upsare relativelyjuncommon but in areas where papsoccur

this featurecan be a useful incator for near surface stresses much like valleys.

24



Face exposed using
. . Jjackhammer
Open void partially

filled with water Jolomite

Quarry Floor

Figure 13: Cross sectiorof a typical pop modified from Roorda (1995.

Folds in the lithography are caused by higlsita stress. At the time of foldinthe major
principle dress was oriented perpendicular to the fold axis. ©bservationcan provide the
orientation of the mamum principal stress providdtie stress field did not change significantly
between folding and the present tinhe addition the magnitudes of praiples stressesannot be

determined using this meth@damamob, 2009)

Diamonddrill cores can be usefuh predicting insitu stress fields through observation of
featuressuch as those shown kigure14. When stresses are sufficiently high, drilling can cause
breakoutsor ddormationsin the borehole wall which is useful for not only determining the
direction of horizontal stressdsut also demonstratthe horizontal stress igely high. When
measuring only the breakout, thetio of the maximum to minimum stresan be cleulatedas
shown byM. D. Zoback, BartonBrudy, Castillo, and Finkbeiné2003) Measuement oborehole
deformations can provide nainexpensive estimation of in-situ stresses(Panek, 1966)
Heterogeneity in the rock mass can affect results in both me(hiadger & Szymanski, 1991)
Another useful observation that can be obtained from boreholes is the presence spalling (disk like

sections) core in competent rockpalling indicates very high hsitu streses but provides no
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information ontheorientationbut is reported toccuronly in competent rockEberhardt & Stead,

2011)

 Shessdnduced
Borehole Breckout

| Borehole Breakout Axis W

s T

(a) (b) ()

Figure 14: Three Pictures showing(a) breakouts (Eberhardt & Stead, 2011)b) deformation

(Panek, 1966), and (c) diskingHoek, 2008)

2.5Rock StressMeasurement Methods

There are many methods to measurarikstu stress in a rock mass and these methods are
continuously being improwk(Mortazavi & Saati, 2016[jNezhadshahmohamad & Moosazadeh,
2015)(Dongsheret al, 2015) This section summarizes some of the more popular methaals of

situ stress measurement, how theypreformed and some of their advantages and disadvantages.

2.5.1 Overcorirg

The overcoring method a@fi-situ stress determination involves drilling a hole to the depth
of the desiredneasurementThen a smaller diameter bit is used to drill ostrallerhole at the
bottom of theoriginal borehole. Strain gauges are then attached to the walls of the smaller hole
using aCouncil of Scientific and Industrial Resear@@SIR) or United States Bureau of Mines
borehole deformation gaugeSBM) type cellor thebottom of the hole using a doorstopper type
cell and an overcoring bit (the same diameter ofdtiginal bit) is inserted into the hole. The
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overcoring section is then extended beyond the depth of the strain gauges. Dunmgcss

shown inFigure 15, the strain caused by the release of thsitim stress due to overcoring is
measured and recorded. The sample is then retrieved and the modulus of elasticity is determined
from itin the lab Finally, the insitus t r esses can be det(kunggiemyed usi |

al., 2003)

<~ installation tool -

\\man borehole

“>~ Borre Probe
tool

4 \ centering

7 A\_ 75 mm drilbit

¥ ,.,'-pi!nrhole ‘
.= overcored
hollow core

36 mm drilbit
1 2 3 4 5 8

Figure 15:The step by step process of overcoringsing a USBM gaugdHoek, 2008)

This method is recognized as being the most direct methodfurstress measurement
as well as beingble to resolve 3D stress@=berhardt & Stead, 2011)he use of strain gauges
allows for the recording of time dependent strain release as overcoring takes place and placement
of several strain gauges allows for multiple readifgseed, 1981)Furthernore the 3D stress
field can be dtermined from just one samp(éreed, 181). However, overcorings relatively
difficult to performat depths less than 15m or in areas with fracture spacing less tha(AS3Clh
International, 2005)In addition, the strain gauge can be difficult to adhere to the borehole wall
(Kim & Franklin, 198) and large grain sizes can affect the reading due to the smatifdize

strain gaugé€Christiansson & Janson, 2003he determinationofd un g6 s ndorkind us | s
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lab with core samplesyhile lab resultgyives a good result for an intact specimiémaynotbe

representative of the rock mg#sSTM International, 2005)

2.5.2 Hydraulic Fracturing

Hydraulic fracturingmakes use of the principal th#dte confining pressure arourad
borehole is less in one directiorhdrefore under uniform pressure the roekll deform the most
in that directioncausing dractureperpendiculato the minimum stress. To perform a hydraulic
fracturing test, aection ofthe borehole irunfracturedrock is selected and isolatbg packers
from the rest of the borehobs shown irFigure16. This section is thepressurized with fluid
until the pressure begins to drop, indicating the formation of a fracture.ufhe is then turned
off and the pressure is monitored until the rate of pressure drop decreases indicating the closing of
the fracture, also called tisbutin pressure. This process is then repeated to obtain the freesture
opening pressure and additioshlt in pressure values; additional repetitions can be dahare
often found to be redundant. The direcofthe maximum and minimum horizontal stresses are
determined by the orientation of the fractusich isparallel to the maximum horizontsiress
and perpendiculaito the minimum horizontal stress. The magnitude of the minimum stress is
assumed to be thebutin pressure while the maximum hoontal stress is determined bguation

[ 4] (ASTM International, 2009)
[4] aQ 4 a g F
Wh e rye Makimum normal stress

0n = Minimum normal stress

T = Tensile strength of the rock

Pc1 = Break down pressure at the test horizon
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Po = Fluid pressure at the test horizon
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Figure 16: A simplified hydraulic fracture set up where pressure is increased between the
packers until a fracture is initiated (Rummelet al., 2002)

Hydraulic fracturingis a well understood methaohd is a widely accepted choice for
situ stress measureme(ASTM International, 2009)It can be prformed at great depth and
directly measures the minimuratressnormal to the boreholeThis method relies on the
assumption that the fracture initiated perpendicular to the normal stress and not along some natural

plane of weaknes® the rock such as schistosiWhile thisassumptions only an issue in some
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types of rockthe determination of the maximum horizontakss byEquation [ 4] is done for
all tests and only provides an estimation of the maximum horizontal stress not a direct
measurementinally, borehole hydraulic fracturingieasurements arequiredin three differen

orientationgo determine the 3D stress field.

2.5.3 Modified Hydraulic Fracturing

The use of draulic fracturingfor deep insitu stress measurement have led to many
attempts to improvéhe technique witlvarying degrees of success. One method, insitading
an unfractured section of rock, uses a section with fractures that have known orientédigons
pressure reopens the existing fractures which allows for the determination of stress that is
perpendicular to the fracture surface. This processpeated along different sections of the
borehole withdifferently oriented fractures.rém thissequence ofmeasurementshe 3D stress
field can be determined using only one borehole. While this method is excellent in theory it relies
on having aspecificdensity of cracks since too many or too few cracks make the test impossible
These cracks need to vary in orientation #mel orientationmust be measured which can be

difficult when they are tightly closed or strong foliation is pre¢8etataet al, 1992)

Another promising variation is the double fracture technique developed by Serata et al
(1992).This method contains the fradlg fluid within a membrane. Thenembrane acts on the
borehole walls uniformly much likeydraulic fracturingand initiates a fracture perpendicular to
the minimumnormal stress. Due to the geometry of the borehole wall and the first crack, the
membrane then &in the direction perpendicular to the initial fractuteich is thedirection of
maximum principle stress as shownHigure17. The increasing pressusventually initiates a
fractureperpendicular to the first arttie pressure in the membraisereleasedThe process is

repeated several times to get the reopening pressures for both sets of cracks. The pressure vs.
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dimetral deformation graph can be analyzed to get the maximum @mdum normal stress.
Their orientéions can be determined by using an imprint on the outer side of the pressure
membrane or by using a borehole scope, both of which can be diffi@gsesdue to the small
size of the cracks formed. Despite the promising results of this metheairs underutilised
and therefag information on its reliability, accuracy and cost are not well def{iS=tata et al.,

1992)

fracture
directi

- fracture |
Jdirection
~ 2

Figure 17: The fractures caused by the double fracture technique. The larger fracture is th
first to form and is perpendicular to the minimum normal stress. The smaller fracture is
formed 90’ relative to the first fracture (Serata et al., 1992)

2.5.4 Cylinder Jacking

Cylinder jacking uses a jack to initiatdracture in a choseplanein a borehole as seen in
Figurel18. Strain gauges in the jack record the tangential strain chmargendicular to the crack
orientation Thismeasuremerns then repeated in two different orientations so th@tmaximum
and minimum stresse®rmalto the borehole can be calculat@this method allows the user to
select the orientation dfiemeasurement helping to offset the effect of anisotropy associated with

other fracturing methods. The main technical ésguth this method is that varying diameters
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between the contact plate and the borehole wall can lead to contact issues. It was also found that
if the ratio ofin-situ stresseperpendicular torehole wall was greater that 3:1 then the test was

invalid (Yokoyama et al., 2014)

- G2 SR
Friction Created

shell fracture

Loading
plate

Figure 18: A cylinder jack set upand the maximum and minimum normal stress components
01 and G2 (Yokoyama et al., 20%).

2.5.5 Slot Cutting

Slot cutting shown inFigurel9, uses a probe equipped with several frictional strain gauges
around its circumference and a diamond sEwe probes inserted into a borehole and the strain
gauges are applied to the borehole wall. The sisalmen recorded and the diamond gaovtion
of the probemakes several cuts between the strain gauges. The change in strain can then be
compaed to a standard to determitiee stressesiormal to the bahole This method has the
advantage of &ing fully reusable and providesultiple cutsand measurement points that can be
used to validate the dataurthermorethe 3D stress field can be deterntiy a single borehole
with 6 differently oriented cutd.he reusability of thériction strain gauges can however result in
slipping during measuremeamd the method assumes continuous homogeneous rock with deviant

rock requiring numerical analysi€orthésy, HeGill, & Leite, 1999)
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Figure 19: Cross Section of the borehole slotter (Ljunggren et al. 2003).
2.6.6 Back Analysis

In back analysisholes are drilled ahead of an advancing drift and strain gauges are
installed. The drift is dven past the strain gauges and the tespktrain is recordedJsing the
strain,the stress can be determined usinguvigs modulus. This methodchas the advantage of
including a large sample area giving a result that is more representative of thessirabe rock
mass rather than being beholden to material properties in a small area around a single or rosette of
strain gauge¢Eberhardt & Stead, 2011The main disadvantage with this system is that a drift
must be driven meaning construction must have begun or a test drift ivas drcurring

significant cost.

2.5.7 Focal Methods
Relationshi betweeroccurrencesf fault slips and the state of stress have been nhgde
correlatingthemagnitude of stress ttata from earthquakes. While it is possible to use the method

to estimate the directions of principle sgeearthquakes often occur at great depth often below
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the depths whichengineering projects take plaeed are therefore of little engineering use

(Ljunggren et al., 2003)

2.5.8 AcousticMethods

Acousticmethods use the Kaiser effect to estimateitu stress. The Kaiser effect is when
a rockis loadedthere is a significant increase in the acoustiassionsonce the applied load
exceeds therpvious load @ which the rock was exposelt is thus possible to determine the
maximumload that a rock was exposed to by stressing a rock sample until there is an increase in
acousticemissions(Ljunggren et al., 2003)The main downside of thigechniqueis that the
maximumstresshe rock was exposed to may meatchthe modern dayn-situ stresgHolcomb,

1993)

2.6 Flatj ack Testing Methodology

Theflatjack techniquethe subject of this thesis, less popular than overcorirgydraulic
fracturingand slot cutting but does have some promiaiigantagedt is a simple methqaghown
in Figure 20 where a series dfix pins is inserted intéhe rockon a prepared surface, then the
distance between thgins is measured. A slot is then cut between thiedle pins and the
movenent between the pins due to the stress relief is measufladjagkis then inserted into the
slot and is pressurized until the pins return to their original locationinfémalfluid pressure
required to do this is directly proportional to the stieghe ground and ielated by the factor K
in Equation[ 5] (ASTM International, 2008)Factor K is provided by the flatjack manufacturer

andits value is specific to each jack.
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Figure 20: The ASTM international setup for a flatjack. The slot in this exampk is created
using overlapping boreholeASTM International, 2008).

[5] a L

Theflatjacks to be usedre square having an edge oless than two feet (0r8) according
to the ASTMstandard test proceduaad the slot must extend no more than tlimekes beyond
the edge of théatjack The top of thdlatjack must be ateastthreeinches below the prepared
surface. Although this is the standard, there is a specific note in the Ag¥dddurdor flatjack
testing thawvariation inflatjack shape and size is allowable for specific applications. The creation
of the slot ca be done by either overlapping drill holes which produces a very rough but square
hole or by saw cutting which produces a smoothwitiit a variety of possible slot shapes all with

rounded corners as shownFigure2l.
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Figure 21: Various types of slots that can be made with overlapping borehole and with a saw.
The shaded area within the slot shows flatjack location and shape

Mortar is recommended to secure ti@tjack when the surface is rougio prevent
deformation and movement. It was found ®segorczyk & Lourenco (200Ghat carbon paper
could be inserted between thatjack and the slot wall and a lig pressure applied to determine
how well theflatjackwas making contact. In thea@ststhey found that the saw cut was sufficiently
smooth that mortar was not required while overlapping boreholes required mortar. The use of
mortar makes thdlatjack difficult to recoverand therefag the cost of the test increases
significantly.In addition,the overlappingnole method is much more time consuming while a saw
cut is quick and effective. The disadvantage with the saw cut is that it can be difficulé tdegpgt
cut and the rounded corners require a-squareflatjack or the slot to extend more than three

inches from the flatjackvhich deviates from the ASTM.

The fatjack test directly measures the -situ stressgperpendicular to the slofThis is
extremdy beneficialbecausehe field conditions at the time of measurement are entieglfured
in the stress determination because it is performed solely in the field. Errors associated with
determiningYoungds modul uBnenadnsteac of tha bock ssp and indirectly
calculatingthe stressesre eliminated. In additionthe large size of th#atjack eliminatesthe

impact of large individual grains on the teahdallows for testing in fractured rock.
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One of the major drawbacks to tiatjack technique is that it is limited to the near surface
testing or testing in tunnel walls. Not only does this limit where it can be performed but it also
locates the test in areas where there can be significant blast damage or heavy weathering
(Palmstdm & Singh, 2001)This damage to the rock can release some of tbigiistress resulting
in inaccurate magnitudes or directions ofsitu stresses. The prepared surface helps eliminate
some of tis uncertainty but blast damagen extend several feeto a surface making it difficult

to be confidenof resulsin areas osignificantblast damagéHoek, 2008)

Since theflatjack only restoes the stress perpendiculartih@ slot the lateral and shear
stresses are not restored. Thigcomecan cause issues when flegjack is not aligned witha
principal stress. This effect can be mitight®y using field observations and the world stress map
to provide an initial firstestimate ofthe principle stress omgation. Threetests are required to
determine the horizont al principle stresses al

to deermine the irsitu stresses as shown be(@8TM International, 2008)

I
[6] Lo =
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Where:

Wy = Displacenent on one side of the slot thg cutting an infinitely thin slot (mm)
W1 = Displacement on one side of the slot due to a slot of finite width slot (mm)
W: = Displacement on one side of the slot due to biaxial stress. (mm)

S = Rock stress perpendicular to the jakkPg@)

Q = Rock stress parrallel to the jadkiRa)

C = Half lengh of the slot (mm)

Y = Distance from measuring point to the centerline of the slot (mm)

Yo = Half width of the slot (mm)

E Youngdéds modulus (GPa)

Poi sdftherd@clemassat i o

W
I

The deformation due to the flatjack is given by

|;
=1
0]
—n||=
|

[10]

=l

=
=
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Where:

W, = Displacenent on one side of the slot from the flatjack
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P = Pressure in the flatjadilPa)

Co = Half length of the jack (mm)

To determine the modulus of the rock mass we evaluate athtée the displacements cancel
(W=Wj) also known as theancelatiorpressure. When measurement is made on one side of the

slot the modulus is given by the following equation.

=
[T
L

[11]

q
N
<
E

Where:
L = Distance betweethe two measrement points
R = Stress distribution factor

Delta Y = Deformation between 2 measurment points.

[12] {1 = Y= h=l v= = vi= o= v .=
Where: A and Aare shown in .

Whendeformation is measudeacros the slotthe modulus is givenyithe equation
[13] P

Where K is a correction factor for the geometry of thet.t
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Figure 22: Dimensionrelative to the flatjack for use in Equation [ 12] (ASTM International,
2008)

2.7 Numerical Modeling

Numerical modeling methods use the principle of dividing a complexwedd situation
into discrete sections that are relativelsiéy solved. The smaller these sections are, the more
accurate the solution as system approaches the continuous solution. These methods are frequently
used to deal with complex situations where close form solutions are either impractical or
impossible. Thre are several different types of numerical modeling technioedsding but not

limited to, finite element method, finite boundary method and distinct element method.

2.7.1 Finite Boundary Mthod

Finite boundary methods are frequently used in tunnalyais. In this method, all
boundaries are divided into elements. These include tgynoektypes fault boundariesetc. and
the surrounding rock mass is considered infinite. The resulting models can be solved by one of, or

some combination othe following three methods; 1) indirect (fictitious stress) which applies
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fictitious stresses to satisfy the boundary conditions and then uses them to calculate displacement
and actual stress, 2) direct in which the results are calculated directly, and 3)edigplac
discontinuity which the fundamental solution of an elongated elastic slit superimposed with the

shear and normal displacements of that slit (Hoek, 2008)

2.7.2 DistinctElementMethod

Distinct element models such as the program Flac3D use solid bhatksteract with one
another. These blocks can collide, slide past one anstiggort each other and depending on the
program even fracture. This type of modeling excels at modeling fractured rock masses and rock

failure along grains boundari@idoek, 2008)

2.7.3 Finite HementMethod

Finite element modeling sub divides a system into a series of nodes, each of which is
connectd to its neighboring nodes. The connections between nodes are mathematical
relationships. In the context of linear elasticity these connections can be represented as spring.
Using static nodal analysis where the sum of the forces acting @xmost equatero and the
forces are related t@lative displacements of nodes it is possible to determine the net movement
of each node and the force in each element. This method excels when stresses are within the elastic
region of the material and when displacerseme expected to be small as heavily distorted meshes

can result in erroneous resulksoek, 2008)Brinkgreve, Kumarswamy, & Swolfs, 2015)

2.7.4 Plaxis
Plaxis is a geotechnical and rock mechanics numerical modeling software package with
both two dimensional and thregimensional capabilities called Plaxis2D and Plaxis3D

respectively. Botlsoftware tools are based @inite element models. Plaxis3D uses riddded
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three dimensional elements to solve for solutions and interactions between nodedasadon

a variety of relationships and failure criterion such as linear elastic-Bimatn, Mohr Coulomb

These criterizan be set based on material layer (i.eestratigraphic layer could be linear elastic

and another in the same simulation cdutdViohrcoulomb). Meshing ifPlaxis is automatic and

can be done by selecting one of five coarsenemy @oarse to verfine) andbr by applying a
coarseness factor to each volume or surface. In addition, mesh parameters can be set for relative

elementsize, polyline angle tolerance, and surface angle tole@ntggreve et al., 2015)
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3.0 LAB TESTING

This lab program took place inside tHeavyStructures_ab which has a&pecialisedloor that can
handle heavy objects and high forcAasnew 2 MN actuator was commissioned in collaboration
with Dr. Sadeghiarand Mr.Khorramianfor the test Theactuator exerted a known uniform static
load onto a concrete spe@m that simulated a rock mass and the modified flatjack testing
procedure was performed on this loaded specimen to datesuitable correction factors to use

to account for slot shapes that did not correspond to the flatjack shape

3.1 Purpose

The purpos of this lab tegtig programwas to establish theorrections factors (J) shown
in Equation[ 14], betweenthe externaljack pressure required teegatethe slot deformation
caused by the #situ stresgor specific slot geontges. In addition the slot closure factor ¢»),
which relates thslot closure to irsitu stres@s shown in Equationl5], will be determined for
each of these slot shapd$iese equations where developed using a combmati numerical
modeling, experimental results and linear elastic théldmg.relationships between slot area, slot

closure and candettion pressurevasexamined to determine if any broader trend exists.
[14] a bt
Where:
0 = In-situ stress
K = Correction factor for the internal fluid pressure to external (output pressure)
P = The internal fluid pressure

J = The poposed slot geometry correction factor (specific to each slot geometry)
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[15] Q ¢ Vel
Where:
U = In-situ stress

Gcp = The slot closure factor that relates, modulus, applied stress and the measured

closure between pins C and D (specific to each slot geometry)
gx-p = Measured closure between pins C and D
E=Youngo6s ahtbedrack niass

Several different parameters were considered for the Igthtegever due to space, time
and budget considerations only fodid n? specimens could be prepared. It was decided to
compete tests that @re the most likely to be encounteredhe field environment. These include;
slot shapes witldifferent diametesawblades, overlapping boreholes, plunge cuts and the drag
cut all shown inFigure 23. The different diameter blades were selectedidsting becausi
industry the test would most likely be carried out usitgiteverequipment isavailable and the
different slot shapes were those which were simplest to perform. Since the tests were carried out
in the linear elastic range of the coneregthe samples could be reusedfibng the slot with a
grout with a similar modulus.

0,203m 0,335m r 0,555m 0,379m

AN

‘o U 4 T 4

S
Overlapping Plunge Cut % Plunge Cut %
Drag Cut
Semi Circular Jack Rectangular Jack

Figure 23: Various types of slots that were tested in the lab. Not®imensionschange based
on saw blade diameter
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3.2 Equipment

The test quipment used during thab test consisted of the following:

2 000 000 N capacity MTS actuator

Concrete rd blocks

Force distribution plate

Swivel plate

160 Concrete saw

406mm (160), 356mm ( 1 4 0 )-mm n(d HidBadys saw blades
Flatjack Apparatus (bused)

203mm ( 8 B02mrb y( rBctangular flatjack

1522mm ( r&daugcircular segmenrfiatjack

Concrete samples

Hoskinsmultilength strain gauge set

Mechanical cement bol&5mm (3/80 vith tapered tops
Hammer Drill

Hilti Rotary Hammer

Various wraches

Camera

Masonry bits{2.7m ( lan&Z®mm ( 5/ 160) )

3.3 Setup

A A2 _2-_9_9_95_9_-49_9_-°9_-29_-45_-°3:-

The load frame end blocks used in this test were developed in collaboration with Ph.D.
student Koosh&horramian and Dr. Pedram Sadeghian. This was done to reduce both overall cost
andreduce required space in the lab for the test set upcdrieete form design and construction
was completed as part of this project while the size and rebar dasipe end blocksvas

completed byMr. Khorramian.

Two reinforcedconcreteend blocks1l m by 0.5m by 0.8 m, wre prepared usirthemold
shownin Figure24. The mold was created using at@mm (1J ¢ plywood sheet as the base and
19mm (J 9 plywood walls reinfored with 20x40 wooden framing orB0.5 cmcenters. This
framing was further supported witlvo sets 0f20x40 strapping and foy20x40 bracingacross the

top for added stability from bulging. A bulkhead was inserted in the middle to separawthe
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end blocksPipes of 102nm  ( dlam@ter polyunyl chloride (PVC) were used to create vertical
holes in the blocks on@il-c m (gr&l @entered in each block. These holes align with holes in the
concrete floor of the Heavy Structures Lab andemesed to prevent the end block from sliding
when press@was Four 63.5mm ( 2PVG pipes were used to create horizontal holes in the

blocks. These angsed to secure the actuator to the load frame end blocks.

The end blocks were reinforcedth 19mm ( 1IJ0) r e b a rmns paciersin wi t h
three dimenens. The rebar was pieentinto three different sizkrectangleso they could be
nested within one another and were assembled on steel saw horses for maximum access. The
design called for 14 rebaectanglesof each size however it was anticipated tdating
construction this would be impossible to accomplish due to the installation of PVC pipes,
especially for the horizontal rebar that required 14 bars in only 0.8 m compareditotiie other
2 dimensions. The degm had a safety factor of 1.6In addition, 9 steel bars where inserted in a
grid pattern through the center of each block to resist internal shear. The internal structure of the

end blocks is shown iRigure24.
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Figure 24: The internal reinforcement of the end block with the PVC tubes for the internal
voidsto secure samples to the block and the block to the flodlote: at this point, oneof each
type is missing but was later added in.

One block(block 1) was fitted witla 25-mm (10 ¥teel plate to distribute the load and the
actuator usin@s>mm  ( thréagled rod ants2mm  ( su@re washers on the back side. A thin
layer of grout was applied between the steel plate and the block to ensure good contact. The other
block (block 2) was not fitted with anything as the sample distributed the load sufficiently. Both

blocks where attached to the Lab floor usisg2mm  ( ddatméter threaded rod.

A 203mm ( Bamgter 2MIN swivel plate was installed on the actuator to corferct

minor deviations in parallelism between actuator and the specimen

The specimen was plad neablock 2 with a sheet df.6 mm (1/160 }hick tar paper on
both sideglater replaced with butyl rubbesee Appendix ¥ A reinforcedsteelload distribution
plate was positioned between the swivel and the specimen to distribute the load applied to the

specimen. This set up is showrFigure25.
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Figure 25: An AutoCAD drawing of the desigred (left) and an as built picture (right) .

The specimens were prepasedpairsn moldandatotal of four specimens where prepared
shown inFigure26. The specimens were M8wide 1m long and 0.5 m high. The @n8by 0.5m
side was the side to which the load was applied. An oversight during creating the specimen is the
positioning of the lifting hooks. These were positioned along the center axis and may serve to
reinforce the plane in which the slot is cut. Théseks were cut off once the blocks were
positioned prior to testing. The blocks where later moved using derimsks inserted into the top

in the corners.

The flatjacks used in the lab tests were attached to a Glotzl pump using hydraulic
connectors anthen blead to remove air from the system. Adapters were required to convert the

metric pump to thémperial fittings on the jack.
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Figure 26: Pouring of the four specimensand end blocks

3.4 Procedure

Since the actuator wanew, initial trials were caductedprior to testing of the first
specimen. To do this one of the samplesused andhe specimemoaded with progreseely
large loads to identify angotential issues with the actuator, hydraulics or end block. Loads of
10 KN, 25kN, 50kN, 100kN, 250kN 500kN, 1000 kN, 500kN, and 200kN were applied and

held for 5 minutes while the elements of the actuator where inspected.

Once the actuator waested for proper functionintgsts where completed as per the below

procedure.

Position the sample with the 01i8x 0.5m end facing the actuator.

Place butyl rubber on both ends of the sample to ensure good contact.
Slowly applya smallload to the sample to seat it on the end block.
Remove Load

Install measurement pirgsshown inFigure27

Record distance between piBisimes

ohwWNE
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7. Slowly goply load of 1 900 000 Mver 5 minutes

8. Wait 15 minutes to allow for any time dependant movements

9. Record dstance between piristimesusing measurement device

10.Cut dot

11.Record measurement between pins immediately after cutting anceagayrb minutes for
15 minutes

12.Position flatjackcentered in the slot

13.Begin inflating Flatjack recording the pin position and pressure every 0.7 MPa

14.Hold peak pressure for 15 min redimg every 5 min

15.Depressurise jack recording the pin position and pressure every 0.7 MPa

16.Hold zero pressure for 15 min recording every 5 min

17.Repeathreetimes to account for hysteresis.

18Reg out the slots in the speaodulesfosreusa.t h a gr

Figure 27: Pin locations in test specimen £C-12.

The slot was prepared differenfigr each tesshown inTable1. The overlappindorehole
was completed usingseries of overlappig holes created using a 4fch masonry bit in a Hilti

rotary hammer. The plunge cuts where prepared using a Hilti DSC800 concrete saw with either a
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305( 1 2366( 1 4ar 306 mm ( 1 6d@meterblade. The wheels of the saw where set to a
stationary seing andthe saw was rotated so the bladé tothe depth required to fully insert the
flatjack. For the drag cut the wheelstbé saw were set to the rotatdting and the saw was rotated
intothe specimen o a de pt h iosMastHe@ndvediherrequidedngrizontaldistanceof
203mm ( ahdrotated up out of the clithis was done with either a 305, 3898406 mm blade
depenthg on the test beingedormed. Errors in measurement are +1.27 pum (£0.00005 in) for

displacement measurements and@50/1Pa(+0.5Bar) for internal flatjack pressure measurement.

Table 1: List of the tests to be performel. All tests are labelled such that the first letter
represents the type of jack, rectangular (R) or circular segment (C) thenhe type of cut,
plunge (P) or drag (D), and finally the diameter of the blade in inches. ASTM_OB is created
using overlapping boreholes

Load Variables

Test (MPa) Specimen Determined Test Order
C-P-12 4.75 3 J, &b 1
C-P-14 4.75 3 J, &b 3
C-P-16 4.75 3 J, &o 5
R-D-12 4.75 4 J, &o 2
R-D-14 4.75 4 J, &b 4
R-D-16 4.75 4 J, &o 6
R-P-14 4.75 4 J, &p 7
R-P-16 4.75 4 J, &o 8

ASTM-OB 4.75 4 J, &b 9

In addition,specimens weraumericallymodeled as % the actual specimen since the specime
is symmetric in both the x and y axis to maximise computational efficiency. The models were
normally constrained on the x, y and z minimum boundaries and free on all remaining boundaries.
The actuatomood oAadn was s ioatduofded MRA oruteei entipe-yan ar
maximum surface and jacks were simulated using an area load in the shape of the applicable jack

at varying loads. Since the models are linear elastic the slots were created all at once by removing
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a 3mm thick slotinthe shapeqeui r ed f or each test. The materi ;
27.2 GPa and a Poissonds ratio 0.26 as deter
concrete shown in Appendix E. Mesh density was selected by iteratively increasing the density

until the GD closure results from the previous mesh density where lesg%haifferent from the

results of the new mesh. Measurement locations where selected as close as possible to the actual

measurement points.

3.5 Lab Results

All tests are labelled suthat thefirst letter represents the type of jack, rectangular (R) or
circular segmenfC) then the type of cut, plunge (P) or drag,(&)d finallythe diameter of the
bladein inches For example, FD-12 is a drag cut using a-lZch blade and a rectarigu saw.
The exception to this is the ASTM standard {8STM-OB) using a rectangular jack with a slot
made from overlapping drill hole3hepinsin the tesare labelled A through F as showrHigure
27. The raw data from eadhst are provided in ppendix Aand the results for trmmmissioning
tests are in Appendix B. To determine the relative displaceai¢hé pinsthe average of pre
cutmeasurements was taken and thisealas subtracted from all futuneeasurements provide
the displacement dghe pins relative to the precut positidm.the following graphsf the results
convergenceés represented as a positive number while divergence is nedatiuee 28 shows
the dsplacement pathf spanC-D for test RD-12 andshowsthere is significant scatter in the data
betweersequentialoading cycles. Since no hysteresis was observednd linewas fitted to all
data points instead of just the first loading cycle as spe€difi the ASTMo reduce the impact of
random error in the testest RD-16 was the only test to exhibtermanent setysteresis and
observatioroccurredvason thefinal unloading cycleConsequentlythe final unloading cycléor

test RD-16 was not ircludedin thetrend linecalculation shown later iRigure38.
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Figure 28 The loading pathfor span C-D of test RD-12. No hysteresis is present but there
iS someminor scatter in the dda.

A sample of the graphed resuligD-14)are shown irrigure29. It is clear from this figure
that the error imelative displacement measuremesttoo large to be of use for spansB B-C,
D-E, and EF. In addition, span A should have identical measurements to spandte to
symmetryand likewise for spans-B and DE. Sincethe symmetrical spans do not have similar
measurementst is further indicated these measurements have sufficiently large errdghelya
should not be considered reliable. Plotshe completedataincluding spans, A, C-D, D-E and
E-F are available il\ppendix Cfor the readebutare not plotted in subsequent graphs. The most
important span (@) has sufficiently large closure #oat the error wasmall enough relative to

the measurements to bensidered reliable.
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Figure 29: The relative displacement(um) of pins CG-D as a function of measured pressure in
the flatjack (MPa) using the rectangular flatjack in a drag cut with a 356 mm diameter blade
(R-D-12). Thetrend lines are the mean of each data set.

The span €D results were plotted in the subsequent figures along with the numerical

modelling results using Plaxis3D
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3.5.1 Overlapping Borehole

Figure 30 shows the lab and numerical modeling residtshe ASTMOB test.Thelab
results gave a&lot closure 0f40.92 um and cancelation pressure @&.01 MPa compared to
numerical model predictiorsf 42.00 um and.86 MPa The numerical modelingrend linelies
centered within the data points obtained from the lab results and agrees tvelienihab results
best fit line These results have mdditional correction factors ¢ or J)and is used as a baseline
to showthat the numerical model parameters sucti asu nngodutus Poissond satidRboundary

conditions and loadings are an accurate representation of the lab set up.
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Figure 30: The relative displacement (um) of pins €D as a fundion of measured pressure in
the flatjack (MPa) using the rectangular flatjack in a grouted slot made from overlapping
boreholes (ASTM-OB) compared to the numerical modeling results for same scenario
corrected for the K value of the flatjack (0.81).
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3.5.2 Plunge Cus

Figure31shows the lab and numerical modeling redoltshe GP-12 testThelab results
gave a closure d#5.90 um andcancelation pressure 6f37 MPacompared to numerical model
predictionsof 29.93 um and6.09 MPa The numerical modelingrend linelies centered within

the data points obtained from the lab results and agrees well with the lab results best fit line.
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Figure 31: The relative displacement (um) of pins €D as a function of measured pressure in
the flatjack (MPa) using thecircular segmentflatjack in a plunge cut with a 12inch diameter
blade (C-P-12) compared to the numerical modeling results for same scenario corrected for
the K value of the flatjack (0.7).
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Figure32 shows the lab and numerical modeling residishe GP-14 test.Thelab results gave
a slot closure 080.08um andcancelation pressure of B.80MPacompared to numerical model
predictionsof 33.02 um and6.24 MPa The numerical modelingrend linelies mostly centered

within the data points obtained from the lab results and atailswell with the lab results best

fit line.
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Figure 32 The relative displacement gm) of pins C-D as a function of measured pressure in
the flatjack (MPa) using the circular segment flatjack in a plunge cut with a 356 mm
diameter blade (C-P-14) compared to the numerical modeling results for same scenario
corrected for the K value of theflatjack (0.78).
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Figure33shows the lab and numerical modeling results for HRel® test.The lab results
gave a slot closure &#f9.85um and cancelation pressure oi9 MPa compared to numerical
model pedictions of 33.91 um and 6.33 MPEhe numerical modelingrend linelies centered

within the data points obtained from the lab results and agrees well with the lab results best fit line.
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Figure 33: The relative displacement(um) of pins C-D as a function of measured pressure in
the flatjack (MPa) using the circular segment flatjack in a plunge cut with a 406 mm
diameter blade (C-P-16) compared to the numerical modeling results for same scenario
corrected for the K value of the flatjack (0.78).
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3.5.3 Plunge Cuwith aRectangular Jack

Figure34 shows the lab and numerical modeling redoltshe RP-14 testThelab results
gave a slot closure @f2.38um andcancelation pressure 630 MPa compared to numerical
model prediction®f 64.62um and6.93MPa. The numerical modeling r e n d slopd agrees s
with lab resultstrend line but it has a larger initial closure and cancelation pressLine

discrepancy is examined further hretdiscussion section
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Figure 34: The relative displacement (um) of pins €D as a function of measured pressure in
the flatjack (MPa) using the rectangular flatjack in a plunge cut with a356 mm diameter
blade (R-P-14) comparedto the numerical modeling results for same scenario corrected for
the K value of the flatjack (0.81).
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Figure35shows the lab and numerical modeling results for el test.The lab results
gave a slot cloge of 46.95um and cancelation pressure @87 MPa compared to numerical
model prediction®f 65.65 pmand 5.7IMPa.The numerical modelingend lineagrees with the
cancelation pressure but differs significantly in its prediction of the slot closusediShrepancy

is examined further in the discussion section
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Figure 35: The relative displacement (um) of pins €D as a function of measured pressure in
the flatjack (MPa) using the rectangular flatjack in a plunge cut with a406 mm diameter
blade (R-P-16) compared to the numerical modeling results for same scenario corrected for
the K value of the flatjack (0.81).
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3.5.4 Drag Cut

Figure36 shows the lab and numerical modeling redoltshe RD-12 test.Thelab results
gave a slot closure of 42.30n andcancelation pressure of 7.28Pacompared to numerical
model predictionsf 42.00um and7.54MPa. The numerical modelirigend lineagreesomewhat

with the lab results best fit kn
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Figure 36: The relative displacement(um) of pins C-D as a function of measured pressure in
the flatjack (MPa) using the rectangular flatjack in a drag cut with a 12inch diameter blade
(R-D-12) compared to the numerical modéng results for same scenario corrected for the K
value of the flatjack (0.81).
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Figure37shows the lab and numerical modeling redoltshe RD-14 test. Théab results
gave a slot closure of 55.@8n andcancelation pressure of 7.28Pacompared to numerical
model predictionsf 62.06um and7.67MPa.The numerical modelingend lineis lies above the
data points but the slope agreesll with the lab results dst fit line indicating a slight initial

cloaure error.
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Figure 37: The relative displacement(um) of pins C-D as a function of measured pressure in
the flatjack (MPa) using the rectangular flatjack in a drag cut with a356mm diameter blade
(R-D-14) compared to the numeri@al modeling results for same scenario corrected for the K
value of the flatjack (0.81).
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Figure38shows the lab and numerical modeling redoltshe RD-16 test. Théab results
gave a slot closure of 59.6n andcancelation pressure of 8.68Pa compared to numerical
model prediction®f 63.31um and7.73 MPa.The numerical modelingrend linelies mostly
centered within the data points obtained from the lab results and agraewhatvell with the

lab resuls best fit line.
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Figure 38: The relative displacement(um) of pins C-D as a function of measured pressure in
the flatjack (MPa) using the rectangular flatjack in a drag cut with a406 mm diameter blade
(R-D-16) compared to thenumerical modeling results for same scenario corrected for the K
value of the flatjack (0.81).The data points with the shaded background were not used to
calculate thetrend line due to hysteresis.
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3.6 Area Relationships

Analysis of the datérom all the testsn Figure 39 shows a trend for increas closure
with increasing arednoweverthe geometry affesthe closure as well. The effect of the geometry
can be seen on the ASTM test which is similar in sizéhé GP-x series testbut produced a
larger closure in both the models and the lab tests. The rectangular plursgprddsiced
significantly different results compared to the numerical model. The results frdabtiest fall
on the trend line more agrately however upon detailed inspection of the numerical model no
issues where detected. With exception te tthio R-P-X seriestests the results between the
numerical model and the lab teatewithin 11.86% and the model gave larger closures as shown
in Table2. Both results indicated a correlation between the slot area and the closure however the
lab results had a stronger correlation with &rv&ue 0f0.786 vs 0.618. This indicated that the

effect of shapef hole is larger in the numerical model than in the lab tests.
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Figure 39: Lab closure (um) at zero flajack pressure versus slot face areeompared to model
predictions for pin span GD.
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Table 2: Summary of the numerical model and lab closure datand ther error.

Slot Lab Model
Test Area  Closure closure Error (%) Gc.plab Gep Model
(m?) (em (&em)
C-P-12 0.017704 26 30 -6.49 5.81 5.43
C-P-14 0.019416 30 33 -7.78 5.34 4.93
C-P-16 0.020989 30 34 -8.79 5.26 4.80
R-D-12 0.041936 42 42 1.72 3.81 3.87
R-D-14 0.04406 55 62 -11.86 2.97 2.62
R-D-16  0.046005 60 63 -5.77 2.73 2.57
R-P-14 0.034065 42 65 -34.86 3.86 2.52
R-P-16 0.035321 47 64 -26.95 3.46 2.53
ASTM-OB 0.020645 41 42 -1.54 3.93 3.87

Comparison of the cancelation pressurEigure40reveals a stronger correlation between
relative areaf the slot to the flatjacknd cancelation pressure in numerical modeling. The trend
in the lab tests is similar to that of the numerical modelirige results between the numerical
model and the latests are within 23.48% ifable3. The lab results have a very poor correlation
between the slot area and the closure however the model results had a stronger correlation with an
R2value of 0.989 vs 0.168 adlition, blade size has a g influence on the cancktion pressure
in the lab testcompared to numerical modelingowever, this could be attributed to the error

associated with the lab experiments.
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Figure 40: Cancelation pressure(numerical model results were corrected for the k value)
versus the relative area of the slot compared to the jack for both lab and model predictions
in pin span CD.

Table 3: Summary of thenumerical model and lab cancelatn pressure datgpoints and their
error.

Slot Lab Lab Corrected Model

Test Area  Cancelation Cancelation Cancelation E(g/n;r J-lab J-model
(m?) (MPa) (MPa) (MPa) )
C-P-12 0.017704 6.3 4.97(K=0.78) 4.75 -4.60 0.956 1.000

C-P-14  0.019416 7.0 5.51(K=0.78) 4.87 -13.08 0.863 0.975
C-P-16  0.020989 7.5 5.84(K=0.78) 4.94 -18.26 0.813 0.962

R-D-12  0.041936 6.2 5.06(K=0.81) 6.11 17.14 0.938 0.777
R-D-14 0.04406 7.3 5.90(K=0.81) 6.21 491 0.804 0.765
R-D-16  0.046005 8.7 7.03(K=0.81) 6.26 -12.31 0.676 0.759

R-P-14  0.034065 5.3 4.29(K=0.81) 5.61 23.48 1.106 0.847
R-P-16  0.035321 7.5 6.05(K=0.81) 5.71 -5.97 0.785 0.832

ASTM-OB 0.020645 6.0 4.87(K=0.81) 4.75 -2.49 0.976 1.000
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3.7 Summary of Lab Results and Discussion

It was observed thathe spread in th lab displacementlata is larger than the instrument
tolerance. This spread has the largest impact on the measurement of $haBCAD-E, and E
F because the instrument errolagge (up to 50%gompared to the relative displacement of these
spans. his impact is compounded by their relatively shalto@nd lineslope (a little more than
1:1) which gives a larger change in cancelation pressure forwmialiiors in thetrend lineslope.
When omparing tlese spant® span GD, span CD has a smalldnstrument error of (1.9%4.7%)
and asteepeslope of betweert and-8 which results in amaller change inancelation pressure
for small variationsn thetrend lineslope. In addition, span-B and EF should produce identical
results as theare synmetric, however they were only within instrument tolerance (x1.2m) in
three out of nine testshile spans BC and DE which are likewise symmetric produced results
within tolerancehree out of nine test&inally, the results disagree on which of thwve span pairs
(A-B/E-F or B-C/D-E) had the larger relative displacemenhe results of these measurements
were considered unreliable due to the large errors associated with their measurements. These
values could be useful in future tests if one of thrleanges vere made 1) increase thesitu
stress, 2) decrease the stiffness of the material or 3) create a larger slot. Each of these changes

would result in a larger initial displacement and thus a smaller relative error.

Span GD is the focus of thigxperimental evaluatioand produced useable results with
sufficiently low errorbut still not within instrument erroiThis indicates another source of error
most likely associated with experimenter as the actuator force and room temperature were constant

and the error was random in natukysteresis was rarely observed.

The results from the numerical modeling agreeideexely well for the ASTM test arttie

best fit lines matchedrery closely. For the drag cut and the plunge cut witlcileallar segment
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flatjack the numerical model produced results that were reasonably close to the lab results with the
numerical model predictions being fully or mostly contained within the data points and thus within
the error associated with the experiment. Numerical magledisults from the plunge cut with the
rectangular jack did not agree well with the lab resilt® relative displacements in the models
were much higher than the observed resaiid the closure pressures were in accuf@terall,

the error in cancelain pressure between numerical modelamgl lab tests are £23% and there

was no indication that either type of flatjack produced results with largarsthan the other.

To further investigate the cause of the error in tHeRseries tests, a seriesrafmerical
models was made. In these, a 3&® diameter cut was made into a lab specimen to increasingly
large depths which revealed a linear increase in closure as theidemthsed as shown in
Figure41. The closure results from the model used-R-R4 agrees well with thieend linecreated
in Figure41. In addition, the J factor in Table 3 is greater than 1 for the lab results which is illogical
since the factors correcting for a slot larger than the jack (i.e. it should be less thdincahn

therefoe be concluded that the source of error was in the lab.
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Figure 41 : Numerical modeling results of a356 mm diameter slot at varying depths. The
square is the result of the lab set up for FD-14.
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These lab testhad several sources of potential error. Reusing the blocks could result in
both degradation of the block due to the formation of micro craclaasdiation in thestiffness
of the material that was used to fill in thiot The latter was minimised by usirggrout with a
similar modulus to that of the concrete after setting for two days. Degradation of the block was
also unlikely since the ¢4 test to take place, ASTKAB had tle most accurate results. Another
potential source of error is that thteanthear ger
cylinders used to determine the moduliue to scale effesthowever good agreement between
most modeled closures and theieasured results indicate that this is unlikely. The large variation
in closure between the model and measured values in t&sfgiRind RP-16 cannot be explained
using any of these sources of error as the results for ASGBMWvere not affected and itdk place

in the same block after-R-14 and RP-16tests were conducted.

The only variable that seems significantly different to the other tests is theofiéptiut
asall other tests @re no deeper than the jaékP-14 was at the limit of the depttiwhat the saw
could cut and thereferthe slot could be shallower than modeled. Since the flatjack has rounded
corners, this smaller than modeled slot could have been able to still accept the flatjack without the
experimenter becoming aware of the shalkat. Although this may have had an effdagure
41 indicates that the slot would have had to have been half of the depth to accallrih&error

and it does not explain the error iROR16 which was sunk to a known depth.

In lab testing all jacks where recovetieby inserting a screwdriver or similar tool under
one side of the jack and prying up. In instancesnithe jack was particularly difficult to remoye

a file with a blunt end was used on side with a hammer tdh&ajatk roating it and lifting one
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side A screwdriver was inserted into that side of the slot and the other side of the jack was tapped
to rotate jack while the screwdriver prevented the otherfeithe re-entering the slot. 8eating

this procedure su@ssfully extractethe flatjack with no significant damage.
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40 FIELD TEST ING

Pionee Coal operates the Stellarton Open Pit Comlévvhichis inthe town of Stellarton,
Nova Scotia, Canada approximately 360 north of Halifax as shown iRigure42. It is an open
pit coal mine that has been in operation since 1988 mine consists dbur maincoal seams,
the Foord, the Cag#ie Thirdand the Flemming/McGregeseams. These seams dif Bgwards
North NorthEast. There is ahick sandstone/claystone layer below the Cage dbatmpresents
difficulty when miningdue to its strength and lack of joinis addition, these seams have all been
minedfrom 1798 until1967( A" Men i n the Mines: A History
172061 9 9 2 , ousigButfatdandunderground room and pillar methods affecting theitin

stress field.

Stress measurement at the Stellarton site was attempted using the flatjackbas#uboin
the ASTM specifications and were focused on the sandstone flary#ris project Alterations to
the hole shape and flatjack size where madeduce th time and cost to perform the tehe
slot shape was a drag cut while the flatjack was rectangular and measunesn4p 200mm.

Theslotwas cut using @6-inch diametemwall saw mounted to thieedrock.
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Figure 42 Location of the Stellarton open pit and the town of Stellarton (Modified from
Google Maps, 2018)

4.1 Site Geology

To determine the stratigraphy iretlstellarton open pia desktop studgarried outusing
exploratoryborehole logs retrieved from thidova ScotiaDepartment of Natural Resources
(NSDNR)as wel | as O00Open Fi | NSDR= This stratigraphycwasitiien c t e d

compared to the exped walls in the Stellarton open pit.

The Stellarton basin is a late Paleozoic pull apart basin consisting of3akidf clastic
sedimentWaldron, 2004) The basin is approxiately 165 ki and bounded by two faults, the
Hallow fault and Cobequid fault, both of which are dextral strike slip f@Mltaris, 2002) The

basin consists of eighgeologicmembers, the Tdrburn, Coal Brook, Albion, Plymouth, Westville,
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Skinner, Brook and Middle RiveOnly the Coal Brook, Albion and Plymouth members are
relevant to the Stellarton open piheFord seam is the boundary between the Coal Brook and the
Albion members. Meanwlg, the Plymouth member exists concurrently with both of the other

membergGillis, Naylor, & Waldron, 1996)

The Coal Brooknember is interlayered mudstoisendstone, shale, oil shadad coalThe
Albion sequence consispsimarily of mudstones interlayered with sandstones, shalehalds
and coal seams dipmr24°to north northeast. These layers range fr@80 mthick and vary in
composition and thickness laterally. In order of increasingthgeoal seams are McLeod, Foord,
Cage, Third, Purvis, New, Oil Coal and Mdbrwhich are shown iplan view andcross section in

Figure43 andFigure44 respectively(George Wimpy CanadallD, 1977)
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Figure 44: Stratigraphic columns for representative holes in the upper Albion member of
the Stellarton formations. Thicknesses are dip corrected true stratigraphic thicknesses.

Location of the holes are shown irfrigure 43 (Waldron, 2004)

4.2 Site History

Coal wasifst discovered in Stellarton, then Albion Min@s,1798 and was locally mined
in small pits. Formal mining first began in the Stellarton area in 1827 by the General Mining
Associationand both suface and later underground methatsre usedMining in the region
intensifiedafter the monopoly that the General Mining Asation had was revoked in 1858 which
resulted in thecreation of the Acadi€o a | Company in 1866 and the
Drumnmond mine in 1867Mining remained prominent in the region ufibrid Warll that saw a
decrease in coal demand due to rising use ¢Etérbrok, 1998)Although there hve been many
mines in the Pictou coal field, is the Storr, Bye, Cage Foorde, Foster and Westray test pits that
that influence the Hsitu stressethe immediate area of the Stellartonghibwn inFigure45 (Gillis

& Dewolfe, 1992)
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Due to etensive mining in the area aroutite Foord and &ge seams, cavBs were
common with subsidence reaching the surface anddoesrred intermittently in thedfye seam
workings. In 1996 PioneerCoal reached an agreement to remine Foord, Cage, Thircand
Flemming/McGregor seams to both extract the resource and remediate the effects of historic

mining. The effects of previous mining can be seen in the pit walignre46.

Sandstone Layer

Figure 46. A photo of the side wall of the activeopen pit the day of testing. Historic
underground mining can be seen in the cage seam and teandstone layerthat was to be
used to determine the irsitu stressis shown below a layer of coaly shale.

4.3 Test Site Description
The in-situ stressfield test sie was selected toakie a geological stratum that was
uninterrupted along strike by mining or erosgmnthe insitu stresses were not relievddhe layer

of interestwas a massive sandstone below the cage selaenmining orsite proceeds in strips

mining down dip. Once one strip is finished another begimsjacent to the previous cldp to
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three strips may be open prior to the oldest being backfilled.sequences shown inPioneer

C o a midirgy schedulen Figure47.

The test siteshown inFigure48, were prepared in advance by the mintoghpany These
sites included four pits dug partially through a layer of shale andacozdch he sandstone layer
unfortunately this was not achievdd addition, one section of exposed sandstone in the sidewall

of the mine was used. These locations are showigure49.
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Figure 49: The testing locations
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4.4 Test Equipment

The test equipment used during the field test consisted of the following:

A=A -A2-_4_9_9_4_2_-9_-9_-45_-°3-2-

Glotzl M2H16 Hand Pump with pressure gaugesNiBtaand 6MPa)
2 Glotzl Flatjacks (400nm x200mm x6 mm)

Hilti wall mounted22-inch diameter Diamond Saw provided by contractor
Mechanical cement bolts 3iBchwith tapered tops

Hydraulic oil

Hoskinsmultilength strain gauge set

Shovel

Broom

Calipers(back up)

Hammer

Adjustable wrench

Paint

Camera

4.5 Test Procedure

The following procedure was used in the test pits created by Pioneef bizaprocedure is

based on the ASTM standard testing procedure for flatjgc®FM International, 2009)

CoNoO~whE

Clean and label test site

Install measurement pins

Record distance between pins

All ow contractors to install and create slot using the specialised saw
Record measurement between pins immediately after cutting

Position flatjack

Begin inflating Flatjack recording the pin position and pressure eveiyBa/
Hold peak pressure for 15 mircmeding every 5 min

Depressurise jack recording the pin position and pressure eveviP@.7

10 Hold zero pressure for 15 min recording every 5 min
11.Repeat 3 times to account footentialhysteresis.

4.6 Test Results

The tests in the pits where mostly unswsfel because the saw could not be safely

anchored to the friable coal and shale layer. Only one slot, in pit 33ueasssfullycut and this

arrangemenis shown inFigure50. Furher, theflatjack would not fitinto the slot and thus only

the closure measurement could be made. Attempts were made to widendhe shsert the jack
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using steel wedges however this only damaged the rock and the slohobtidenlarged as the
saw would no longesafely anchor tohe rock.There was 241um (0.0095 in) of closietween

pins GD atthis location Theslot wasthenexcavated on one side to expose the surface of the cut
to evaluate the smoothnesfsthe cut surfacavhich appeared to be satisfactory except for where

the saw became loose nesd of the cut. Thisutcomeis shown inFigure51 and the ridge near

the outer radius of the cut was caused by the saw wigras it loosened in the rock.

Figure 50: Test pit 3 where the 26-inch diameter saw was installed and the slot was
successfully cutThis saw and mounting hardware could be pulled easily out of the ground
after vibrations due to cutting.
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Figure 51: The excavated slot showing themooth sides of the slotThe two curved white
lines highlight the location where the saw became loose anwbbled cutting grooves into the
side of the slot

The side wall measurement in the sandstone showigime52 was more successful. The
saw had sufficienanchorageand the cut proceeded smoothly. After the sawtbet pins vere
measured and it was found that thiated indicating the rock was in tension which is consistent
with the locatioras the rock wasnconfined and could therefore have no compressive forbes
meant that further testing would not produce meaningful results as pressurising the flatjack would
only separate the pins furthddespite this, the test was fmmed to evaluate the safetnd
reusability of thefield sizedflatjack in an ungrouted slot. The installation of the flatjack was
difficult as the jack fit tightly into the slot and needed to be hamniergksteel spacewas used
between the hammer and the jack to avoid damagmgeck. The pin locations wee measured
before and aftemstalling the flatjack to account for the pressure exerted by the tight fit. The

installation @ the jack was found to spregihs C-D by 25.4um (0.001 in) and the jack was off
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centredin the slotafter installation by 9 cm. Due to the time constraints, uncertainty on the
recoverability of the jack and the lack of stresses it was deemed acceptable to continue as only the
reusability of the jack would be evaluated. Due to time constraints, ontyghgurement-© (the

pins closest to the slot)ere measured. The jack was pressurized kP2 for an initial test

allowed to deflate and then pressurised MPa Recovery of the jack was successful by using a

wrench and prying up on thmoksof the pck with a progressively larger spacer between the rock

face and the wrench. No damage to the flatj@mak observed

Figure 52: The wall testlocation. The cut was made directly behind whre the engineer is
standing.

4.7 Numericd Modeling
Two numerical models where used to gain insight into thetinstresses ithe Stellarton
pit usinga closuremeasuremerbtainedfrom a single flatjack locatedt the bottom of the pit

The first modeivas used tdetermine the stress at tlet location using the closure measurement
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for the given slot geometryfhe second model was of the open pit and used to determine the effect

of the open pit on the stress at the measurement location.

The first model was of the sl{test scalepndwasused to find the relationship shown in
Equation[ 16 ] between stress, slot closuandY o u nmodldus of the material and a closure
correction factor Gcp). The closurecorrection factorffor a particular geometr configuration
Gc.p, waseasily determined using known values of applied pressur®& and n rgoddis, then
using the first numerical moded solve for the closure atparticular point. The values veethen
inserted intan Equation[ 16 ] and theGc.p valuewasdeterminedThis value ofGcpwas then
used with the closure obtained in the field to determine the stress at the location of the

measurement.

ThePlaxis3Dmodel for thisslot shown inFigure53was 6m by 6m by 6m to minimise
edge effects. In addition, only a quarter slot was modeled to maximise computational efficiency
and normally constrained boundaries along the axis of symmetry of the slot. The stotrags
cut20 cm deep and0 cm long along the bottom edgetoh e s | ot wi t h fAwingso
26-inch diameter blade. Thec.p value was found to be 1.373 using thesure contours caused

by a known loadshown inFigure53, and Ejuation[ 16].

()

[16] A e Vel
Where 0 i streds pegpenslicular to the slot

Gc.p is a factor accounting for the geometry of the slot and the position of

measurement relative to it

gz is the closure between pins C and D
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Eistheungdés modudrials of the mat

Theresulting stress usinfis equation and the closure of 24rh are shown ifrigure54
as a function o¥ o u nrgodwus.The rock on site was a very friable shale/coal and thus the value
of Y o u n mangusis likely between that of a weak shglE0 GPa)(Al-maamori, Hesham,

Naggar, & Micic, 2014and strongcoal (4.74 GPayMing, Yi, & Tiedemann, 2005)This results

in a stress between 1.56 MPa and 3Pa.

I um

0 pm

-2 pm
-4 jm
-6 pum
-8 um
=10 pm

-12 pm

-14 pm

=16 um

Total displacement uy

Figure 53: The Plaxis3Dmodel used to develop th&cp factor used for the 26inch drag cut.
Negative numbers indicate movement toward the slot centerlin@he left and front sides of
the model, as shown in the imageare planes of symmetrywith normally constrained
boundary. The bottom and right sides are alssmormally constrained and the t@ and the
back are free surfaces. The load was applied to the back of the models a pressure
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Figure 54: In-situ stress vs.Y o u n gh@dslus graph for 0.25mm closure at Stellarton
developed for the 26inch drag cut.

The secondinear elastic numerical modalhown inFigure55, was used to determine the
unperturbed irsitu stress by correctirthe values obtained from the flatjack t&stthe effect of
the open pitln this way, the undturbed insitu stress for the location could be evaluafdte
mining in theopenpit proceeded in stripsnining down dip withup totwo of these80 m wide
strips being excavatedconcurrently This mining sequece was replicated using Pla3i3, as
shownin Figure55. The modetimensions werg600 m by 2000n by 400m deep and contained
no stratigraphic layersr historic miningsince the additiorof these made the model too
computationally demandingd his limitation was deemed acceptable as it was mainly the effects
of pit geometry being examined atiktest location was fully contained within one stratigraphic
layer away from historic miningGravity loading and the additional-gitu stress component
perpendialar to the slot were modeled separatilg to software limitatigthat caused uniform
stress on the loaded boundary despite gravity loading. The results of these modelswere t

elasticallysuperimposetb determine théotal stress as shown igation [ 17]. Gravity loading
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used a density of 2.#m® and had a water table €00 m while the additional loading used a
massless rock and an applied uniform load on the x maximum boundary of TiWRsdeused

to measure stresses was representative of the location of pit 3. It was found that at the location of
testing the stress was 0.178 MPa due to gravity loading and 1.262 greater than any additional in
situ stresses. The stress at this point due to gravay forithe perturbation was 0.7RBPa.Using
Equations 18 through 2(e final unperturbed #situ stress component perpendicular to the slot

wasfound to bebetween 1.8%Pa and 3.23/Pa and isshown inFigure56.

[17] G < < > >-H-.%| >0 g «© >-H-ﬂ +HE:

[ 18] e 1 T 10T g > > R >0 0t > L;- - - ¥

Substituting Equation17] into Equatior] 18]

[ 19] Qor mgramr P o mrg» C—l';‘i «IQ'HIS’%:O a0 > tu®

Inputting the numbers from the numerical model the Equticd] simplifies to Equatiotfi 20]

8 A 8
[20) Go- s emrp® 5 8 8

Where
O ol erturbea= T e totalstresgperpendicular to the sloteasured at the bottom of the pit
after correcting for slot geometriyg. Result fronthe first numerical model)
O graviyperuveci= T e stress perpendicular to the slot due to gravity at the bottom of the pit
during mining.
U agaiona= The stres perpendicular to the simeasured at the bottom of thelpe to

additional causes other than gravity (ex. tectonic, residual, etc.)
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Un o urperurveay= The total stress perpendicular to the slot measured at the bottom of the pit
prior to mining taking place
O graviyperubeai= The stress perpendicular to the slot due to gravity at the bottom of the pit

prior to mining taking place
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Figure 55. Numerical model of the Stellarton open pit developed using the pit schedule,
geology aml field observations. The image (ajs the stress in the x direction induced by
gravitati onalt/md and(d)iisrthg additiorastréss in the x direction due to

other factors simulated by applying a IMPa load on the x maximum boundary.
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Figure 56. The premi ni ng wunperturbed stress Wiotumgas a
modulus.

4.8 Summary of Results and Discussion

The results of the fld tests certainly have their limitations, uncertainty inYhe un g 6 s
modulusand having only one test resulteing principle among them. The uncertainty in the
Y o u nmaaldus gives an equally large uncertainty in the stress when using the linear elastic
model. Since the material in which measurementasasglucted isery friable,a sufficiently large
samplecould not be obtained to determine the modulus andoteet hods such as Leel
would produce unreliable results. Another source of erroteaumerical model of the pit that
did not account for the effects of previamining and had no stratigraphylthough these were
originally included in the model it proved to large be calculated using the available hardware and

had to be discarded farsimpler model.

Although thefield test did not yield a full stress tensor for the Stellarton pit due to the
inaccessibility of the sandstone layiedid demonstrate that the modifications to the ASTM could

be scaled to a larger flatjack and that tlagidck could be recoverable. The numerical modeling
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techniqueslemonstrated can be useful for negating the effects the opmmtphié stresBeld. The

testalso emphasised the versatility of using 1specialised equipment that is easily used in any
rok type and can be used to widen slsteh as @andheld rock saw The lack of flatjack
measurements led to the realisation that the use of the slot closure from a particular geometry can
be used to estimate thesitu stress. This could prove to be &fus method of determining in

situ stress without the need for specialiggking equipmentsinceall that is needed is a saw,

measurement pins and a suitably accurate measurement device.
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5.0 CONCLUSIONS AND RECOMMENDATIONS

In-situ stresses are highlyanable and are affected by multiple differelvading
mechanisms on hetegenic and often perturbed material. This makes single measusdesnt
representative of the overall streaeasorwhen compared to mangeasurementisecause of the
variability of the stress within the rock mass. The use of field observations such as the topography
can helpto understand the stresses in an aed can be usetd optimise positioning of stress
tests. The flatjack test is o€ the lowest cost stress tests sinceequires minimal equipment
and does not require mobilisation of a drill rig. Thitiationmakes the flatjackest ideal for
collecting larged at a sets and for more cost sensitive

modulus is not needi for the testhere is one less variable to contribtderror in the results.

The goal of this research was to reduce the time and cost of performingitun stress
test.By usingthe correction factoJj and a saw cuglot, the time requiréto cutthe slot iseduced
and wait time for grout to set can be eliminated. In addition, slot closure for a specific slot geometry
has demonstrated the ability to determinesitn stress without the use of specialised flatjack

equipment if the modulus of the rock massrnswn.

The lab test establisled correction factorqJ) for slot geometes that varied fromthe
flatjacks geometry The maximum error between the lab results and the numerical modeling
cancelation pressuresults was 23.5% test RP-14. This uncertaintyin the results is somewhat
large it is compaable to othernn-situ measurement technigyeteidbach et al., 2008)The
numeri@l modeling indicated a strong correlati@®f=0.989) between theelative jack/sloarea
and the cancelation pressin@wvever variability in the lakesults indicated that thieend was not
a strongeorrelation(R?=0.156). The geometry of the flatjack itself did not affect the accuracy of
the results when compared to numerical modeling predictions.

93



The lab tests also establishedrrection factors Gc.p) to correlate slot closa to the
modulus and applied stregmalysis ofslot area relative tthe slotclosure both the modeling and
the lab results indicated a relationship wif+0.618andR?=0.799respectively. Although there
is a relatimshipbetween slot area and closdretween pins @, it is clear by tests ASTMDB
and GP-12, which have similaslotareasthat slot geometry also plays an importain closure
measurementsThe closure results for the plunge cuts vathectangulajack are inconsistent
between thewumerical model and the lab tegtgh an error of up t@4.9%6. No issuewas found

with the model and another lab test is recommended to try and isolate the cause of.the error

It is recommended that the techniques in this paper can be used to detem@ngon
factors,J and Gec.p for more slot geometrieszinally, the flatjacks used were ungrouted and
provided results consistent with theoretical results and ASTM specification testestiisieans
it is possible to conduct many tests with the saawk however the amount of times agh can

be used is still unknown but presumably they can be used until damaged.

Results from the field test showed that rsguare slots and an ungrouted jack used in the
lab could be applied to a larger flatjack in fredd and the jack could be recovered and reused.
While the flatjack test in the field did not successfully measwstinstress, the limited data
collected directly resulted in analysing the slot closure for a relationship to the $tresslot
closue measured at Pioneer Coal was géland after correcting for slot and pit effects the pre
mining stress was found to be between IM@2a and 3.23VIPa for the premining stress and
1.56 MPa and 3.3MPa post mining. Both values are for the stresm@@long the strike of the

seam.
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Theimpect of these conclusions is teduce the cost and time terform a flatjack test by
providing correction factorf®r quickly-made slotsjemonstrateecovery of the jacks anoduce
reasonably eliable results sing ungrouted jacks and pins. In addition, a novel method of

determining thén-situ stress wadevelopedhat can be done with minimal specialised equipment.

After completing the testseverarecommendationabout the test setigzemade. Firstly,
atemplate is necessary for the proper placement of the measurement pins as the drill can easily
deviate while drilling. In addition, a portable saw is recommended over a mounted saw as it allows

for slot widening, can be used in friable rock and is reaifjilable on many project sites.

Much was | earned about measurement of the
they would interfere with the saw when cutting the slot. It is for this reason that for the
measurements before and after the saw cutldl@udone with a calibradenicrometer and pins
with a 45 countersinkThis provided an edge to surface contact between the device and the pins
that was insensitive to misalignment and damage tothé gin. woul d be possi bl e t
after cuttirg the slot to get better result aridstis recommended if the modulus is required as the
displacements are so small that the measurerbeitgen pins on the same side of the fstoh
that the dial gauge micrometer has a very large relatina. If only the stress is required only
pins C and D are needed and the test can be reduced to one loading cycle as additional tests are to
establish if hysteresis is present and if it is present only the first cycle can be used to determine in

Situ stress.

Finally, larger cuts such as the drag cut produce larger closures and require higher jack
pressure to achieve cancelation. This makes the measurements larger relative to the instrument

error and therefore provided more accurate results.
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APPENDIX A: LAB FLATJACK DATA

Test v =7~ 12
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