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NUMERICAL MODELING OF BRITTLE ROCK FAILURE UNDER DYNAMIC STRESSLOADING

ABSTRACT

Tunnels in deep mines are subjected to high sse$3acture and failure of the rock mass around an
opening can occur when mining-induced stressedigte In burst-prone grounds, mining-induced segstyican
cause additional dynamic loading which can furiherease the stress around the tunnels. When thengdg stress
reaches the rock mass strength, fracturing canrcaed rockburst may happen (depending on loadiiffipests
around the failed rock mass). Rock support inddaitethe tunnel must be capable of dissipating dyinaenergy
and holding the failed rocks. Hence, it is impottan estimate the depth of failure for rock suppesign. This
paper focuses on how to model depth of failure umj@mamic loading. In the modeling, two scenariésaxrk
failure are considered. In the first scenario, rtailure occurs under static loading and subseqdgmamic loading
further increases the depth of failure. In the sdcecenario, no failure occurs under static loading in the
subsequent dynamic loading, failure around theelisncreated.
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INTRODUCTION

Under high static stresses, fracture and damag®akf mass around an opening can result from high
mining-induced stresses, leading to brittle rockufa around the excavation boundary. In burst-prgnounds,
mining-induced seismicity can cause additional ayicaloading which may further increase the strassirad the
tunnel, leading to more failure, loosening, suddsaase of elastic strain energy stored in thénfaitocks and the
surrounding rock masses, and violent ejecting efftfiled rock masses (Kaiser et al., 1996).

Once the anticipated seismic damage risk is reeedniit is important to control the potential damag
caused by the seismic event. First, the demandsailiebe imposed on the support systems need tedtienated.
Then, rock support with sufficient capacity mustdesigned and installed to control the potentidlifa zone, to
provide a safe environment for the underground exskand to avoid disruption to mine productione@method to
estimate the support capacity under dynamic loatdirige energy approach which is based on the astimof the
maximum ejection velocity (Stacey & Ortlepp, 1993nother method relies on a reasonable estimatéhef
ultimate depth and extent of the failed rocks undeth static and dynamic loadings; to achieve tual, it is
important to anticipate the brittle rock failurensoaround the excavation under both static andrdiniadings.

PURPOSE OF THE STUDY

The depth of failure is an important factor to lmmsidered when designing rock support systems ¢Cai
al., 2012; Hoek & Bieniawski, 1965; Hoek et al. 959 Kaiser et al., 2000; Martin et al., 1999). Tepth of failure
under static loading can be estimated empiricalig/ar numerically. The empirical approach utilizgs equation
summarized by surveying actual field tunnel failofesome underground openings around the worldsgtaet al.,
1996; Martin et al., 1999). The numerical approaafiphasizes on predicting the depth of failure gigither a
suitable numerical tool and/or a suitable failureod@l. For example, the cohesion-weakening frictiona
strengthening (CWFS) model (Hajiabdolmajid et2002), the spalling failure model (Diederichs, 20@hd brittle
Mohr-Coulomb model (Golchinfar & Cai, 2012) had begsed to simulate brittle rock failure near exdava
boundary.

Similarly, the depth of failure under dynamic loaglican be estimated using either the empirical Gayr
or the numerical approach. One empirical methodsiciems adding a dynamic stress increment to thal tot
excavation-induced tangential stress at the tuboehdary to estimate the depth of failure due toadyic loading,
using the same empirical equation for static logdidaiser et al., 1996). The influence of seismicd @ynamic
loading on stress changes around the opening angeqaently on the depth of failure has previousderb



investigated (Vasak & Kaiser, 1995; Wang, 1993;Zzam0 et al., 2009). Some results played the rotewéloping
the empirical relationship for estimating deptHfaifure under dynamic loading.

It is observed that further research is neededddainrock failure under dynamic loading properhhist
observation is largely driven by the fact that nawderstanding about brittle rock failure has beaimed in recent
years. In the work by Vasak and Kaiser (1995),rairstsoftening model was used in FLAC to simuldte tock
mass failure. However, the behavior of a rock master low confining conditions, such as those rikartunnel
boundary, is brittle, which means that there isi@den reduction of rock mass strength from pealesalual once
failure occurs (Golchinfar & Cai, 2012). In a retetudy, Golchinfar and Cai (2012) demonstrated thrétle
failure near underground excavation boundary umstigtic loading can be successfully simulated usinlgrittle
material model and this approach was verified usliegwell-documented case history of the Mine-lhyntl at the
Underground Research Laboratory (URL) in Canada&caBse brittle rock failure is more likely to ocaurder
dynamic loading, we are motivated to conduct a stiodinvestigate the dynamic rock failure near estin
boundaries using a brittle material model.

DESCRIPTION OF THE MODELING PROCEDURE

In this study, a modeling approach using brittiekretrength parameters will be used to simulatedéyzh
of failure around a circular tunnel under dynamsading. In particular, we focus on assigning mazalistic
strength parameters to the model with peak andluakistrength envelopes properly defined. To deimnatesthe
effect of dynamic loading on rock failure, we wédithe model geometry and boundary condition ofnael similar
to the Mine-by tunnel. This was based on the olsgmmw that the strength parameters should firstdérated
using field monitoring data such as notch breakmfbre commencing the dynamic modeling. The Mindtmnel
provided all the data required to achieve the dbjemf model parameter calibration. Because thaevby tunnel
experienced no rockburst or seismic event, it tspossible for us to verify the simulated deptHadlure around the
tunnel under dynamic loading. The underlying assionghere is that because we use a calibratedebnitbdel for
the dynamic stress analysis, it is expected thatmeald have a better chance to capture the deptfailfre
accurately if a similar dynamic loading were to arcc

To that end, several intensities of dynamic stremge are applied to the model and the correspondicig
failure patterns are studied. For comparison, we abnduct numerical modeling using a strain-safgemodel.

Dynamic loading and boundary conditions

Fault slips cause the largest seismic events eteatchin a mining environment (Ortlepp, 1997). te t
present study, the simulation will consider seism#&ves generated by a large seismic event trageitirthe rock
mass, reaching the tunnel, and causing dynamisssinerease in the rock mass around the tunnepl€dwvith the
excavation-induced stress, the total stress magecthe rock mass to fail. Usually, the stress wayeerated by
large magnitude seismic events have a dominanfrieguency, ranging between 10 and 50 Hz (Aswegduger,
1993; Hedley, 1992). Because p-waves are the fasesnic waves, they will usually be the first sitie appear on
a seismograph. The next set of seismic waves teaapmn the seismogram is the s-waves, which hayte driound
motion amplitudes and are therefore the main fotikescause large stress change in the rock. Rlisity, only
the s-waves will be considered in this study.

FLAC is chosen as the modeling tool because itsrmal programming language, FISH, allows us to
manually assign material property parameters taribdel. It is a finite difference, explicit soluticcheme method
based numerical package, which is suitable forisgldynamic and non-linear deformation problems.

The effect of stress wave loading on rock failureuad the tunnel is simulated by applying a dynamic
shear stress boundary at the lower boundary ofidineerical model shown in Figure 1. The diametethefcircular
tunnel is 3.5 m and the model size is 40 by 40 mpropagate stress wave through the model withouhdbary
reflections, free-field boundaries are applied gldme vertical and top boundaries of the modellisogb energy.
Because the dynamic input is a stress boundaregt ¢albsorbing) boundaries are assigned in thetaireof wave
propagation to the top and lower boundaries tochtioé reflection of outgoing wave back to the modgiedl the
movement of the entire model downwards due to gradceleration.
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Figure 1: Model geometry and boundary conditiongtie dynamic failure analysis.

The dynamic input is applied as a shear stresgvand the peak shear stressis obtained from Eq. (1):
1
75 =2(0C,) PV W)

where p is the mass density (kgfjrandppv is the peak particle velocity which can be deteediusing a
design scaling law (Kaiser et al., 1996):

» M2 (2)
v=C —2—,
pp R
whereMy is the seismic moment in GiK (Seismic moment can be related to the event rmaig),R is the
distance between the tunnel location and the seismirce in m, and andC’ are empirical constants. Finallg,

is the s-wave propagation velocity of the medirhich can be obtained from Eq. (3):
C,=4Gl/p (3)

whereG is the shear modulus of the rock mass.

In the present study, the shear stress is multipdie a sinusoidal time history function, pulsinglét Hz
frequency, to create a synthetic stress wave girt@léthe wave form illustrated in Figure @o¢ = 0.65 m/s, G = 24
GPa, p = 2500 kg/m). Using the synthetic stress wave, it is easyaiidate the stress wave transmission through
the model. To ensure that the shear stress wava haximum influence on rock failure, the stresyavaeeds to
be applied in a 45° angle relative to the maximuarsitu principal stress direction (Owen & Schol81). In the
model shown in Figure 1, the synthetic stress waapplied to the bottom boundary, in the horizbdigection. To
maximize the effect of the stress wave on dynarniess increase, instead of applying the wave inisaligned
angle, the in-situ stress field defined by, and oy, as illustrated in Figure 1, is rotated by 45°.ttis way, a



combination of static and dynamic stresses wilut®l maximum tangential stresses at locations ABamdlicated
in the figure.
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Figure 2: The synthetic stress wave form usediggtudy.

An elastic stress analysis is conducted first foiirasitu stress field ot;, = 60, g, = 45, ando; = 11
MPa. g, is parallel to the tunnel axis, arg and o; are oriented in the x and y directions, respebtiugnder this

in-situ stress condition, the maximum tangentiaést occurs at point C (see Figure 1). When thstinstress
components are rotated “4%om the horizontal, the maximum tangential stressurs at points A and B. The
Young’s modulus and Poisson’s ratio of the rock @eGPa and 0.25, respectively. As a result ofstiear wave
loading (Figure 2), the variation of the maximumgantial stresses over time at points A (in-sitesst rotated) and
C (in-situ stress not rotated) are plotted in Fég8r Before the stress wave arrives, the maximuntipal stresses
at points A and C are 165.45 MPa and 158.9 MPagertively. The difference in stress magnitude iskatted to
the outside boundary effect. When the in-situ stiegotated 45from the horizontal, the diagonal distance of poin
A to the outside boundary is larger than the haiabdistance of point C to the outside boundarjreWthe shear
stress wave arrives, more stress change occuirdgt4othan at point C. Coupled with the static sggit is seen that
for the case with the in-situ stress rotated #6m the horizontal, more stress disturbance ballinduced to the
rocks near the tunnel boundary at point A (and B).
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Figure 3: Comparison of the stress change caus¢laebgame seismic wave at point C (black line, euthn-situ

stress rotated 4%pand point A (red line, with in-situ stress rotht&s’).



Wave transmission through the model

As explained above, the dynamic loading is a siitadshear stress wave applied at the base of dueim
in the x-direction. The magnitude of the stresseavieva function oppv (see Eq. (1)) and the wave frequency is 10
Hz. For the given rock, the shear wave velocitgakated from Eq. (3) is 3098 m/s. The largest zdingension 4Al)
of the numerical model is 0.1 m. The relation betwéhe longest wave length)(@and the maximum frequency is:
C C, 4
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Using Eq. (4), we find that the maximum frequendyicl can be modeled accurately is over 3000 Hz.
Therefore the current zone (mesh) size is smalughdo allow wave at the input frequency (10 Hzptopagate
accurately in the model. In addition, to increalse accuracy of the dynamic analysis, the mesh neede as
uniform as possible throughout the model. The mesgd for the dynamic modeling in this study is shawFigure
4,

40m
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Figure 4: The uniform fine mesh utilized in this deting approach

DYNAMIC RESPONSE

Two scenarios of rock failure are considered inghaly. In the first scenario, rock failure in tteem of
notch breakout occurred under static stress loadihg incoming dynamic stress wave further expahddailure
zone. In the second scenario, the rock strengtigtser than the maximum stress under static loadmthe tunnel
boundary. Hence, no failure will occur when thertelns excavated. When the dynamic stress wavepkeal to the
model, a dynamic stress increase will be generatéite rock around the tunnel. If the combinedsstrgstatic plus
dynamic stresses) is high enough, failure will s@wund the tunnel.

It is understood that the material properties urdigramic loading are different from those undetista
loading. Rock strength is generally higher underadyic loading than under static loading (Olsso®11Zai et al.,
2007). However, the loading rate of the dynamiesstrgenerated by a seismic event gor) is not high. For
simplicity we assume that the same peak and rdsidak strength envelopes calibrated under statécling are
applicable to dynamic loading.

Deepening of depth of failure by dynamic loading

From back analyses of well-documented case histowe have built confidence on modeling brittlekroc
failure under static stress loading (Golchinfar &i,2012; Diederichs, 2007; Edelbro, 2010). In phesent study,
we will first simulate the extension of the notetildire of the tunnel under dynamic stress loadirige purpose is to
use a calibrated model to understand how the raltkegpond under dynamic loading, which can beegated by



fault-slip induced by rockbursts or natural eartkps. The insight gained from such a failure precamlysis will
assist us to design better rock support systemsnfderground construction.

The modeling procedure is as follows. First, we thum model under static loading and let the moeath
equilibrium. A static equilibrium can be obtainealyif sufficient cycling steps are taken. In gealeabout 50,000
cycling steps are required before the unbalanceztfreaches an insignificant value. This is esfigdimportant in
an analysis in which rock failure occurs. The falzone around the tunnel is plotted and compaii#dthe field
observation data. The model parameters are adjtstadtch the modeling results to the field obstowa

Next, we initiate the dynamic analysis and runrtiedel until the stress wave input is finished, thather
run the model until the stress wave passes thédopdary. Failure due to dynamic loading is thealyzed. The
material parameters are listed in Table 1. For @iapn, we conducted numerical modeling using blo¢hbrittle
and the strain-softening models. The tensile stteagd dilation angle are 30 MPa and 30 degrespentively.

Table 1: Peak and residual strength parametetsofibrthe brittle and strain-softening models

Brittle Strain—softeninJ;
§ c (MPa)£, (%) 60, 10" 50, 0.2
S e), e (%) 10, 10°° 0,0.5
E c (MPa)e, (%) 0.5,10° 15, 0.2
§ @ (%), €0 (%) 50, 10'° 48,0.5

Under static loading with an in-situ stress fiefd®g = 60 MPa ando; = 11 MPa, wherey, is rotated 45°

from horizontal, the failure zones around the tlmwigen the tunnel is excavated are plotted withegrélling in
Figure 5a and b, for the strain-softening and ttitldo material models, respectively. The peak ezgidual strength
envelopes of the two models are shown as inserthanfigures. The peak and residual uniaxial cosgve
strengths of the strain-softening model and th&lérmodel are 100 MPa and 78 MPa, 143 MPa and RIS,
respectively. In the strain-softening model, tharelsteristic strains for cohesion and friction angte 0.2% and
0.5%, respectively. As discussed in Golchinfar @a (2012), the brittle rock model is more appraf&ifor
simulating brittle rock failure because for fraedmrocks, the residual strength is purely frictisteength.

The 10 Hz frequency sinusoidal shear waves withdtress intensitieppv = 0.65 and 1.3 m/s)re applied
to the model which has been in equilibrium staljcdh this case, notch failure has already ocaliweader static
loading. Hence, the dynamic stress wave loadinbimdgtease the failure zone. The failure zone iases are shown
in Figure 5 by blue and red colors for the wavetsities ofppv = 0.65 m/s and 1.3 m/s, respectively. The stronger
shear wave indicated with the red zone extend$idurbver the blue zone in Figure 5a, where a ssaiftening
material is used. In Figure 5b, where the brittitenial model with parameters specified in Table dsed, the red
zone extends differently compared with that ingtrain-softening material.
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Figure 5: Influence of dynamic loading on the degttifailure: (a) strain-softening model; (b) bettnodel.

As shown in Figure 5a and b, the same dynamic waNénduce different degrees of additional failuxe
the rock depending on the strength models usethelistrain-softening model, the failure zone deptt extent are
larger than that in the brittle model, when onlgged by the elements that enter plastic deformatiois not
appropriate to determine the failure zone basethelyielded element plot alone from a numericakeise without
mentioning the strength model used. Depending em#ak and particularly the residual strength patars used,
the residual stresses in the failure zone can bg diéferent. In Figure 6, we plotted the diffeteh stress
distributions after the tunnel is excavated forhbdle strain-softening and the brittle models. Hteength
parameters in the strain-softening model were ol by Hajiabdolmajid (2001). Although the fadurone
indicated by yielded elements matches the Minedioyél notch shape obtained from field observatibe,residual
differential stresses inside the notch are stitiyv@gh, in the range of 60 to 100 MPa in the sisoftening model
results (see Figure 6a). This is not in agreemaditit the field observation. In reality, in the zomdere notches
eventually formed, the stress should have been lzecause failed rocks had fallen out (in the bdcthe tunnel).
On the other hand, the residual differential stidisgibution given by the brittle model is muchabar, mostly in
the range of 0 to 20 MPa (see Figure 6b). In aiconm model, it is not possible to completely rekeall the
stresses in the failure zone. However, lower redidtresses in the failure zone indicate that tlaerral model
captures the failure better than the ones with hégidual stresses in the failure zone.
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Figure 6: o, - o, stress distribution in the rock when the notchesfarmed under static stress loading: (a) strain-
softening model, (b) brittle model.

The dynamic loading of a seismic wave further iases the stress in the rock. In the strain-softenin
model, the stresses in the notch failure zone (uetaic loading) are high. Therefore, elements$ ugside the
notch boundary can carry high stresses and thiesileasier for these elements to fail under auidit dynamic
loading, leading to failure zone expansion as shiwrigure 5a. In the brittle model, on the othanth, the stress
concentration zone is located at the tip of thecindtilure zone (see Figure 6b) and additionalssti@crease
induced by the seismic wave will cause additioadlfe in the highly stressed areas. Wppnis equal to 0.65 m/s,
the shape of the additional failure zone due toadyio loading is similar to that in the strain-safteg model, but
the depth of failure is smaller. Fppv = 1.3 m/s, wing-shaped failure zones are createthéyynamic loading in
the brittle model, which is different from thattime strain-softening model (red and blue areasguarg 5).

Creation of rock failure due to subsequent dynamic loading

In many underground openings and mines, tunnelg w&ble after excavation because the rock strength
was higher than the maximum excavation or minirdiged stress. However, when a fault-slip event wedy the
seismic wave could cause rock failure in tunnetaied away from the seismic source. In the follgndiiscussion,
we study rock failure in a tunnel located in a weratock with a different in-situ stress field frotime previous
example. The peak and residual strength parametdrsth the brittle and strain-softening models @iresented in
Table 2. The model parameters are chosen in sughyathat upon the tunnel excavation, there willnmerock
failure. Rock failure is only induced by subsequeynamic loading. In the example shown above, #tie of the
principal in-situ stresses (Katio) is 5, which is extremely high. For this silation, g, = 30 MPa andg, = 15
MPa (K, = 2) are used. Again, to maximize the stress asgedue to dynamic stress loading, the maximum
principal stress is rotated 45° from the horizantdle shear stress wave is applied to the bottounmdary of the
model (Figure 1).



Table 2: Strength parameters for the brittle anairstsoftening models

Brittle Strain-softenin];
< [c (MPa)g, (%)| 26, 10" 26, 0.2
& @ (%), €0 (%) 10, 10"° 10, 0.5
E c (MPa)e, (%)| 0.5, 10" 0.5,0.2
é @ (%), €0 (%) 50, 10"° 50, 0.5

Figure 7 presents the differential stress distitmgt and the failure zone distribution in the rdok the
brittle and the strain-softening models. As expecteo rock failure occurs under static loading gs#ither
modeling approach, which means that after tunneaeation, the maximum tangential stress at theaunall is
less than the wall strength of 62 MPa. Under dycdoading, new rock failure zones are formed indhection in
which the combined tangential stress is the maximiihe depth of failure is higher for the case wliilgher
dynamic stress increase (Figure 7).

Figure 7 shows that when the peak and residuaigitie of the brittle and strain-softening models the
same (see Table 2), respectively, the depth ofirfaizone by the brittle model is similar to thattbé strain-
softening model while the extent is larger. On dftiger hand, the results shown in Figure 5 inditiadt the failure
zone by the strain-softening model is larger theat by the brittle model. This is because thatpbak and residual
strengths in these two models are different. Trakstrength of the strain-softening model in Figbiie lower than
that of the brittle model, while the residual strgmof the strain-softening model is higher.

Brittle model

Strain-softening model

Static ' ppv = 0.65 m/s ppv=1.3 m/s

Figure 7: Depth of failure under static and dynaloading for brittle and strain-softening models.



Kaiser et al. (1996) presented a chart which pleésnormalized depth of failurel{a) as a function of
normalized tangential wall stress to the uniax@hpressive strength of the original rodk,4/0;) andppv. Here,a
is the radius of the tunnatby,., is maximum tangential stress, aogdis the strength of the rock mass. When the
stress to strength ratio,/0. andppv are known, the depth of failure due to dynamiaing can be estimated
using the chart.

Based on the numerical modeling results, we pliemacontour lines relating depth of failure to tteess
to strength ratio angdpv in Figure 8 for the strain-softening (blue linegldlue markers) and the brittle models (red
lines and red markers). The empirical static conlime given by Kaiser et al. (1996) is shown igitie 8 as a solid
black line.Under static loadingyv = 0), the depth of failure predicted by both madelin reasonable agreement
with that of the empirical relation given by Kaisgtral. (1996). Although there are some differertoetsveen the
results of the strain-softening and the brittle eledthe differences are nevertheless small whenstress to

strength ratio is lowd,./0. = 1).
1.2

Empirical
static

1.0 1.2 14 1.6 1.8
O max! O¢

Figure 8: Comparison of the simulated depth ofifailby a brittle model (red lines and markers) astiain-
softening model (blue lines and markers)

Under dynamic loading, when the stress-to-strengtio is high, the slopes for the depth of failure
contours by the numerical modeling vary dependinghe material’s post-peak behavior and the intgriinput
dynamic wave. For example, when the stress togtneratio is higher than 1, the strain-softeningdeigredicts a
larger depth of failure than the brittle model, anppv = 0.65 m/s dynamic loading (thick solid lines). @e other
hand, the depth of failure undppv = 1.3 m/s dynamic loading (dashed lines) showteady rise with increasing
stress-to-strength ratio, regardless of the poakpehavior of the rock.

SUMMARY

A parametric study with two different intensitieSioput stress wave was carried out, employing libéh
brittle and the strain-softening models. For eaa$ec the dynamic depth of failure was plotted &sation of the
ratio of maximum tangential stress to the rock nsigsngth as well as the dynamic stress wave iityeaspressed
by the peak particle velocity. By comparing the muically simulated depths of failure under dynaitoi@ding, we
noted that:

* The simulated depth of failure depends on the rizterodel used as well as the strength parameBath. the
brittle and the strain-softening models can be usesimulate rock failure under dynamic loading. &itboth
the peak and residual strengths are the same brittle and strain-softening models, the deptfadtire by the
brittle model is larger than that of the straintsnfng model. However, the depth of failure giventle brittle
model with a high peak strength and a low resiciiength can be smaller than that given by thenstra
softening model with a low peak strength and a \egh residual strength. Therefore, judging thetley



failure only by the yielded elements in the numarimodel can be misleading. One needs to examantyte
of strength model used and the strength paramapgiged.

« Under static stress loading conditions, the depthfailure given by the current numerical model hwthe
calibrated material parameters are in reasonabteeatent with those given by the empirical relatjons
regardless of the post-peak behavior of the rock.

* Under dynamic stress loading conditions, when tress to strength ratio is as low as unity and whenpeak
and residual strengths are the same in both brittld strain-softening models, the difference betwee
numerically simulated depths of failure, using eitlmodeling approach is minimal. Only when the sstr®
strength ratio is high, do the dynamic depths dtifa follow different increment trends depending the
intensity of input dynamic wave and the post-peelkdvior model.

» Because of the discrepancy identified, we recomntibatifurther research is needed to collect figdthdvith
ground motion and failure monitoring to verify themerical simulation and empirical results.

ACKNOWLEDGMENT

Financial supports from NSERC, Laurentian UnivgrsBEMI, MIRARCO, LKAB, VALE, and the
William Shaver Masters Scholarship in Mining Headtid Safety are greatly appreciated.

REFERENCES

Aswegen, G. & Butler, A.G., 1993. Applications afaptitative seismology in South African gold minksYoung,
R.P., edln Proceedings of Rockbursts and Seismicity in Mines, Kingston. Balkema, Rotterdam, 1993.

Cai, M., Kaiser, P.K. & Duff, D.J., 201Rock support design in burst-prone ground utilizing an interactive design
tool. Chicago: ARMA-American Rock Mechanics Association

Cai, M., Kaiser, P.K., Suorineni, F. & Su, K., 200Y¥ study on the dynamic behavior of the Meuse/dauame
Argillite. Physics and Chamistry of the earth, 32(8), pp.907-9016.

Diederichs, M.S., 2007. Mechanistic interpretateomd practical application of damage and spallingdjmtion
criteria for deep tunnellingCanadian Geotechnical Journal, 44(9), pp.1082-116.

Edelbro, C., 2010. Different approaches for simotatrittle failure in two hard rock mass casesp#rametric
study.Rock Mechanics and Rock Engineering, 43(2), pp.151-65.

Golchinfar, N. & Cai, M., 2012. Modeling depth ddilure using brittle mohr-coulomb failure model. 2ist
Canadian Rock Mechanics Symposium. Edmonton, Alberta, 2012.

Hajiabdolmajid, V.R., 2001Mohilization of Strength in Brittle Failure of Rock. Ph.D. thesis. Kingston, Ontario,
Canada: Queen's Univeristy.

Hajiabdolmajid, V., Kaiser, P.K. & Martin, C.D., @@. Modelling brittle failure of rockinternational Journal of
Rock Mechanics and Mining Sciences, 39(6), pp.731-41.

Hedley, D.G.F., 199ZRockburst Handbook for Ontario Hardrock Mines. CANMET Special Report SP92-1E.

Hoek, E. & Bieniawski, Z.T., 1965. Brittle fractupgopagation in rock under compressitmernational journal of
fracture mechanics, 3(1), pp.137-55.

Hoek, E., Kaiser, P.K. & Bawden, W.F., 199upport of Underground Excavations in Hard Rock. 3rd ed.
Rotterdam, Balkema: Taylor & Francis.

Itasca, 2002FLAC Manual. Minneapolis, MN, USA.

Kaiser, P.K. et al.,, 2000. Underground works indhaosck tunneling and miningnternational Conference on
Geotechnical and Geological Engineering, pp.841-926.

Kaiser, P., Dwayne, D.T. & McCreath, D., 1996. Dstpport in burst-prone groun@IM bulletin, 89(998),
pp.131-38.

Lanzano, G. et al., 2009. Experimental assessnig#rormance-based methods for the seismic deasfigircular
tunnels. Ininternational Conference on Performance-Based Design in Earthquake Geotechnical Engineering.,
20009.

Martin, C.D., Kaiser, P.K. & McCreath, D.R., 19990ek-Brown parameters for predicting the depth oftlb
failure around tunnel€Canadian Geotechnical Journal, 36(1), pp.136-51.

Olsson, W.A., 1991. The compressive strength of &g a function of strain rate from 10e-6 to 10&®.s
International journal of rock mechanics and mining sciences, 28, pp.115-18.

Ortlepp, W.D., 1997. Rock fracture and rockbursen-lustrative.

Owen, G.N. & Scholl, R.E., 198Farthquake engineering of large underground structures. Final Report. San
Francisco, CA: URS/Blume (John A.) Federal Highwalministration and National Science.



Stacey, T.R. & Ortlepp, W.D., 1993. Rockburst medsiams and tunnel support in rockburst conditions. |
Proceedings of International Conference in Geomechanics. Ostrava, Czech Republic, 1993.

Vasak, P. & Kaiser, P.K., 1993unnel stability assessment during rockbursts. Montreal, Quebec: CAMI 95, 3rd
Canadian Conference on Computer Applications irMireeral Industry.

Wang, J.-N.J., 199Feismic Design of Tunnels- a simple state of-the-art design approach. 1st ed. New York, New
York: Parsons Brinckerhoff Inc.



