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Abstract

Understanding mechanical behaviours of rowterialsunder both confined stress and dynamic loads

is of great significance to solve rock dynamic related problems in underground engineering, such as
earthquake, underground excavation, rock burstililing and blasting and protectivestructure
design. Thé thesis aims to design reliable experimental methods, determine dynamic mechanical
properties, measure rei@tne full-field deformation field, and investigate failure mechanisms of rock

materials at microscale.

In this thesis, @& originally developedtriaxial Hopkinson bais appliedto determinemechanical
properties of materialsnder the coupled multiaxigke-static stressesli{, b, Us) anddynamic loading
conditions Variousin-situ stress conditionareachieved by applying initiglre-staticstresseshrough
the servehydraulic loading system including uniaxial §u>0=0s= 0), biaxial (1d 0> 0z = 0) and
triaxial ((hd 0.0 Os ® 0) confinementsThe designedexperimentsareat the strain ratérom low to

high, undercompressiontensionto sheaing, andsubjected to impadbadsfrom single tomultiple.
With the combination of the triaxial Hopkinson bar, novel measurement techniques, inchadiimge
threedimensional (3D) digital image correlation (DIC) aBgnhchrotrorbasedX-ray micrecompued
t omo gr ap hare usedt€ quantitatively characterfsgcturing behaviour and mechanisiofs
rocks from macroscopic to microscopiétom the surface to the interiomand from 2D to 3D

reconstruction.

Dynamic compresentests of rockareconducted to investigate compressive behaviour under different
presstress stage(i.e. uniaxial, biaxial and triaxial stress stgteThe effects of confining stress and
loading rates on mechanical behavidixg., dynamic strengtdeformatiommodulus ad failure modes)

are determined and discuss&gaktime full-field deformationandthe ejection procesander biaxial
compression and axialynamicloadingare measured bgattime 3D-DIC. Under the same pi&tress
conditiors, dynamiccompressive strength increases substantidtly the increase dmpact velocities

or strain rateThe effects of three principal stresses comporamdynamic strength and fracture made
are revealeds well Dynamic compressive strength of rocks dejsean confinementyhich shows a
decreasavith increasingaxial prestressl; alongtheimpact directiorand an increaseith theincrease

of lateral prestressesl, ands. In addition fracture modes dfpactedrock also show confinement

dependence.

A newdynamic direct shear setup is proposed to investigate shear fracturing behavious ohdark
normal stress atigh strainrate. Dynamic shear failure can be divided into three phases, including
deformation, fracture degradation and steady fricliynamic shear strength, shear friction and shear

fracture surface of rock exhiliiependences dfoth confinement and strain rate.



Moreover dynamic split tensile tesare conductedn a cubic specimen to determine tensile strength
Experimentatesuls show thathe formulatiorof dynamic increase factor (DIF)) &p | - gives

arelatively wellrepresentation dhe actual tensilestrengthof rocks.

The progressive damage mecharisshrock materialsunder triaxial confinement and dynarmliy
cyclic impacs arerevealedin detail by usingthe CT and ul tr as on.iDgnanice nsi ng
stressstrain curve, wave velocities, micrdracturing network and absorbed energy change

progressivelwith the increase dmpacttimes due to the damageccumulatiorof microcracks

All dynamic testsife. compression, tensile and shear) of rathterialsunder multiaxial loads are
determined using the same cubimensiorof 50x50x50 mri The reasons for the same dimension are

to avoidthe sizéshapeeffect.

Keywords: dynamic loading, multiaxiadompressiontriaxial Hopkinson barfailure mode strain rate,
3D-DIC, Synchrotron Xray micreacomputed tomography, shear, tensimrmpression
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Chapter 1 Introduction

Chapter 1 Introduction

This chapter provides an overview of the research motivations, the research objectives and the thesis

structure

1.1 Background and research motivations

Rock mechanics wagstly defined by the US National Committee on Rock Mechanics in 4964
subsequently modified in 1974: ARock mechanics
mechanical behaviw of rock and rock masses; it is that branch of mechanics concerned with the
response of rock and rock masses to the force fields ofpHeiy s i ¢ a | gBrady ancbBnomre nt . 0
1993; Hoek 1966)As an importanbranchof rock mechaics and rock engineering, rock dynamics
studies the mechanical behaviour of rock materials and rock masses under dynamic loadings;ond

which changes thmechanical properties and fracture behawitin increasindoading rat€Zhou and

Zhao 2011)As increasing engineering activities related to rock dynamics worldwide, the International
Society for Rock Mechanics (ISRMgt upthe Commission on Rock Dynamics (CRD) in 2008. ISRM

CRD was renewed in 2012015and 2019as a result of continued interests in the dynamic response

of rock materials and rock masg&sa et al. 2016; Zhang and Zhao 2014b)

The scopeof rock dynamicsnainly coverdnitiation and forms of dynamic loadaavetransmission
and attenuatiom rock/rock joints dynamic damage evolution and fracturiiigpical dynamic loads
include earthquake, external impact and explesidaced wavewhich often change rapidly in particle
acceleration, velocity and displacemavith time. Rock dynamic is of significance in dealing with
various rock engineering problenfer example,eathquake researchock slope stability analysis,
underground excavation, robkirsting, spalling, rock blasting and protective construaiesign(Xia

et al. 2016; Zhang and Zhao 2014b)

As meriioned above, e important aspect of rock dynamics is to investigate dyndaertageand
fracturing behaviour of rocksOver the past five decades, extengtugies on this topic have reported

that the dynamic properties of rock materials aredependentand are different from those determined
under static load&Cai et al. 2007; Li et al. 2000; Zhao and Li 2009fundamental difference between
guasistatic and dynamic tests is that inertia and wave propagation effects become more pronounced at
higher strain rates. It has been previouskealedhat mechanical properties (e.g. strength and fracture
toughness) and fracture behaviours (e.g. single fracturing, multiple fracturing and pulverisation) exhibit

a general trend; i.e. they changih increasindoading rate.

However,prior tothe effect of dynamic loadgoth natural and engineering rock mass have already
been subjected @certainstate of ground stress, which is generd#gcribedy three principal stress

components(, U, Us). Rocks are confined to a certaimsitu stress environment in the crust and upper

1
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mantle of the earth. Field monitoring reveals that typical tectonic stresses are not uniaxial and rarely
axisymmetric(McGarr and Gay 1B8), thein-situ stresses of rocks increase with de(@hown and

Hoek 1978; Hast 196%9nd @ncentrate locally near geological fau{shorner 1975; Chester and
Chester 2000; Engelder and Sbar 1984; Ferrarini et al. ZDidn-situ stresses are also redistrildite
locally to a new state called induced stress during excav@aoton and Shen 2017; Karl and Richart

Jr 1952; Lee et al. 1976; Li et &017b; Read 2004; Seager 1984)addition to the multiaxial stress
corfinements, rocks are also frequently subjected to various types of dynamic loads including
mechanical vibrationgHuang and Wang 1999¢xplosion(Zhao et al. 1999)impacts and seismic
eventgHe et al. 2015; Mudau 2®), and they exist in the forms of time histories of particle acceleration,
velocity and displacementAn overview of rock dynamics problems and influencing factors in
undergroundengineering desigis shownin Figure 1.1. Stress states of surrounding rock of an
underground cavern are uniaxial at the location A, biaxial at the location B and triaxial at the location
C; therefore rocks are normafl under statiedynamic coupling loading conditior{®u et al. 2016;
Hokka et al. 2016; Li etla2008a; Xia K. W. and Yao W 2013)nderstandinglynamicbehaviour of
confined rockds essential in dealing with various rock engineering structures, asigchdeground
storage chambers, reservoirs, slopes, and foundations ofathaiiisidges, during natural and human
induced dynamic sources such as earthquakes, explosions, and impacts.

S

Wave source: ¥
Seismic
Earthquake
Impact Stress wave
Explosion
Blasting
Wave propeties:
P-and S-wave | Proragate
Interface-wave
Frequency g
Ty
Y
‘ Effect of microstructure
A
dE;Ffect o: ‘ Effect of a single joint Effect of free boundary,
f;;rjr; v rock support, etc.
size scales @ ‘ Effect of joint sets
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Figurel.1 Overview of rock dynamics problems and influencing factors in underground engineering design
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Chapter 1 Introduction

The sensitivity of rock strength and strasssainbehaviourto confining pressure is a wddhown effect

(Cadoni E et al. 2009; Hokka Mikko et al. 2016; Li H B et al. 1999; Li et al. 2006; Wang L and Yu Y

L 1992; Zhao J et al. 1999)here exist general trends that the triaxial compressive strength of rock
increases with a linear or exponential function as strain rate increases at all confining pressures, also,
the triaxial compressive strength of rock increases with increasing confining pressure, as had been
demonstrated in quastatic testsBesidesit is found thatthe brittleness of rock will reduce while
plasticity increasesiowever, there is still confusion about whether the sensitivity to confining pressure

is ratedependent or not, and how to sepatiastrain rate sensitivity and confining pressseasitivity.

In addition, the confinement effect in dynamic conditions at high strain rates has not been
experimentally examined largely due to the limitation of the existing equipmérith cannot

independently control the confining loads along thegméncipal axes

To thoroughly understanding the mechanical responses ofundks both confined stress and dynamic
loads it is necessary to apply rocks to differgofsistatic prestress statesndfollow by the dynamic

loading encountered in engineering practice.

1.2 Research objectives and roadmap

This thesis aims tmentify theeffects ofconfining stress and strain rate thie dynamic behaviours of
rock materialslt is significanty importantto design reliable experimental methods, to determine
mechanical properties, to measure #@ak full-field deformation field, and to investigate failure

mechanisms of rock materialsmaicro-scale.

This thesisreviews the dynamic behaviours of ratlaterialsand dynamic testing technigues. Then,
using a novel apparatus callettiaxial Hopkinson barto apply quasstatic prestress state and
subsequent dynamic loads on geomateritilsallows the determination of dynamic stresteain
relationship and failure behaviours of materials under different confaainditions ahigh strain rates.

After the calibration and validation of th&iaxial Hopkinson bar apparatus, a serial of dyitam
compressive tests of rock ¢®nducted to investigate dynamic compressive behaviour of rock under
different prestress state (e.g. uniaxial, biaxial and triaxial stress state). A novel dynamic direct shear
setup is proposed teveal thedynamic sheafracturingof rock under high loading rate and confining
stressBesidesdynamic split tensile test is proposed to determine the tensile behaviour of rocks using
a cubic specimer.he progressive damage mechanism of geomaterials under triaxial confinements and

dynamic cyclic impact is revealed.

Thedynamic mechanical behaviourtb cubic rockis systematicallycharacterisednder the loadings
from dynamic uniaxial, biaxial to &kial confinement conditions, from tensile, compression to dynamic
shear, from low, intermediate to high strain ra@sd from single impact to cyclic impagtsvith
measurement techniques from macroscopic to microscopic, the surface to the interierzdh¢ot8D

reconstructionValuable and inspiring results help to establistlynamic constitution modehd the
3



Chapter 1 Introduction

failure criteriaof rock in deep underground engineerimpe roadmap of the research can be found in

Figurel.2.

1.3 Thesis structure

This thesis has seven chaptékscomplete list of references is given at the end of each chapter. The
title and summary of each chapter are as follows:

Chapter 1 - Introduction
The chapter presentsgeneral introductionincluding an overview of rock dynamics problems and
influencing factorsthe requiremenbf a new dynamic testing techniqimethis field, the objectivesf

theresearch and the structwfthethesis.

Chapter 2 - Development, Calibration and Validation of Triaxial Hopkinson Bar

This dhapter presenta novel experimental technique for rock dynamics, namely Triaxial Hopkinson

Bar. The chapter statvith a brief review of dynamic mechanigadoperties of rockand an overview

of dynamic triaxial apparatuses or traditional confined Split Hopkinson Pressure Bar (SHEB).
requirement anchttemps of triaxial Hopkinson baire further discussedThen, the development,

calibration and validatio of a novel Triaxial Hopkinson Bar are presented in detail. The advance
measurement techniques, includiregHime threedimensional Digital Image Correlatidi3D-DIC)

method and®ynchrotron Xray micrecc o mput ed t omogr aphy ( eedfieyeal ar e i 1
time fracturing process ampastfailure pattern, respectivelyThis chapter is based on a paper published

in the journalRockMechanics andRock Engineeringandtwo conference paper presented at 3he

InternationalConference on RodBRynamics and Applications (RocD@)

Chapter 3 - Dynamic Compression Behaviours of Rock under Multiaxial Loadings

This chapter presentiynamic compression behaviours of rock under multiaqualsistaticpre-stress
statesDynamic fracture behaviours (e.g. dynamimpressivestrength failure strain failure patterns
and fragmentation) of confined rocks were systematicligied under different loading condition,
including uniaxial, biaxial and triaxial confinements. Hfiects of confining stress and impact velocity
on dynamic behaviourge.g., dynamic strength, elastic modulasd fracture modespf rock are
determinedand discussed. Reame deformation and rock ejection processler dynamic biaxial
compression arestimated The effects of three principal stresses componentshj.€ and s on
dynamic strength and fracture mode of rock are reve@lgd.chapter is based on a paper published in
the journalRock Mechanics and Rock Engineerangl a conference paper presented ab8rd US

Rock Mechanics/Geomechanics Symposium

Chapter 47 Dynamic Shear Failure Behaviour of RockMaterials
The chapter proposes a new experimental setup, i.e. dynamic direction shear, to investigate the dynamic

shear behaviour of rock under stadignamic coupling loadings. The dynamic shear strength, shear

4



Chapter 1 Introduction

strain, shear modulus amebstpeak shear friction ardetermined experimentally The validity and

flexibility of the proposed method are systemically discussesandstone and granite. The raale

full-field displacement, shear strain and shear slip velocity of rocks are measured by-mhe& 3D
techniqueThe fracture network of the recovered specimen is analysed and interpreted usisrgythe X

eCT technique. The shear ssamnng eleceosn mieroseopSEM) s o st u

technique to reveal the damage and cracking of sadke microscopitevel.

Chapter 57 Dynamic Tensile Behaviours of RoclMaterials

The chapter pnddesa new experimental setup, i.e. dynamic indirect tensiontivtbubic specimen,

to investigate the dynamic tensile behaviour of rock. The setup is capable to invektéghtaamic

tensile behaviour of geomaterials under different confinement applied by the Triaxial Hopkinson bar.
The dynamic tensile strength, strain/loading rate and the time to fracture are determined from the
experimentusing three rock types, e.g. siatone, granite and marbl&he validity ofthe proposed
method is confirmed and compared with the result of dyn&maeilian disc (BD)test. The realime
full-field tensile strain is measured using teattime digital image correlation (H®IC) method
Besides, te dynamic increase factor (DIféymulationis proposed.

Chapter 61 Quantification of Progressive Damages of Triaxially Confined Rocks under Multiple
Dynamic Loads

This chapter investigates progressive failure behaviours of rocks under triaxial prestress states and high
rate multiple impacts using Briaxial Hopkinson basystem. The petrophysical and microstructural
studies of impacted rocks are performedharactrisethe progressive damage of the rocks at both
macroscopic and microscopic scal€ke P and S wave velocities are measured to evaluate the wave
transformation with increasingipact timeby the ultrasonic test$he progressive incrementaicro-

crackng andpulverisdion of impacted rock are identified by synchrotror Xa y  ¥h€induced
microcrack parameters (e.g. orientation, density and fractal dimension) are analyseddegtions

with an optical microscope. The relationships between the miethacharacteristics, energy

consumption and microstructuaeerevealed

Chapter 7 - Conclusions and Future Work
This chapter is to give a brief overview of #antributions andindings of the main research topics,

the advance in the staté the-art,and recommendations for future work.
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Chapter 2 Development, Calibration and Validation of Triaxial
Hopkinson Bar

This chapter is to present tldetailsof a newly developed triaxially compressed Sphtopkinson

PressurdBar for geomechanically testinghe reaitime measurement bgaktime stereo imaging and

3D-DIC measurement as well as the piagiure identified by Synchrotron X ay € CT. Sectio
presents a brief review of dynamic mechanical properties of rock material and an overview of dynamic
triaxial apparatuses or traditional ¢med split Hopkinsonpressure ba(SHPB). The attemp of
developingriaxial Hopkinson bar isutlined. Section 2.providesdetails of the new triaxial Hopkinson

bar with descriptions ocalibration and validatiam hetriaxial Hopkinson Bar allowstudying dynamic

behaviours ofocks and similamateriak atunder various confinement conditions (i.e. uniaxial, biaxial

and triaxial prestress states) and high strain rate loadiggstion 2.3 presentgakttime 3D-DIC

techniques, which isdaptedo measurghe realtime fracturing process of testing materials during

impact. Section 2.4 provides the application of Synchrotron&Xy € CT t echni que to ca
fracturepattern otheimpacted specimen after the triaxial Hopkinson barrtgsfihe roles of time and
prestressin the processes of geomaterials che elucidated which provides an improved

understandingf thedynamicbehaviour of rocks under a wide range of stress conditions.

2.1 Literature reviews

2.1.1 A review of dynamibehaviar of rock materials

(a) Experimental techniques

In rock engineering, rocks are usually encountéredarious source of dynamic loadings with different
strain rate, and exhibit rate dependency. A typical classification of loading techniquegegngin

scope and mechanical states for rock materials over a wide range of strairshaterisnFigure2.1

(Liu et al. 2018) which particularly based on espmental results. At very low strain rates fromf10

10° s?, time-dependent strain occurs when rock is subjected to a single component of constant stress,
and creep laws are useddoaracteris¢he mechanical behavin At higher strain rate for 10to 10!

s, complete stresstrain curves of rocks can be obtained by séndraulic machines ithelaboratory

to describe the static or quastatic failurebehaviour Intermediate strain rate (ISR) usually refers to
strain ratesangingfrom 10* to 10 s, within whichthestrain rate effect first become pronounced and
inertial effect seems to be nagnorable. ISRis usually induced byhe earthquake and mechanical
impacts in engineering and can be reached by experimental techniques such agighgdraulic
machine and drop weigh hammers. Regarded as high strain rates (HSR), the range of strain rates from
10' to 10* st has been primarily achieved by split Hopkinson pressure bar (SHPB), which can
successfully decouple the wave propagation #&maihsrates effect in dynamic tests. Strain rates 6f 10

stor higher are generally referred to as the very high strain rate (VHSR) regime, for which plate impact

9
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techniques have been successfully employed to determine the dynamic properties of rocks unde
extreme conditions, such as nuclear explasion meteoritic impact. It should be noted that the
mechanical state of teste materials exists a transition from nominally isothermal condition 10 quasi
isothermal/adiabatic condition, from one dimensional)(dfitess state to 1D strain state when the strain

rate exceeds the certain values.

1D stress 1D strain
@
= Isothermal Quasi-isothermal/adiabatic
@
Inertial negligible Inertial important

- :
- Constructic Earthquake, Rock burst, rock Nuclear
Z Creep ons fvlfl_lﬂll, induced shock, | blasting, bullet explosion
;:f CXCAVAROIL | yehicular impact impact, explosion
2 Specialized , Z2oglEy . )
Z hydaulic Servo-hydaulic ESE| s Split Hopkinson |Plate impact

. 555 o2 weerire b vehranes
—g, machines machines 5%, gl g3 pressurc bar | techniques
= SRR
w . .
2 : ctati Intermediate - . Very high
= (Z‘-re»:pI | Quasi Stal',l(f strain rate ngl: strain rate s bein rate

1 L
1 1 ] T 1 1 >
108 10° 10+ 10 10° 10° 107 10°

Strain rate (s)
Figure2.1 Classification of experimental techniques, engineering scope and the state of rock materials over a

wide rangeof strain rategLiu et al. 2018)

(2) Strain rate dependence

Experimental results show that mechanical properties of rock arseasitive, dynamic mechanical
properties increase sharply when strain rate exceeds a critical value based on expesitisnfis
schematically showm Figure2.2, the DIFs of roclike materials increases gradually with strain rate

in the low strain rate (18-1° s1), and exhibits to rapid increase in the intermediaté<10' st) and

high (13~10 s?) strain rate regimes. It has generally accepted that there exists a critical strain)rate (

in the intermediate strain rate regime to represent the transition from weak to strong strain rate
dependency. In addition, it seems that there alstsexisritical strain rate ( ), above which the DIF

turns to increase slowly with strain ratethe very high regime. Fracture behaviours of rocks also
exhibit a general trend that failure patterns change from single fracturing, multiple fracturing to

pulverisdion with the increase ddtrain rate.
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Figure2.2 Variation of the dynamic properties with strain rétes et al. 2018)
Many attempts have been made to desisemiempirical equation to express the relationship between
strain/loading rate and mechanical strength ofmgaterials, including rockgil shale and concretas
summarized iMable2.1. A few of studies report loading rates instead of strain rates, in general, there
are three main types expression between the dynamic strength () and the strain/loading ratg:
increases logarithmically with increasing strain/loading (@teong et al. 1980; Li H B et al. 1999;
Masuda et al. 1987; Tedesco and Ross 1998; Zlga@l. 1999), exhibits exponential correlation
with strain/loading rafgiu 1980},  shows power related witlrain/loadingrat¢ Doan and doéHo
2012; Eibl1988; Grady and Lipkin 1980; Lankford 198 Bmong these, two weknown equations
swggested by CEREibl 1988)and proposed by Tedesco and R@sslesco and Ross 1998) concrete
are provided as references. As for rocks, the equations proposed bya@dddgkin(Grady and Lipkin
1980)and LankfordLankford 1981)ased on stresaduced micrecracks model are widely accepted
and used for rock dynamic strength prediction. It should be noted that these equations are enly semi
empiricd within a range of stain rates, rather than the true constitutive models, since these equations

ignore the effect of strain or the history of deformation.
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Table2.1 Semiempiricalrate dependenstrength equations for rodike materials

Rock

Strain

1 Semiempirical equation Material constants Refs
type rate (s
Granite  10%-10%  S,q=Clog(&) +s C=13,5,=340 (Masuda et
al. 1987)
: 4 Sua = RSG Iog(§d/§s) S e RSG =11.9 (Zhao J et
Granite 104~10° ,
& =05~1MPa/s S, =170 al. 1999)
(Grady and
Rocks  10°~10° s ,=aé" a,n, =1/3 Lipkin
1980)
4 11 /(1+nc) " ) s ul/n
Limestone 106~1¢t  ° ucd & (E<107); Sy BT, n, =130, n=0.3 (Lankford
(&2 10%) 1981)
. w0007 , -1 - 1035
Tuff 106 ~108 sucd € ' (6’ <76s ); S ucd ! (O|SSOH
(e>76s") 1991)
(s-5,) (S3750) ,
5., =ke sk;) (&R fo*%} (Serdengecti
Limestone 105~101 ted ’ k =40, k,=725, U and Boozer
5o=55", kuly=f(s,), e.9.5, =138 MPa 1961)
. _ M = 3446, (LiH B et
4~ = + Ml +N
Granite  10%~10° S,y =S, 0g($,/5.)+Ns, N =305 21, 1099)
A=1022898,
L 1 [ = ). y Slngh et al
Sandst 105~10¢ = A+ + 2+ @ B=29358 (
andstone S.a = A+ Blog&+C(log &) + D(log &) C = 1206 1989)
D=0.777
Marble — 10°~10' S, =S,.€%° C (Liu 1980)
_71
&2eC/ W,mnic" ast o, (Doan and
Grante  10-10° 5 =& Ke & amm n=3 doHou
é m(m+n)! U 2012)
g ¢!
A=12359, ch
Oilshale  10%~100 S, =A+BO, +Clogé B=-174, (Chong et
C=4020, al. 1980)
é
Suea =S u(50) " (¢ 30sY);
S —_
o a,=1/(5+s /10,
105~10° _ 3. 1 6.156a.- 2.0)
S ed _sucgs(g) . (6>30s7), gs :10( s
S
8=30310°s" |
Concrete S A (Eibl 1988)
— 0166 .
Sw =St (‘.’T)wl6 . (e¢30s);
s b, =1/(10+6s, /10),
106~103 _ €.\13 .
S = stds(éT)  (6>30sY), d, =10 2%
S

& =3.0310°s"
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S ued = S ,.[0.009650g &+1.059
10~10° (e¢63.1s%);
Sued =5,[0.7580g&- 0.289 , (¢>63.15")

(Tedesco
S =5,[0.14250g&+1.833, and Ros
105~10 (e¢232¢") Brazilian disc tests 1%
S =5,[2.9290g&+0.814,
(e>2.32s%);

Figure2.3 andFigure2.4 show the DIFs for compressive and tensile strength of rocks over a wide range

of strain rates, respectively, based on experimental results over the last five decades. It cannot be ignored
that some effects such as rock types, specimen sizes and geometries differ between these studies.
Geometric differences, as well as differences between various experimental loading techniques,
stress/strain measurements, data analyses and interpreting matbaglgyected to affect test results.
However, to our knowledge, no evidence shows that these differences will greatlytlzdfeate
sensitivity of rocks, although such effects would not be unexpected. Therefore, the analysis of DIFs
here neglects thegpmtential effects.
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DIF
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Li. 2017 Dolomite

Niu, 2014 Green sandstone
Niu, 2014 Artificial rock D
Niu.2014 Artificial rock B
Zhang, 2012 Fangshan Marble
Liu,2012 Amphibolites
Liu,2012 Sericite-guariz schist
Liu,2012 Sandstone

Doan, 2011 Carrara marble
Kimberley. 2011 Ordinary chondrite
Yuan, 2011 Westerly granite
Liu, 2011 Sericite-quartz

Liu, 2011 Sandstone

Jiang. 2010 Sandstone

Doan, 2009 San Andreas Fault granite
Doan, 2012 Tam granite

Xia, 2008 Barre granite

Cai, 2007 Argillite
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Frew. 2001 Indiana limestone
Zhao, 1999 Bukit Timah granite
Olsson, 1991 Tuff
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Blanton, 1981 Limestone
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Chong, 1980 Medium oil shale
Lankiord. 1976 Medium oil shale
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Goldsmith, 1976 Barre granite
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Perking, 1970 Tonalite

Green, 1969 Westerly granite
Green, 1969 Volcanic tuff
Stowe, 1968 Basalt

Kumar, 1968 Basalt
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Figure2.3 DIF of compressive strength rocks with a function of strain (Blienton 1981; Cai et al. 2007,

Chong 1980; 2012;
Goldsmith et al. 1976; Green et al. 1969; Jiang L. et al. Zi&paczko 1990; Krim et al. 2011; Kumar 1968;
Kumar and Baranger 1968; Lankford Jr J 1976; Li et al. 2017b; Li et al. 2005; Lindholm et al. 1974a; Liu et al.
2012; Liu et al. 2011; Niu 2014; Olsson 1991, Perkins et al. 1970a; Sylven et al. 2004; Wamnmnan@d11;

et al Doan and do6éHour Doan and G

Zhang and Zhao 2013a; Zhang Q. B. and Zhao J. 2013; Zhao J et al. 1999)
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Figure2.4 DIF for tensile strength of rocks with a function of strain {&tgprone et al. 2009; Cadoni 2010; Cai

et al. 2007; Dutta and Kim 1993; Goldsmith et al. 19tan and Irani 1987; Kubota et al. 2008; Li et al. 2013;
Niu 2014; Wang et al. 2009; Xu et al. 2014; Zhang Q. B. and Zhao J. 2013; Zhou et al. 2007)
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Base on the fact that there is a definite increase in the strength ofvititklse increase dtrain rate,
a united equatios ) &p | - is proposed to fit the DIFE,, b are coefficient§Liu et al. 2018. By
piecewise fitting, andIFs for rock strength can be given by E21] and Eqg. 2.2) as below:

OIF - £1+0.18°° for & <10's* 2.1
c — 1 .
11+0.108"% for &210's*

, and

£1+0.78%°  for & <10°s™
DIF, =]

(2.1)
[1+0.708°%  for 82 10°s*

Where'© "'O"&and’O 'O "@re dynamic increase factors for compressive and tensile strength of rocks,
respectively: is the compressive strain rate in the range fromt@@0*s?; - is the tensile strain rate

in the range from 10to 1C¢ s®. Thestrength enhancement is different for tension and compression,
however, but show the same trend. In addition, both critical strain rates of DIFs for compressive and
tensile strength fall into the intermediate strain rate regime, i‘esdhd 10 s?, respectively This
proposed DIFs formulation can give a good representation of &etnaviourof rocks, and is of direct

application in numerical implementation.
(3) Confinement dependence

The effect of confinement on dynamic strength of rock matkéalalso been studied in the paste

strength of the rock is strongly affected by both strain rate and confinélnherttal. 2008a; Zhao and

Li 2000). It also found that, ajuasistaticcondition, the effect of confining pressure is not significantly
affected by the strain rate, and lower rate sensitivity at higher confining preG&umes2000)Figure

2.5 and Figure 2.6 provide general quantification of the change in strengths with loadiegarat
confining pressure, and show ththe HoekBrown criterion is applicable to the dynamic strength
properties of rock materia{Zhao 2000) At high strain rate loadings, the confining pressure evidently
increases the dynamic compressive strength of the rock, as evideRroguar@2.7 (Hokka et al. 2016)

the stressstraincurve comprises the linear elastic part and followed by a sharp peak at the maximum
stress. The strength of the rock decreases rapidly after the primary fracture, and the residual strength of
rock also exhibitonfinementdependenced-ailuremodes of rock formed at unconfined conditions are

more complex than those impacted under confined conditions. Under confining pressure, rock specimen

is fractured with shear cracks formed on the surface of the specimen and propagated inwards.
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al. 2016)

2.2.2 An overview of dyamic triaxial apparatuses or traditional confined SHPB

To investigate mechanical properties and fracture behaviour of rocks under confinguasigtatic

triaxial compression tests have been widely conducted to determine the mechanical behaviour of rocks
under a controlled sef thbading path and stress stdfekers et al. 1986 Mogi 1971)pioneeredh true

triaxial testing apparatus fpreciselytesting mechanical behaviour of rocks subjected to three unequal
principal stressegi(li G0 (U 0, where(y, (p, anddz are the maximum, intermediate and minim
principal stresses, respectivglylemonstrating that rock strength also depends on the intermediate
principal stress,. After that severatypesof true triaxial apparatus have been developed to extensively
study the characteristics of rocks ungeasistatictrue triaxial confinemenChang and Haimson 2000;
Descamps et al. 2012; Ingraham et al. 2013; Kwashiewski et al. 2003; Lee and Haimson 2011,
Takahashi and Koide 19897 esting results from triaxial compression reveal that stress condition
affects rock properties including strength, deformation and failure m@he=ger et al. 2009;
KwaSni ewsTere eXi§t gehdral trends for: an increase of triaxial strength with increasing
intermediate principal stress at a givenls; the ductility of deformation behaviour increases with an
increase ofls, but decreases when is increased; and the fracture planes of rock are parallel to the
direction of(p, and the fracture angle (the angle between the directidn arfid the fracture plane)
decr eases whi ¢especidllynat loweransnmum gfressiisshould be noted that, rocks failure

in these triaxial compression tests are at a low strain rate' @) @ue to the hydraulic limitation of

true triaxial appeatus(Zhang and Zhao 2014bjhus, more intricate studies of rocks under multiaxial
confining stress states are required at high stetmlevels cosistent with those prevailing in explosion,

blasting, impact and earthquake.
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In order to study the dynamic mechanical behaviours of rock materials under confining pressure, over
the past decades, researchers have devoted considerable efforts to dgezloeatal techniques and

to charactesge dynamic constitutive relations of rock materials. These experimental techniques include
dynamic triaxial apparatuses or traditional confined SHPB, which apply dynamic loadings to specimen
at different strain rates.

In general, there are two types of approaches to achievearigtioading on specimsin the dynamic

tests, through either a pressure or displacement boundary co@iiem and Song 2010)he pressure
boundary condition is achieved through hydrostatic pressure by a hydraulic confining chamber or the
truetriaxial loading apparatus. Taking advantages of the incompressibility of fluid, in such a test, a
specimen is placed inside a pressure chambersatrpicallyloaded by hydrostatic pressure using
various confining fluids (e.qg. air, water, and hydraulic dife confining pressure can be applied using

water or hydraulic oil (up to 50 MPa) or using air (up to 10 MBary G and Bailly P 1998andthe
deformation is measured by resistance wire extensometers/strain gauges mounted on the specimen.
When maintaining the hydrostatic pressure constant, additional axial loads are applied by either the
loading piston or the incident bar for ISR or HSR tesgti

(1) Pressure boundary condition

By using the pressure boundary condition, the major dynamic triaxial appiaratask-like materials

are summariseith Table2.2.

For dynamic triaxial test apparatus which can carry out multiaxial dynamic loading and unloading for
rocks. Ehrgott and SloafEhrgott and Sloan 197H3eveloped a dynamic highressure triaxial test
device Figure 2.8) which consists of five basic components, i.erisang pressure supply system, a
decay system, a base assembly, a triaxial chamber, and a stroke limiter. By using a using the triaxial
chambe, it is able to apply controlled impulsitgpe confining stresses up to 15 kipstmn cylindrical

rock specimens with diameters up to 3 inches. The dynamic confining pressures can-be time
synchronized with the similar dynamic axial loadings generatedrbyitype loader with magnitudes

up to 100 kips and can be controlled with a last time filo@8 msec to 20 msec. It should be noted

that, the achieved axial strain rates of rocks tested in the devices are no more gtadutOto the
limitation of ramtype loading. Moreover, it is difficult to carry out synchronized rrankial dynamic

loading during very short dynamic loading time.
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Figure2.8 A dynamic highpressure triaxial test device: a. cross section of the triaxial chamber; b. tkgp100
dynamic ram loadefEhrgott and Sloan 1971)

In order to study the static and dynamic triaxial constitutive properties of large geologic specimens and
construction materials. P.E.Senseny ei3#nseny et al. 197€gsigned and fabricated a large machine

to test cylindrical specimens with 0.3 m in diameter that coststalemodel tunnels and tunnel
reinforcing structures up td5mm in diameter. It can impose a general triaxial loading on a specimen
either statically or dynamically with maximum pressures of 200 MPa and 100 MPa, respectively. The
triaxial static test can be performed by two hydraulic pumps, one pump suppliestibal pressure

and the other supplies the lateral confining pressure. Dynamic tests can be conducted in dynamic triaxial
configuration and dynamic isotropic configuration by two explosive charge chambers. The explosively
driven machineKigure2.9) was later improved and used to perform dynamic triaxial compression tests
for concretes at strain rates less thani(@@an 1986; Gran 1987; Gran J K et al. 1989)
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Logan et al(John M. Logan and Handin 197@stly designed a medium strain rate triaxial apparatus

for geologicalmaterials with four major parts includinggasdriven press, a triaxial cell, a confining

and packing pressure system and instrumentation. It is designed to attain strain rate dfGec,
confining pressures up to 8 kb and temperatures t6@0A jacketed specimen with a size of 2 cm in
diameter and 4 cm long is inserted into the triaxial vessel and isotropically loaded by high hydrostatic
confining pressure using gas. The loading is applieddasdriven cylinder for desired medium strain

rate testing. This type of apparatus was improved further by other resedRlaaten 1981 Friedman

and Logan 1973; Green et al. 1973h}l used increasingly to study investigate the triaxial compressive
behaviour of rocks deformed at intermediate strain rafasother dynamic triaxial cell system was
developed for testing rock specimens at-lmedium strain rates under hydrostatic confining pressure

up to 1000 MP4Li H B et al. 1999; Zhao J et al. 1999he dynamic triaxial system consists of a
triaxial confining pressure cell and an axial dynamic loading system. The rock specimens placed in the
triaxial cell are up to 30 mm in diameter and 60 mm in length. Confining pressure is applied manually
through pressured oil by a pump and valvethémesired statéMaintaining the hydrostatic pressure in
theconstant, dynamic load of desired magnitude and strain rate is applied to the rock specimen through

the loading piston.

Christensen et aChristensen et al. 1978¢veloped an apparatissdetermine the dynamic behaviours

of rocks under confining pressure. The apparatus consists of a conventional SHPB system enclosed
with a hydraulic vessel. Within the hydraulic vessel lateral pressure up to 30 ksi is obtained by an air
driven pump withkerosene as the confining medium. Also, the specimen inside the vessel is loaded
with an axial stress wave generated by impacting the incident bar with a projectile fired by a low

pressure air gun. For the advantage of simplicity, following researf@ben et al. 2011b; Gary and
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Bailly 1998; Liu J. Z. et al. 2010; Malvern and Jenkins 198@d this device to perform dynamic test

of quasibrittle material under confinement.

Lindholm et al.(Lindholm 2012; Lindholm et al. 1972; Lindholm et al. 197dbhducted some of the

most pioneering work irthe dynamic experiments of rocks under hydrostatic confinement and
developed a modified SHPB system with two hydraulic cylinders, allowing for axial preloading, radial
confining pressure and high impact velocities required for the testing of rock. Thdriwdl rock
specimen sealed with a thin hahtrinkable tubing is placed inside the lateral confining cylinder which
applies confining pressure up to 100 ksi in the transverse direction. The axial preload is provided by the
hydraulic actuator at the fane of the transmitter pressure bar and the dynamic axial load is applied by
the incident pressure bar once firing the gas gun. Their original design was further employed and
improved by other researchéFsew et al. 2010a; Kabir M. E. and Chen W. W. 2009; Kawakita M and

S 1981; Lankford 1994; Lankford Jr J 1976; Li et al. 2008a; Malvern and Jenkins 1990; Wang and Liu
2011b; Yin et al. 2012b; Yu 1998) study the dynamic properties of the test specimens under confining
pressure. In particular, Li et gLi et al. 2008a)modified this testing techque using dydraulicoil

driven precompression stress component and a confining pressure component. The modified device is
capable of testing the rock specimen subjected to coupled axial static pressure, axial impact loading and
optional confining pressa up to 200 MPa. Follow the similar idea, Frew ef(afew et al. 2010a)
improved a dynamic triaxial Kolsky bar by replacing the sdrydraulic actuator and axial restraining

plug with ahigh-pressure hydraulic chamber andrioel configurations, respectively. In the tesice

the hydrostatic confinement of cylindrical rock specimen is achieved and maintained in cdnstant,
axial dynamic load is applied by impacting incident bar with a striker bar. Using the device, Indiana
limestones were tested at confining pressureo00 MPa and strain rates of 40D More recently,
geological materials such as grar(ittokka Mikko et al. 2016)sand(Kabir M. E. and Chen W. W.

2009; Martin et al. 2013)ave been tested under specified confinement at high strain rates.

In order to measure the compléteeedimensional dynamic response of soils, an experimental device

cal |l edDiimenmseieonal Split Hopki rneseoped®d.eSemhlatetal. Bar 0
(Semblat 1995; Semblat J et al. 1999; Semblat et al. 1§9&)iding a rigid confining cylinder and an

elastic radial bar on the classical Hopkinson arrangement. In the test, the rigid confining cylinder
prevents from radial strain, resulting in variable radial stress on the specimen during axial Tdading.

radial stress can be well measured by the radial bar in contact with the specimen through the confining
cylinder. Thus, the dynamic axial and radial respongeexdpecimen can be accurately obtained and

compared.

A modified compression Kolsky bar thia planar lateral confinement frame was developed by Paliwal
et al.(Paliwal et al. 2008kip perform high strain rate compression tests in a prismatic specimen (with

a rectangulacrosssection). A controdd and homogeneous planar confinement along Y specimen axes
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can be achieved by bolting two stiff steel blocks on the later surfaces of the prismatic specimen. The
dynamic loading is applied along the X specimen axis, andetiidime photography is set uglong

the Z specimen axis. The dynamic compressive wests conducted on ceramics under average planer
confinement of 400410 MPa.

Table2.2 Major dynamic triaxial apparatdsr rocklike materials

Medium strain rate triaxial apparat{i®hn M. Logan
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(2) Displacement boundary condition

The displacement boundary condition in the SHPB test is typically achieved by using either-a shrink
fit metal sleeve or a passive thick vessel jacketing the cylindrical surface of the spedabawn in
Figure2.10. Malvern et al(Gong and Malvern 1990b; Malvern and Jenkins 1990; Malvern and Ross
1986)firstly employed passive confininggket system to impose controlled lateral confinement on the
cylindrical rocklike specimen and was further performed(Byagov et al. 1994; Shi S. C. and Wang

L. L. 2000) For finegrained brittle materials like ceramics, other types of confinements such as a
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shrinkfit metal sleevgBailly et al. 2011; Chen W and G 1996; Chen W and Ravichandran G 1996;
Chen and Ravichandran 2000; Chen W. and Ravichandran 1997; Forquin et al. 2008a; Forquin et al.
2010; NematNasser et al. 2000; Rome et al. 2004; Yuan et al. 20h&aj shrinking tubéMartin et

al. 2013)and planar confinemeiiPaliwal et al. 2008bareextensively used. In general, the confining
pressure depends on the thickness and matgpialdf the sleeve. Strain gauges are mounted on the

sleeve surface to record the stress state of the specimen with time.

Specimen Sleeve Assembly

: | =
v \\_ //"'
D_: diameter o: misfit
(a)
Specimen t; Sleeve Assembly
Y
‘ / N\ X +
D, (i |+ D, =
Yj \\ /‘/’ __// Y
D _: diameter t: thickness
(b)

Figure2.10 Passiveconfinement for dynamic triaxial compression testssfaink-fit metal sleeve, (b) passive
thick vessel(Zhang and Zhao 2014b)

A summary of classification and major development of dynamic confiningyseetssts for rockike
materials is described ifable2.3. There also exhibits a general trend: an increase of triaxial strength
with increasing strain rate at all confining pressures; an increase of triaxial strength with increasing
confining presste, as had been demonstrated in gateic tests; the deformation behaviour becomes
more ductile at high strain rate and a lower confining pressure than that in thetgtiasest¢Zhang

and Zhao 2014b)
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Table2.3 Classification and major development in dynamic testing of-liliekmaterials under confining pressure
(supplement t&hang and Zhao 2013b

Dimensions Max.
Strain rate o
Class Rock type (D3Lmm? or  pressure Research activities References

. (sY)
(L3 W3 H mm?) (MPa)

I. $,>5, =5,>0: a Hydraulic confinement; bCoupling statiedynamic; € Shrinkfit metal sleeve; dThick confining vessel

Stressstrain curves are similar in

shape to quasitatic oness,, is (Christensen et al.

Sandstone 12.725.4 95 10%-1C¢°
about 20% higher thap,; shear 1972)
and dilatation stresstrain curves
. Lindholm et al.
D-basalt 12.R225.4 138 102~10° P, dependent; threfilure modes (
1974b)
The dependence o is more
) pronounced than that d®, ; the
Oil shale 12.825.4 34.5 ~10 (Lankford 1976)
same conclusion gkindholm et al.
1974b)
Apparent elastic recovery at the (Malvern et al.
Concrete 76.276.2 10.3 10~1C° ) i
ending period 1991)
Sedimentar More ductile at a loweP. than in
y 2525 35 10~1C° ¢ (Sato et al. 1981)
rocks the guassstatic condition; dynamic
Marble 30230 20 10°~10° M-C criterion (Yu 1992)
. Gary and Baill
Concrete 408 40 10 ~10? The residual stress depends B (Gary y
1998)
The P, of B-D transition increases (Frew et al.
I-limestone 12.212.6 200 ~10?
as increasingé& 2010H
a*sr P., & dependent; unbroken under (Chen et al.
Granite 50 30 10 10~1¢
high P, 2011a)
M-C criterion; ductile behaviour (Wang and Liu
Ceramic 143145 15 ~10? .
under highP, 2011a)
Salt rock 3B 74 25 ~10? The coupling effects oP,, Tané  (Fang et al. 2012)
P, & dependent; unbroken under (zhang andzhao
F-marble 5050 10 10~1¢
high P 2013c)
Amphibolite, P, &dependentghear failure mode
Sericitequartz 10 50 4 10'~10° (Liu et al. 2014)
. underp,
schist c
P., édependentgincreases when
Red sandstone 508 25 10 10°~10° p, decreasessompressiorshear (Liu et al. 2014)
failure mode (cone shape) under
Kuru Gray p_dependent, shear fracture under (Hokka et al.
) 11.8116 225 10°~600 .
granite high p, 2016)

P., édependent; high energy

Salt rock 7837 25 10%-1C¢° (Li et al. 2019)
dissipation, broken under high
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. Handpumping operated )
Siltstone 5025 w/o 10107 ] (Li et al. 2008b)
confinement; no results

b Cyclic dynamic loading in axial )
Sandston 50 50 12 10107 oo Jin et al. P12)
direction
Sandstone 508 50 40 10~1¢¢  Unloading rate op: 1 MPa/s (Yin et al. 2012b)
(Chen and
Ceramic 4.76:5.48 230 10?~1¢¢  Localisedfaulting; p dependent Ravichandran
1996a)
¢ Strain at failure increases as
) . T -, (Yuan et al.
W-granite 6.03.5~4.5 132 10%~1C° increasing & ; the BD transition
2011b
increases ag is increased )
Severe deformation at the beginnini (Gong and
Concrete 76.2152.4 45 10107 )
period Malvern 1990a)
A Teflon sleeve and an aluminium
Concrete 19.8? ~18 ~10 (Rome et al. 2004)
sleeve
d Deviatoric and hydrostatic
. (Forquinet al.
Concrete 30° 40 550 10~1¢*  behaviours appear almost
. , 2008b)
independent of&
Different thicknesses of vessel; (zhang and Zho
F-marble 50 50 15 10~1¢
& dependent 2013c)

Il. ;25,2 5,2 0:e Tangential load;-fPlanar confinement (SG on specimen)rge triaxial pressure (SG on bars)

) (48.243.1) Biaxial stress tests using tubular (Green et al.
e W-granite 501 ~10? ]
306.4 specimens 1972a)
High P, ; observing fracture process (Paliwal et al.
f Ceramic 4282352 400 10°~10°
$,=0 2008a)

) Three pairs of bars; true triaxial
g Geomaterials 508 52 50 ~50 10107 (Zhao 2a1)
stress state

Some specific technical factors should be taken into account for the hydrostatic confining apparatus: (1)
whether the confining pressure is constant or not during thé3ast G and Bailly P 1998; Malvern et

al. 1991; Ramesh 20Q08R) cannot apply high pressure, (3) the lateral deformation of the specimen is
not really constrained, thus canstictly simulate the deep underground rock body experiencing lateral
stress as a result of lateral straomfinemen{Li et al. 2008a)and (4) timeconsuming work; and for

the passively confining techniques: (1) keeping no gap exists at the specimen/sleeve interface, (2) the
specinen should be under uniform axial and radial deformation, and (3) considering frictional stresses,
especially at the specimen/sleeve interface, (4) the lateral confinement applied by the steel sleeve does
not remain constant during the experiment but caotisly change@Martin et al. 2013)It is important

to note that, neither the confining pressure applied directly by hydraulicbenanor passively
confining techniques, the achieved lateral confining stress on the cylindrical specimen igeql (

In addition, it is difficult to precisely measure the lateral confining stress varying with time during the

dynamic axial loading.
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2.2.3Attemps of triaxial Hopkinson badevelopment

The split Hopkinson pressure bar (SHRBppkinson 1914pr Kolsky bar(Kolsky 1949)has been

widely used for the determination of dynamic properties of rock materials at high straifCadesi

2010; Chen and Song 2010; Dai and Xia 2010; Frew et al. 2001; Kumar 1968; Kumar and Baranger
1968; Li et al. 2004; Perkins et al. 1970b; Xia et2808; Xing et al. 2018; Zhang and Zhao 2013b;
Zhou et al. 2011)and it is shown that the strain rate has a significant effect on rock st(eig¢h al.

2018; Zhang and Zhao 2014bJowever, the strain rate dependence of mechanical properties may be
different under various confining pressuf@aterson and Wong 2005; Zhang and Zhao 2012hxgr

the past decades, the SHPB has also been modified to apply confinements on brittle materisls such a
rockgChristensen R. J. et al. 1972; Frew et al. 2010et al. 2008a; Lindholm et al. 1974a; Lindholm

et al. 1972) ceramics(Chen W and Ravichandran G 1996; Chen W. and Ravichandran 4887)
concretg(Gary G and Bailly P 1998; Malvern and Jenkins 198¢fpre dynamic loadindn geneal,

there are two types of approaches to achieve +axiléil loadings on thepecimerin modified SHPB

tests, through eithasressureor displacement boundary conditi@@hen and Song 2010; Zhang and
Zhao 2014h)The pressure boundary condition is achieved through hydrostatic pressure by a hydraulic
cof i ning chamber. In the early 197006s, Lindhol m
system with two hydraulic cylinders, allowing for axial preloading, radial confining pressure and high
strain rate (up to £Gs?) loadings required for the testing of Dresser bagattdholm et al. 1974a;
Lindholm et al. 1972)This design was further improved and employed to study the dynamic properties
of specimens under confining press(fFarbaniec et al. 2017; Frew et al. 2010a; Kabir and Chen 2009;
KawakitaM and S 1981; Lankford 1994; Lankford Jr J 1976; Li et al. 2008a; Lindholm 2012; Paliwal
et al. 2008b; Wang L and Yu Y L 1992; Wang and Liu 2011b; Yin et al. 20TBa)confinement in

the SHPB can aldoe achievedby using the displacement boundary condition, in which either a shrink

fit metal sleeve or a passive thickssel is employed to jacket the cylindrical surface of the specimen.
Malvern and ceworkers firstly employed passive confining jacket system to impose controlled lateral
confinement on the cylindrical rodike specimenGong and Malvern 1990b; Malvern and Jenkins
1990; Malvern and Ross 198@his method was further performedstudy dynamic properties of solid
materialg/Albertini and Montagnani 1994; Bailly et al. 2011; Chen and Ravichandran 1996bYWChen

and Ravichandran 1997; Forquin et al. 2008a; Hokka et al. 2016; Martin et al. 2013:Nkemvat et

al. 2000; Rome J et al. 2000; Yuan et al. 201tagddition, sora other modified SHPB integrated

with a hydraulic system have also been developed to investigate dynamic tensile behaviour (e.g., tensile
strength, fracture toughness and crack pattern) of rocks undemngien(Chen et al. 2016; Wu et al.

2015; Zhou et al. 2014and hydrostatic confinement conditio(d/u et al. 2016) The dynamic
behaviours of rocks under confinement exhibit as followalkial strength increases with the increase

of strain rate under all confining pressures; an increase of triaxial strength with increasing confining
pressure, as confirmed in quasitic triaxial tests; the deformation behaviour becomes more ductile a

high strain rates; dynamic tensile strength decrease with increasignpien stress, while the total
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strength (the sum of static prension stress dynamic tensile strength) is independent -¢éms®n
stress; as the static piead increases, thdynamic fracture toughness decreases but total fracture
toughness increasel. should be pointedout that, confining prestress applied on th&ecimenin

existing SHPB is a still conventional triaxial stress stéte> (= 0z U 0), rather than a trueiéxial
stress stateli(>C>03 U 0) before dynamic loading. Until now, there is still missaxperimental data

on the dynamic properties of rock under true triaxial confining stresses at high strain rate$),(>10 s

whichis highly requiredn rock engineering design.

In order to realize a true triaxial static preloading before the specimen undergoes the compressive
dynamic impactZhao (2010) together witBadoni and AlbertinfCadoni and Albertini 201roposed

a true triaxial loading apparatus, which is showkigure2.11. The proposed apparathas one pre

stress bar and six confinement bars of equal length of 2 m and equal squasectiossal area of 100

mm side. The confinement bars are orthogonal witta@@d activated by a hydraulic actuator at the end.

It is possible to the study of fracture and flow of the rocks under triaxial stress before dynamic loading.
Following this design, the construction of a-B@dified Hopkinson Bar (3EMHB) shown inFigure

212 a was developed in the frame of the ROEquip
(Zhao 2011)and the uniaxial setp of the 3BDMHB apparatusiasbeen completed (as showrFigure

2.12.b ) and used for studying the dynamic compressive behavialtr@highperformance concrete

under different mno-axial compression statéSadoni et al. 2015)

Output
/7 confinement bar

Prestrassed Ingut N Rock

kar corfinement bar r/] 4" speamen
1

. 2m > — Im

Figure2.11 Triaxially compressed Hopkinson bar (TriHEzio Cadoni and Albertini 2011)
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(b)
Figure2.12 3D-MHB apparatus schenteveloped at EPFL, now at SURSladoni et al. 2015)

Great efforts have been made to achieve an initial triaxial -gtetst pressure before the specimen
undergoes dynamic loading since 2009, as statédllbgrtini et al. 2A4) The 3DModified Hopkinson

Bar has been substantially conceived through discussions among Carlo Albertini, Prof. Ezio Cadoni
and Prof. JianZzhad. Th e piMbBapmamtds c8nBists of one hydraulic actuator connected

to the pretensioned bar,ral of five other hydraulic actuators installed at the end of the five output bars
(Cadoni and Albertini 2011)The quasktatic triaxial stress state on a specineiniroduced by the
hydraulic actuators of the output confinement bars. The dynamic loads are generated by the rupture of

the brittle bolt into the system. However, the-BIBIB apparatus has only achieved the uniaxial function
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but no lateral confinemerdt EPFL (Ecole Polytechque Federal de Lausanne, Swirtzerlahe)
apparatus is now housed at SUPSI (University of Applied Sciences and Arts of Southern Switzerland).
With the support of Australian Research Council (ARZHao et al. 2015)a triaxial Hopkinson bar

has been developed and installed at Monash University, which allows investigating dynamic
mechanical and fracture behaviour of geomaterials unddtiamal confinements. The major
differences between the triaxial Hopkinson bar aneM3B are: the triaxial prestresses are achieved

by three pairs of hydraulic cylinders and wedge reaction devices installed on the ends of the six square
bars, and the gagun launches a cylindrical striker to generate dynamic loads. The applications of

triaxial Hopkinson bar have been verified by multiaxial compression, tension and shear tests.

2.2 Description of Triaxial Hopkinson Bar System

2.2.1 Triaxial Hopkinson baystem

The Triaxial Hopkinson bar developed originally is able to conduct dynamic compression test under
different quassstatic prestresses, including uniaxial, biaxial and triaxial stress states. The model and
physical apparatus are shown Higure 2.13, respectively.lt consists of a dynamic loading system
including a gas gun and a cylindrical striker bar (42CrMo Steel[850 kg/m, E=210 GPaCy, = 5200

m/s, 0, = 930 MPaL=0.5 m,i 40 mm, impact velocity up to 50 m/s), three independent pairs of steel
square bars (42CrMo Steel, crasstion 50x50 mA)in three perpendicular directions, three hydraulic
cylinders (pressure capaciipto 100 MP3, a strong platform, six pieces of higtrength steel reaction
frame, and a mukthannekeaktime data acquisition systefthe square bars are aligned orthogonally

in X, Y and Z directionsAlong with X axial direction, therés a dynamic loding system of thgas

gun with a striker barrel (1.5 m), an incident bar (2.5 m), a transmission bar (2 m), an absorption bar
(0.5 m), a hydraulic load cylinder and a momgap device. In Y and Z axial directions, four steel
output bars (2 m) are usenl apply confining pressure by hydraulic load cylinders and to monitor the
output waves. Altogether, the total size of the apparatus is 8 m lengthiortbentalX direction, 5 m

width in thehorizontalY direction and 5 m height in theertical Z direcion. The dimensions of the
triaxial Hopkinson bar is listeth Table2.4. All three pairs of higkstrength steel bars with a high
precision servédnydraulic control system is used to apply triaxial cusdsiic loads before the dynamic

loading, and to record theformation on stress wave propagation during the te¢fihgo et al 2015)
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Hydraulic cylinder

Z
I Steel reaction
¥ Y output bar i Moment-trap device

(@)

(b)
Figure2.13 Schematic (a) and photo (b) of the triaxial Hopkinson baaxd$ refers to impact direction)

Table2.4 Dimensions of thériaxial Hopkinson bar

Component Dimension(mm)  Cross-sectional area(mm?) Length (mm)
Striker bar Round:n =42 1385 500
Incident bar (Xaxis) Squarel =50 2500 2500
Transmission bafX-axis) Squarel =50 2500 2000
Output bars (Y and Z axes  Squarel =50 2500 2000
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The triaxial Hopkinson bar system is mainly composed of two testing systems, i.e. the true triaxial
confinement system and the impact loading system. During the experiment, -8teepses can be
independently applied in three independent orthogonal directions dicespecimen by two horizontal

hydraulic cylinders and one vertical hydraulic cylinder, and the dynamic loadbecappliedby

launching a striker bar in the gas gun. The triaxial stitiamic coupled loading can be achieved,

allowing the investigatiorof the influence of the triaxial quasiatic prestress on the dynamic
behaviour of rocks. The compression bars serving as output bars are not only applying confining stresses
but also capturing the variat i onfrastbiringsoftheexls es i n

tested.

To create a triaxial stress state in the specimen, the hydraulic cylinders and wedge fix devices are
installed at the end of the three independent pairs of pressure bars (stréguré2.13.a). Along the

impact X axial, a hydraulic cylinder installed at the free end of the transmission bar is used to apply X
axial pressure to specimen, while a wedge fix device is indtallthe impact end of the incident bar to

fix the displacement. It should be noted that, there is a rbold(n = 42.5 mm) insidehe wedge

device which allows a cylindrical striker to go through freely and impact directly on the dhd of
incident bartto generate a dynamic pulse. In the horizontal Y axial and the vertical Z axial, each pair of
output bars has a hydraulic cylinder and a wedge fix device installed at the two free ends. A hydraulic
supply station Figure2.13.a) is used to pumpigh-pressure oil into these three hydraulic cylinders
though fuel pipes, and independently applies confining loads to the specimen by a servo control system
Hydraulic pressure is applied to the cylinders through fluid ports that are attached to a hydraulic pressure
supply system. The maximum pressure in each loading axis is 100 MPa and can be controllable, stable
and repeatabld@ he independent control of the gisakatic loads along the three orthogonal axes allows
creation of different loading paths in the principal stress space before dynamic loading. Since the three
independent pairs of pressure bars are used, the lateral confinementreffectlynamic stregth of

rock materials can be well investigaighdoni et al. 2015)

The dynamic loading system primarily includes a gas gun, a striker bar and a barreldrivemigas

gun has the maximum operating pressure of 5 MPa. The barrel has a bore of 50 mm and a length of 1.5
m, and a striker bar is launched by the gas gurelakities up to 50 m/s. For dynamic loading, the
striker is launched by a sudden release of the compressed air in a pressure storage cylinder and
accelerates in a long gun barrel until it impacts on the end of the incident bar, which produces a
controllabk and repeatable impact on the incident bar. The striking speed is simply controlled by
changing the gas pressure in the tank or the depth of the striker inside the gun barrel. The loading
duration is controlled by the length of the strikis.a cylindri@l striker is employed to impact on the
square incident bar in the triaxial Hopkinson bar, the change in-sectisnal area at the striker
incident bar interface will inevitably affect stress wave created during impact by the striker. Therefore,

pulse shpers act a prominent role for this device to satisfy the basic assumption of dynamic force
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equilibrium in the specimen and to achieve a nearly constant strain rate over the most duration of the

test.

When the incident wave travels to the interface ofitbent bar and the rock specimen, one part of

the incident wave is reflected as a reflected wave in the indidemtue to the impedance mismatch of

the incident bar and the rock, and the rest is transmitted as a transmission wave to compress rock
specimen until failure.The interfaces between rock specimen and confined bars are lubricated by
vaseline to minimise the friction and facilitate the stress wave transmission. The tractions and the shear
stress between the specimen and the lateral bars aietriaaind at local, and thus could be less effect

on the overall stress equilibrium.

To visualisethe stress wave propagation in the square bar ¢saagon50x50 mmi) impacted by a
cylindrical striker (diameter 40 mm), numerical modelling (ABAQUS sofeyaersion 6.14) is
conductedFigure2.14 shows stress wave propagation in the square bar without a pulse shaper under
the impact velocity of 20 m/s. Inevitably, the deformation of the impact surface wfcidentbar is
nortuniformdue to the mismatch of the contact area between the cylindrical striker and the square bar.
Several monitoringoints (A, B, C and D) in thequarebar are selected to measure the incident wave.
Although the oscillations of incident stress wawes obsered due to a lack of the pulse shaper, both

the amplitude and duration of stress waves are well consistent with each other, which indicates that the
front of theincidentwave is flat with the error of less than 3%. In other words, the stress equililsrium

well achievedn the cross section of the square bar, though there is a certain degree of local stress
concentration at the corners. Therefore, strain gauges mounted on the surfaces of the bars can accurately

capture the signals during the dynamic tr@diompression tests.
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Figure2.14 Numerical modelling stress wave propagation in the square bar impacted by a cylindrical striker

During the test, the specimenplacedn the loading cell, which is right at the intersection point of the
axis of six barsKigure 2.15). Firstly, the specimers subjectedo a desirednulti-axial pre-stress
condition by thehydraulic cylinders; thedynamic loading is applied from the impact of the striker bar

on the front ad of the incident bar. The generated incident pptepagateslong the incident bar and
impact on the testing specimen until failure, leading to the reflected wave and transmission wave as
well as output waves in Y/Z directions.

Figure2.15 Standard cubic rock specimen placed between bars in the loading cell
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Figure2.16 Standard cubic rock specimen

The standard cubic specimen is 50 x 50 x 5C°mmnsize with somewhat elaborate preparation, as
shown in Error! Reference source not found. The sizes of the specimen should be at least 10 times t

he average grain size in order to eliminate the local heterogeneities of rock materials. The tested
specimens should be intact, petrgarigally uniform and cut from a same rock block with no visible
geological discontinuities. A grinding machine or fine sandpaper can be used to smooth the surfaces of
tested specimens. The specimens should be milled to a tolerance of 0.05 mm acrossafh25@@

mn¥ and the accuracy of the specimen size is kept within +1%. The parallelism of the three opposite
pairs of faces should be less than 0.05 mm in 50 mm. The adjacent surfaces of cubic specimen should
have good verticality with the maximum dewvaatiis less than 0.25 °. In fact, not only intact or
composite rocks, other large and raytindrical specimens such as concrete, cement, brick, timber,
ceramics and even energy absorption foamed materials can also be used for testing under high strain
rates.

2.2.2 Loading paths and experimental procedures

(1) Loading paths

In general, the muHaxial confining loadings cabe classifiednto uniaxial (i > 0> = Us = 0), biaxial
(> G U 0, and=0) and triaxial {»> G, > 83U 0) prestress conditiondDuring the dynamic true
triaxial test, the stress path is schematically showBrror! Reference source not found.the s
pecimen is subjected to the desired stress state slich &s> (s with a low loading rate of 0.05 MPa/s,
and then a dynamic loading is applied alonglthgirection until rock failure.
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Dynamic pulse

Stress

>

Time
Figure2.17 Typical loading path of a dynamic triaxial impact test

Once the desired stress state is achieved, the dynamic loading is applied by launching a striker in the
gas gun. The stregmrticle velocity diagram of stress wave at the impact/incident baswasin Figure

2.18. Before the striker impacts, the incident bar is constrained by the steel frame in the X direction.
The static confinement forcés(, ) is the inner force in the béirame system. During thienpact, the

incident bar is compressed and detached from the steel frame, which results in the release of static
confinement forcel ) and becomes a new unloading stress wave propagating to the interface of the

striker and the incident bar, more distavill be discussed in the Section 2.2.5.

g
A

Osta_x : '/

re

Figure2.18 Formation and propagation of loading pulse in the impact/incident bar
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During the impact, the formation and propagation of loading pulse in the impact, incident bar,
transmission and output bars in the triaxial Hopkinson bar is illustratédune2.19. There are seven
waves generated during the impact along the X direction. Among them, the stress wivasdie.

are measured by strain gauges on the incidenthi measured by strain gauges on the transmission
bar, andls, §, U1, and32 in the Y/Z output bar are respectivatyeasured by strain gauges on the

corresponding lateral bars.
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Figure2.19 Formationand propagation of loading pulse in the impact, incident bar, transmission and output

bars in the triaxial Hopkinson bar

(2) Experimental procedures

A standard operating procedure was required to ensure testing safety anddatablenhichincludes
pre-operational safety checks, hydraulic and impact loading system information, apparatesipre
operation steps, clean up and general safety guidefoea.multiaxial test, main operating procedures

are outlinedasfollows:

(i) Glue the metal plates on the three pairs of surfacd#sea@ubicspecimen, then place the specimen

in the loading cel(Figure2.15) and check alignment manually.
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(if) Start the hydraulic servo control system to conduct-aligmment by the three hydraulic cylinders.
Once successful, compress the specimen to the desireeamialtstress state with a loading path as
Error! Reference source not found.

(i) Ensure that data acquisition systems such as strain monitoring, velocity measurement system or
reaktimeimaging system are in ready.

(iv) Place a pulse shaper on the impact end of the incident bar and launch the striker bar in the gas gun
with the target gas pressure, generating adigpersive ramp pulse on tepecimeruntil failure.

(v) Save all of the raw data and collect the tested speaivitbrelear notes.

2.2.3Realtime data acquisition system

A high speed and resolution data acquisition system (DAQ system) developedraxthktHopkinson

bar system is illustrated iRigure 2.20 . Six sets of strain gauges (FI6ALl1l) were attachen the
incident bar, transmission bar Xdirection andour output bars in Y and Z directions, respectively.
Each set consisted of two strain gauges located diametrically opponent. The testingsgealsrded

by a 12bits analogudo-digital converter (NI PXI€5105) with a high sampling rate (1MS/s) connected

to strain gauges through Wheatstone bridges and a differential amplifier 280N dynamic strain
meter). Red copper discs with the dimension of 15x1.5 mm (diameter x thicaressyveas pulse
shapers, which can produce a welpeatability rampedncident wave that reducdsgh-frequency
oscillations ananinimisesthe dispersion effect. The interfaces between the bars and test specimen are
lubricated by petrolatum tminimisethe friction. The velocity of thetrikerbar is measured by a laser
beamvelocity measurement systeMHCSY- £t ) bef ore i mpacting on the
bar movesn themomentbefore impact, the parallel light curtain generated by a transisitidéocked
progressively. Oncthe change of light intensity is deted by the receiveananalogueroltage signal

in a function of timés emittedand recorded by the digital storage oscilloscope.
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Figure2.20 High-performance data acquisition system

As the experiment performed, the triaxialsteess {1, 0> andlis) applied on the specimen by the X, Y

and Z bars are controlled and recorded by the servo software (shBwnorinReference source not f

ound.), and then, the striker launched by the gas gun generates an incident pulse of an approximate
duration of 300 ps to impact the specimen. Strain gauges mounted on the incident, transmission and 4
output bars are used to measure dynamic strain data from the experiment. In order to remove the very
high-frequency bit noise that overlaid the strain signals and to ensure robust algorithms for detecting
the timeof-arrival of the stress wave. The raw dafaall channels obtained on the oscilloscope are
processed after being digitally filtered using a-Jpass filter with a cut off frequency of 10 kHz. The
recorded voltages are converted into their respective ratcans to determine the force and
displa@ment history at the interfaces between bars and specimen, as well as the reconstruction of the
equivalent stresstrain curves imnanalytical way. It is important to realise that the measurements on

all the output bars also provide information on waveegergy transmission and transformation at
material failure. This allowstudyingthe mechanism of energy or wave released during material

damage and fracturin@hao and Cadoni 2011)
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{

Figure2.21 Axial pressure servoontrol centre and data acquisition system

2.2.4 Datagrocessingnethod

In the triaxial Hopkinson bar experiment, as shown schematicalfjigine 2.22 , the stress wave
propagates through the incident bar, rock specimen, transmission/output bars and deform the specimen
at high strain rate until failure. Along the impact direction, the elastigdonensional (1D) stress wave
propagation theory is used toterpretsignals obtained in triaxial Hopkinson bar tests. Thus, the
dynamic forces=1(t) andFx(t) and the velocitie¥1(t) andVa(t) acting on the baspecimen interfaces

along the Xdirectioncan be calculated hiKolsky 1949; Kolsky 1953)

F()=AE[e.() +&0] R(D AE /8 23
Vi) =Gle() - g9 L) & .8 (24)

WhereE, is Young'smodulus of barsAis the crossectional area of the bat; is the longitudinal
wave velocity ofthebarsj s t he strain measured by smbraddh gaug
andr6 6correspond t o t he i nci dent, r ef lreston, e d and

respectively.

Assuming the stress equilibrium or uniform deformation prevails in the specimen during the dynamic
loading (i.e.Gh(t) + Gex(t) = Gkx(1)), the average stress strainUand strain rate of the specimen can

be determined witthe equations:

RO+FO EA EA
2& 2& [ ﬁ(t) #eét) tﬁ(t&] _A_g_ tr(t)‘

sx-dynamic(t) = (2.5)
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b= Sy 0 es

oD = O 2 O - O 2 (@

whereAsis the crossectional area andis the length of the specimen.

The respective stress and strain of the specimen in the Y and Z directions can be calc(Gaddriy
and Albertini 2011)

E,A

S sl =22 610+, 40 29
&, aymamcD) :%b g+, ]t 29
8o =28 GO+, 40 (2:10)

sz-dynamic(t):%[ eft) +.,¢0)] @11
ez-dynamic(t):%:ﬁ A +, gldt (212
&, aynamict) =%[ gt +, 4)] (213

WhereC.aynamidt) andCizaynamidt), U-aynamidt) andH.aynamidt) are the stress and strain of specimen along
the Y and Z directions, respectivelijhusthe dynamic behaviour of geomaterials (e.g., rocks, coal,

concrete, mortar and ceramics) under different stress states can be quantitatively determined.

Ignoring the interfacial friction and the bending wave effect, during the impact, the specimen is
subjected to both static pstressed and dynamic stresses.dtrue triaxial confinementif.static > Uy-

static > Uzstatid, during the test, totaltresse®sn the specimen is the sum of the static confining stresses
and dynamic stresses, i®ota= Si-statict Si-dynamic Wherei = X, y and z. The static pistresseSi.saicare
obtained from the&onfinement loading systerwhile the dynamic stressé&.ayramic  y-afdamca n & U

dynamid are captured from strain gauges mounted on three independent pairs dfdbadgnamic
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components, in each direction, similar with the conventional SHPB tests, one dimensional stress wave
theory is adopted timterpret the dynamic stress and strain in the dynamic triaxial Hopkinson pressure
test. The calculation method of dynamic stresBegdmic  y-afdamic@ N G-aynakhid and dynamic strains
(Chaynamic y-ybhmic@ N Gaynakl).

During the impact, theotal principal stresses acting on the specimen are given by:

Sl(t) = ‘i (t) = )tsstatic +x ?%ynami&t) (2-14)
S 2 (t) = % (t) = ys static +y ‘—%ynami((t) (2 -15)
53(t) = ‘i(t) = zsstatic +z !Synamigt) (2-16)

Thedynamichydrostatic pressurép-dynamic anddynamicvolumetric strainfaynamic are given as:

Sx— dynamic(t) + ‘% —dynami((t) + zsdynamg)

Sp— dynamic(t) = 3 (217)
6:/- dynamic(t) = )@—dynami&t) + y %ynamg) +z a%ang) (218)
The maximum shear stre§sand shear straim are given by:
S, £ S gunamidl
te- dynamic(t) = e C( )2 ‘i dynamg ) (2-19)
9. dynamic(t) = >€-dynami((t) Tz @ynamlct) (2.20)
The dynamicstressstrainrelationship of the testing materials under differentgiress states can be
guantitatively determined. Besi des, the three d
Poi ssonfts ratio and bul k modul us singfthe mathod ofi a | ar

dynamic triaxial compression. In addition, the stresses, strains and strain rates can be combined
following the equations of the chosen yieldiingcture criterion in order to obtain the dynamic

equivalent stresstrain relations.
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Figure2.22 Schematic of stress waves propagation in the triaxial Hopkinson bar (Not to scale, top view from

vertical Z direction)

2.2.5 Calibration andgalidation of Triaxial Hopkinson Bar

Since all of theore-stresseand impacts are compressive, the compressidafinedas positive in this

study. The typical signals obtained in the impact direction of a dynamic triaxial test with tteggse

state of (30, 20, 10) MPare showrin Figure2.23.a. For axially confined SHPB, when the striker bar
impacts the incident bar, the wedge reaction device usdoatithe axial pratress sulexjuently relaxes.
Therefore, the stress in the incident bar becomes tensile after the incident pulse when the axial
compressive prstress in the bar unloads. The stress value (30.29 MPa) of the baseline of reflected
wave indicates the level of applied alxpres t r e & MP&) in the X direction. To avoid the
superposition of tensile pulse induced by the unloading interaction of wedge fix device and the incident
bar, appropriate positions of strain gauges on the incident bar are carefully checked to obtain distinct
incident and reflected signals. In the interpretation of signals, it is necessary to subtractstnespre

from the reflected wave before calculating the strain rate and dynamic strairspétimer(Hokka et

al. 2016) The transmission bar does not receive the unloading pulse from wedge reaction device until
the experiment is compleférew et al. 2010a)igure 2.23.b shows that during the impact in tKe
direction, the generated stress waves propagate along the Y and Z bars owing to the Poisson effect of

rock specimen, which results in the variations of confinement in Y adileZtions These signals
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provide not only the deformation information of tsgcimen,but also contain energy release during
material fracturing. The difference of peaks values of signals obtained in Y and Z bars is related to the
prestressesand the fracture behaviour (e.g., direction, length and number of fractures and fracture
energy) of rock Figure2.23.c shows the evolution dhree principabktressestf, . andls) acting on

the rock specimen during impact, which include both statispesses and dynamic stresses. The three
principal stresses initiate from (30, 20, 10) MPa and then rise to the peak point (255, 53, 47) MPa at the
moment of rock breakagélthoughthe total bearing capacity (i.e., the safiprestressand dynamic
strength) oimaterialsmight be significant for the materials unaertainconditions, forrock materials

under thein-situ conditions (internal quasitatic loading), the dynamic strehgs only be considered

after the influence of external dynamic sourdeshouldbe pointedout that the stresses of the peak
point (i.e. confined stresses at rock failure) are the imgmirtantvalues which can be used to calibrate
dynamic constitutig models. However, it is not possible to control and obtain the same desired peak
stresses within a transient state of any dynamic experit@érgn the initialpre-stresses are closely
related to the peak stresses and easy to control dyttanicexperiment, the relationship between pre

stresses and dynamic strength of rasksresentedh the following sections.

For a valid SHPB test, dynamic stresses associated with axial and radial inertia should be substantially
small compared with the flow stresEthe material under investigation. Under stress equilibrium, the
stress gradient vanishes, and inertial effects induced by stress wave propzsgatiars be minimised

The red copper sheet used as the pulsed shaper lengthens the rise time of thiesinegtewave
facilitating the stress of specimen to equilibrate during the time of interest for the test. In axial confined
SHPB, the axial prstress in the impact direction has been verified to affect the stress equilibrium of
dynamic experimentéChen et al. 2017; Hokka et al. 2016; Kabir and Chen 20D®)sthe stress
equilibrium condition in axially constrained SHPB tests requires careful examinBigane 2.23.d
presents the dynamic stress balance check between both endspedineeralong the X direction in

the triaxial Hopkinson bar tests. ift observedhat the uniformity of the dynamic steesicross the
specimeris well achievedn the axial impact directiorandthus the axial inertial effect is reduced to a
negligible level. Although there exists inevitably dynamic friction at the interfaces between rock
specimen and lateral output barg #thievedlynamic stress balance also demonstrif@slD stress

wave propagation theory can be employed to calculate the-strass history of rock specimen in
triaxial Hopkinson batests. According to Eqs26-2.13), the obtained stress and strain history curves

in three directions are shownhigure2.23.e-f.
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Figure2.23 Typical experimental data at the impact velocity of 20 m/s angtpess conditions (30, 20, 10) MPa:
(a) Stress waves in impact direction; (b) Stress waves in Y/Z directioBy(@mic stress evolution applied on

the specimen; (d) Dynamic stress equilibrium check; (e) Stress and strain history in three directions; (f) Stress and
strain history in Y/Z directions
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2.3 Realtime stereo imaging and 3BDIC measurement

Digital image corelation (DIC) technique has gaineddespreadpopularity over recent years on
noncontact deformation measurement due to its high accuracy, flexibilitgaayiimplementation.
Compared withtwo-dimensionalDIC (2D-DIC) using a single camera, thrdanensonal DIC (3D

DIC) canbe appliedfor 3D shape and fufield deformation measurement based on the principle of
binocular stereovisio(Luo et al. 1993; Pan 2018; Pan et al. 2018; Sutton et al. 2008; Xing et al. 2017)
Without introducing iRplane strain errorsthe 3DDIC allows measuringaccurately dl three
components of displacement of objects with both planar and curved suifacaesasure the fufield
time-resolved deformation of rock under dynamic biaxial compresswn synchronisedeattime
cameras (Phantom V2511) coupled with3meDIC technique are employed to film and determine the
true deformation and strain field at the specimen surface. The stereo camera systeris setup
schematically showim Figure 2.22 , where two cameras are configured symmetrically along the Y
direction with the same altitude to achieve a regular view of interest duringmelgsis.

In the implementation of 3IDIC, camea calibration, theareaof interest (AOI) selection, subset
matching, and 3D reconstruction need to be accomplished to retrieve tfielduBD displacement
vectors. The principle of DIC is stitnages matching analysis, which is a matching of the saxe¢ pi
point from reference and deformed images to determine the desired displacement at different stages of
loading.Figure2.24 illustrates the principle of redgime deformation measurement using theBIQ
method in thedynamicbiaxial compression tesrior to 3D-DIC measurement, th&pecklepatterns
are generally required tbe fabricatedonto rock specimens for both macroscand microscale
deformation measurementsonsidering both of the accuracy and efficieritys recommendethat
speckles shoulde randomly distributeith a proper density with sufficiently distinct contrast and each
speckle must be at least three pixiel size(Reu 2014a)in this study, an artificial pattemmas maden

the rock specimens by spraying white and black paints on its surface.
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Figure2.24 The principle of 3D Digital Image Correlation (2DIC) used in dynamibiaxial test

After the stereacamera setufis installed stereo calibration is implemented to compute all of the
intrinsic camera parameters (i.e. image scale, focal length, image eentlens distortions) and
extrinsic 3BDIC parameters (i.e. ster@mgle, distance between cameaasl distance from cameras

to object) that are required to triangulate in the measurement volume. The detailed binocular
stereovision principle and algorithame providedelsewhergSutton et al. 2009) A target board (100

mm x 100 mm) with black base and 8 x 8 white grids (grid space 9wasusedor the stereo
calibration two stereo cameras were configured under the maximum resolution to achieve the best
performance. By moving, tilting and rotating the calibration bo&sthlly twenty pairs of calibration

images are captured to determine thesiatialcoordinates of two cameras and the transformation
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