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Abstract 

Understanding mechanical behaviours of rock materials under 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 bursting, drilling and blasting, and protective structure 

design. This thesis aims to design reliable experimental methods, determine dynamic mechanical 

properties, measure real-time full-field deformation field, and investigate failure mechanisms of rock 

materials at microscale.  

In this thesis, an originally developed triaxial Hopkinson bar is applied to determine mechanical 

properties of materials under the coupled multiaxial pre-static stresses (ů1, ů2, ů3) and dynamic loading 

conditions. Various in-situ stress conditions are achieved by applying initial pre-static stresses through 

the servo-hydraulic loading system, including uniaxial (ů1>ů2=ů3= 0), biaxial (ů1ƌů2> ů3 = 0) and 

triaxial (ů1ƌů2ƌů3 Ɖ 0) confinements. The designed experiments are at the strain rate from low to 

high, under compression, tension to shearing, and subjected to impact loads from single to multiple. 

With the combination of the triaxial Hopkinson bar, novel measurement techniques, including real-time 

three-dimensional (3D) digital image correlation (DIC) and Synchrotron-based X-ray micro-computed 

tomography (ɛCT), are used to quantitatively characterise fracturing behaviour and mechanisms of 

rocks from macroscopic to microscopic, from the surface to the interior, and from 2D to 3D 

reconstruction.  

Dynamic compression tests of rocks are conducted to investigate compressive behaviour under different 

pre-stress states (i.e. uniaxial, biaxial and triaxial stress states). The effects of confining stress and 

loading rates on mechanical behaviours (e.g., dynamic strength, deformation modulus and failure modes) 

are determined and discussed. Real-time full -field deformation and the ejection process under biaxial 

compression and axially dynamic loading are measured by real-time 3D-DIC. Under the same pre-stress 

conditions, dynamic compressive strength increases substantially with the increase of impact velocities 

or strain rate. The effects of three principal stresses components on dynamic strength and fracture modes 

are revealed as well. Dynamic compressive strength of rocks depends on confinement, which shows a 

decrease with increasing axial pre-stress ů1 along the impact direction and an increase with the increase 

of lateral pre-stresses ů2 and ů3. In addition, fracture modes of impacted rock also show confinement 

dependence. 

A new dynamic direct shear setup is proposed to investigate shear fracturing behaviour of rocks under 

normal stress at high strain rate. Dynamic shear failure can be divided into three phases, including 

deformation, fracture degradation and steady friction. Dynamic shear strength, shear friction and shear 

fracture surface of rock exhibit dependences of both confinement and strain rate. 
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Moreover, dynamic split tensile tests are conducted on a cubic specimen to determine tensile strength. 

Experimental results show that the formulation of dynamic increase factor (DIF) $)&ρ ‌‐ gives 

a relatively well representation of the actual tensile strength of rocks.  

The progressive damage mechanisms of rock materials under triaxial confinement and dynamically 

cyclic impacts are revealed in detail by using the ɛCT and ultrasonic sensing techniques. Dynamic 

stress-strain curves, wave velocities, micro-fracturing network and absorbed energy change 

progressively with the increase of impact times, due to the damage accumulation of microcracks. 

All  dynamic tests (i.e. compression, tensile and shear) of rock materials under multiaxial loads are 

determined using the same cubic dimension of 50×50×50 mm3. The reasons for the same dimension are 

to avoid the size/shape effect. 

Keywords: dynamic loading, multiaxial compression, triaxial Hopkinson bar, failure mode, strain rate, 

3D-DIC, Synchrotron X-ray micro-computed tomography, shear, tension, compression 
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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 was firstly defined by the US National Committee on Rock Mechanics in 1964 and 

subsequently modified in 1974: ñRock mechanics is the theoretical and applied science of the 

mechanical behaviour of rock and rock masses; it is that branch of mechanics concerned with the 

response of rock and rock masses to the force fields of their physical environment.ò(Brady and Brown 

1993; Hoek 1966). As an important branch of rock mechanics and rock engineering, rock dynamics 

studies the mechanical behaviour of rock materials and rock masses under dynamic loading conditions, 

which changes the mechanical properties and fracture behaviour with increasing loading rate (Zhou and 

Zhao 2011). As increasing engineering activities related to rock dynamics worldwide, the International 

Society for Rock Mechanics (ISRM) set up the Commission on Rock Dynamics (CRD) in 2008. ISRM-

CRD was renewed in 2011, 2015 and 2019, as a result of continued interests in the dynamic response 

of rock materials and rock masses (Xia et al. 2016; Zhang and Zhao 2014b). 

The scope of rock dynamics mainly covers initiation and forms of dynamic loads, wave transmission 

and attenuation in rock/rock joints, dynamic damage evolution and fracturing. Typical dynamic loads 

include earthquake, external impact and explosion-induced wave, which often change rapidly in particle 

acceleration, velocity and displacement with time. Rock dynamic is of significance in dealing with 

various rock engineering problems, for example, earthquake research, rock slope stability analysis, 

underground excavation, rock bursting, spalling, rock blasting and protective construction design (Xia 

et al. 2016; Zhang and Zhao 2014b).  

As mentioned above, one important aspect of rock dynamics is to investigate dynamic damage and 

fracturing behaviour of rocks. Over the past five decades, extensive studies on this topic have reported 

that the dynamic properties of rock materials are rate dependent, and are different from those determined 

under static loads (Cai et al. 2007; Li et al. 2000; Zhao and Li 2000). A fundamental difference between 

quasi-static and dynamic tests is that inertia and wave propagation effects become more pronounced at 

higher strain rates. It has been previously revealed that 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 change with increasing loading rate.  

However, prior to the effect of dynamic loads, both natural and engineering rock mass have already 

been subjected to a certain state of ground stress, which is generally described by three principal stress 

components (ů1, ů2, ů3). Rocks are confined to a certain in-situ stress environment in the crust and upper 
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mantle of the earth. Field monitoring reveals that typical tectonic stresses are not uniaxial and rarely 

axisymmetric (McGarr and Gay 1978), the in-situ stresses of rocks increase with depth (Brown and 

Hoek 1978; Hast 1969) and concentrate locally near geological faults (Ahorner 1975; Chester and 

Chester 2000; Engelder and Sbar 1984; Ferrarini et al. 2014). The in-situ stresses are also redistributed 

locally to a new state called induced stress during excavation (Barton and Shen 2017; Karl and Richart 

Jr 1952; Lee et al. 1976; Li et al. 2017b; Read 2004; Seager 1964). In addition to the multiaxial stress 

confinements, rocks are also frequently subjected to various types of dynamic loads including 

mechanical vibrations (Huang and Wang 1999), explosion (Zhao et al. 1999), impacts and seismic 

events (He et al. 2015; Mudau 2016), and they exist in the forms of time histories of particle acceleration, 

velocity and displacement. An overview of rock dynamics problems and influencing factors in 

underground engineering design is shown in 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 normally under static-dynamic coupling loading conditions (Du et al. 2016; 

Hokka et al. 2016; Li et al. 2008a; Xia K. W. and Yao W 2015). Understanding dynamic behaviour of 

confined rocks is essential in dealing with various rock engineering structures, such as underground 

storage chambers, reservoirs, slopes, and foundations of dams and bridges, during natural and human-

induced dynamic sources such as earthquakes, explosions, and impacts. 

 

Figure 1.1 Overview of rock dynamics problems and influencing factors in underground engineering design 

(revised after Zhao et al 1999 and Zhang and Zhao 2014a) 
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The sensitivity of rock strength and stress-strain behaviour to confining pressure is a well-known 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). There 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 quasi-static tests. Besides, it is found that the brittleness of rock will reduce while 

plasticity increases. However, there is still confusion about whether the sensitivity to confining pressure 

is rate-dependent or not, and how to separate the strain rate sensitivity and confining pressure sensitivity. 

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 equipment, which cannot 

independently control the confining loads along the three principal axes.  

To thoroughly understanding the mechanical responses of rocks under both confined stress and dynamic 

loads, it is necessary to apply rocks to different quasi-static pre-stress states and follow by the dynamic 

loading encountered in engineering practice.  

1.2 Research objectives and roadmap  

This thesis aims to identify the effects of confining stress and strain rate on the dynamic behaviours of 

rock materials. It is significantly important to design reliable experimental methods, to determine 

mechanical properties, to measure real-time full-field deformation field, and to investigate failure 

mechanisms of rock materials at micro-scale. 

This thesis reviews the dynamic behaviours of rock materials and dynamic testing techniques. Then, 

using a novel apparatus called triaxial Hopkinson bar to apply quasi-static pre-stress state and 

subsequent dynamic loads on geomaterials. It allows the determination of dynamic stress-strain 

relationship and failure behaviours of materials under different confining conditions at high strain rates. 

After the calibration and validation of the triaxial Hopkinson bar apparatus, a serial of dynamic 

compressive tests of rock is conducted to investigate dynamic compressive behaviour of rock under 

different pre-stress state (e.g. uniaxial, biaxial and triaxial stress state). A novel dynamic direct shear 

setup is proposed to reveal the dynamic shear fracturing of rock under high loading rate and confining 

stress. Besides, dynamic split tensile test is proposed to determine the tensile behaviour of rocks using 

a cubic specimen. The progressive damage mechanism of geomaterials under triaxial confinements and 

dynamic cyclic impact is revealed.  

The dynamic mechanical behaviour of the cubic rock is systematically characterised under the loadings 

from dynamic uniaxial, biaxial to triaxial confinement conditions, from tensile, compression to dynamic 

shear, from low, intermediate to high strain rates, and from single impact to cyclic impacts, with 

measurement techniques from macroscopic to microscopic, the surface to the interior and the 2D to 3D 

reconstruction. Valuable and inspiring results help to establish a dynamic constitution model and the 
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failure criteria of rock in deep underground engineering. The roadmap of the research can be found in 

Figure 1.2. 

1.3 Thesis structure 

This thesis has seven chapters. A complete 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 presents a general introduction, including an overview of rock dynamics problems and 

influencing factors, the requirement of a new dynamic testing technique in this field, the objectives of 

the research and the structure of the thesis. 

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

This chapter presents a novel experimental technique for rock dynamics, namely Triaxial Hopkinson 

Bar. The chapter starts with a brief review of dynamic mechanical properties of rocks and an overview 

of dynamic triaxial apparatuses or traditional confined Split Hopkinson Pressure Bar (SHPB). The 

requirement and attempts of triaxial Hopkinson bar are further discussed. Then, the development, 

calibration and validation of a novel Triaxial Hopkinson Bar are presented in detail. The advance 

measurement techniques, including real-time three-dimensional Digital Image Correlation (3D-DIC) 

method and Synchrotron X-ray micro-computed tomography (ɛCT), are introduced to capture the real-

time fracturing process and post-failure pattern, respectively.  This chapter is based on a paper published 

in the journal Rock Mechanics and Rock Engineering and two conference paper presented at the 3rd 

International Conference on Rock Dynamics and Applications (RocDyn-3). 

Chapter 3 - Dynamic Compression Behaviours of Rock under Multiaxial Loadings 

This chapter presents dynamic compression behaviours of rock under multiaxial quasi-static pre-stress 

states. Dynamic fracture behaviours (e.g. dynamic compressive strength, failure strain, failure patterns 

and fragmentation) of confined rocks were systematically studied under different loading condition, 

including uniaxial, biaxial and triaxial confinements. The effects of confining stress and impact velocity 

on dynamic behaviours (e.g., dynamic strength, elastic modulus and fracture modes) of rock are 

determined and discussed. Real-time deformation and rock ejection process under dynamic biaxial 

compression are estimated. The effects of three principal stresses components, i.e. ů1, ů2 and ů3 on 

dynamic strength and fracture mode of rock are revealed. This chapter is based on a paper published in 

the journal Rock Mechanics and Rock Engineering and a conference paper presented at the 53rd US 

Rock Mechanics/Geomechanics Symposium. 

Chapter 4 ï Dynamic Shear Failure Behaviour of Rock Materials 

The chapter proposes a new experimental setup, i.e. dynamic direction shear, to investigate the dynamic 

shear behaviour of rock under static-dynamic coupling loadings. The dynamic shear strength, shear 
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strain, shear modulus and post-peak shear friction are determined, experimentally. The validity and 

flexibility of the proposed method are systemically discussed on sandstone and granite. The real-time 

full -field displacement, shear strain and shear slip velocity of rocks are measured by the 3D-DIC 

technique. The fracture network of the recovered specimen is analysed and interpreted using the X-ray 

ɛCT technique. The shear surfaces are also studied by the scanning electron microscope (SEM) 

technique to reveal the damage and cracking of rock on the microscopic level.  

Chapter 5 ï Dynamic Tensile Behaviours of Rock Materials 

The chapter provides a new experimental setup, i.e. dynamic indirect tension with the cubic specimen, 

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

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 

experiment using three rock types, e.g. sandstone, granite and marble. The validity of the proposed 

method is confirmed and compared with the result of dynamic Brazilian disc (BD) test. The real-time 

full -field tensile strain is measured using the real-time digital image correlation (HS-DIC) method. 

Besides, the dynamic increase factor (DIF) formulation is proposed. 

Chapter 6 ï 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 a Triaxial Hopkinson bar system. The petrophysical and microstructural 

studies of impacted rocks are performed to characterise the progressive damage of the rocks at both 

macroscopic and microscopic scales. The P and S wave velocities are measured to evaluate the wave 

transformation with increasing impact time by the ultrasonic tests. The progressive incremental micro-

cracking and pulverisation of impacted rock are identified by synchrotron X-ray ɛCT. The induced 

microcrack parameters (e.g. orientation, density and fractal dimension) are analysed by thin sections 

with an optical microscope. The relationships between the mechanical characteristics, energy 

consumption and microstructure are revealed. 

Chapter 7 - Conclusions and Future Work 

This chapter is to give a brief overview of the contributions and findings of the main research topics, 

the advance in the state of- the-art, and recommendations for future work. 
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Figure 1.2 Roadmap of the thesis research 

 



Chapter 1 Introduction 

7 

 

References 

 

Ahorner L (1975) Present-day stress field and seismotectonic block movements along major fault zones in Central 

Europe. Tectonophysics 29:233-249 

Barton N, Shen B (2017) Risk of shear failure and extensional failure around over-stressed excavations in brittle 

rock. Journal of Rock Mechanics and Geotechnical Engineering 9:210-225 

doi:10.1016/j.jrmge.2016.11.004 

Brady BH, Brown ET (1993) Rock mechanics: for underground mining. Springer science & business media,  

Brown ET, Hoek E Trends in relationships between measured in-situ stresses and depth. In: International Journal 

of Rock Mechanics and Mining Sciences & Geomechanics Abstracts, 1978. vol 4. Pergamon, pp 211-

215 

Cadoni E, Solomos G, Albertini C (2009) Mechanical Characterization of Concrete at High Strain-rate by a 

Modified Hopkinson Bar: a Tool in Blast and Impact Structural Assessment and Design. Fédération 

Internationale du Béton Proceedings of the 2nd International Congress Naples, Italy,June 5-8, 2006 Blast 

protection of concrete structures:Session 11 

Cai M, Kaiser P, Suorineni F, Su K (2007) A study on the dynamic behaviour of the Meuse/Haute-Marne argillite. 

Physics and Chemistry of the Earth, Parts A/B/C 32:907-916 

Chester FM, Chester JS (2000) Stress and deformation along wavy frictional faults. Journal of Geophysical 

Research: Solid Earth 105:23421-23430 doi:10.1029/2000jb900241 

Du K, Tao M, Li X-b, Zhou J (2016) Experimental Study of Slabbing and Rockburst Induced by True-Triaxial 

Unloading and Local Dynamic Disturbance. Rock Mechanics and Rock Engineering 49:3437-3453 

Engelder T, Sbar ML (1984) Near-surface in situ stress: Introduction. Journal of Geophysical Research 89 

doi:10.1029/JB089iB11p09321 

Ferrarini F, Lavecchia G, de Nardis R, Brozzetti F (2014) Fault Geometry and Active Stress from Earthquakes 

and Field Geology Data Analysis: The Colfiorito 1997 and LôAquila 2009 Cases (Central Italy). Pure 

and Applied Geophysics 172:1079-1103 doi:10.1007/s00024-014-0931-7 

Hast N (1969) The state of stress in the upper part of the earth's crust. Tectonophysics 8:169-211 

He M, e Sousa LR, Miranda T, Zhu G (2015) Rockburst laboratory tests database ð Application of data mining 

techniques. Engineering Geology 185:116-130 doi:10.1016/j.enggeo.2014.12.008 

Hoek E (1966) Rock mechanicsðan introduction for the practical engineer. Mining Magazine 67 

Hokka M et al. (2016) Effects of strain rate and confining pressure on the compressive behaviour of Kuru granite. 

International Journal of Impact Engineering 91:183-193 doi:10.1016/j.ijimpeng.2016.01.010 

Huang R, Wang X (1999) Analysis of dynamic disturbance on rock burst. Bulletin of Engineering Geology and 

the Environment 57:281-284 

Karl T, Richart Jr F (1952) Stresses in rock about cavities. Geotechnique 3:57-90 

Lee FT, Abel Jr JF, Nichols Jr TC (1976) The relation of geology to stress changes caused by underground 

excavation in crystalline rocks at Idaho Springs, Colorado. US Govt. Print. Off. 

Li HB, Li JC, Zhang QB, Zhao J (2016) Rock Dynamics: From Research to Engineering. CRC Press, 554pp. 

Li HB, Zhao J, Li TJ (1999) Triaxial compression tests on a granite at different strain rates and confining pressures. 

International Journal of Rock Mechanics and Mining Sciences 36:1057-1063 

Li X et al. (2017) Failure mechanism and coupled static-dynamic loading theory in deep hard rock mining: A 

review. Journal of Rock Mechanics and Geotechnical Engineering 9:767-782 

doi:10.1016/j.jrmge.2017.04.004 

Li X, Lok T, Zhao J, Zhao P (2000) Oscillation elimination in the Hopkinson bar apparatus and resultant complete 

dynamic stressïstrain curves for rocks. International Journal of Rock Mechanics and Mining Sciences 

37:1055-1060 

Li X, Zhou Z, Lok T-S, Hong L, Yin T (2008) Innovative testing technique of rock subjected to coupled static 

and dynamic loads. International Journal of Rock Mechanics and Mining Sciences 45:739-748 

doi:10.1016/j.ijrmms.2007.08.013 

Li X, Zuo Y, Ma C (2006) Constitutive model of rock under coupled static-dynamic loading with intermediate 

strain rate [J]. Chinese Journal of Rock Mechanics and Engineering 5:000 

McGarr A, Gay N (1978) State of stress in the Earth's crust. Annual Review of Earth and Planetary Sciences 

6:405-436 

Mudau A (2016) A step towards combating rockburst damage by using sacrificial support. Journal of the Southern 

African Institute of Mining and Metallurgy 116:1065-1074 doi:10.17159/2411-9717/2016/v116n11a9 

Read RS (2004) 20 years of excavation response studies at AECL's Underground Research Laboratory. 

International Journal of Rock Mechanics and Mining Sciences 41:1251-1275 

doi:10.1016/j.ijrmms.2004.09.012 



Chapter 1 Introduction 

8 

 

Seager J Pre-mining lateral pressures. In: International Journal of Rock Mechanics and Mining Sciences & 

Geomechanics Abstracts, 1964. vol 3. Elsevier, pp 413-419 

Wang L, Yu Y L (1992) Study on dynamic characteristic of rocks using triaxial SHPB Chi J Geotch Eng 14:76-

79 

Xia KW, Yao W (2015) Dynamic rock tests using split Hopkinson (Kolsky) bar system ï A review. Journal of 

Rock Mechanics and Geotechnical Engineering 7:27-59 doi:10.1016/j.jrmge.2014.07.008 

Zhang QB, Zhao J (2014a) Quasi-static and dynamic fracture behaviour of rock materials: phenomena and 

mechanisms. International Journal of Fracture 189:1-32 

Zhang QB, Zhao J (2014b) A review of dynamic experimental techniques and mechanical behaviour of rock 

materials. Rock mechanics and rock engineering 47:1411-1478 

Zhao J, Li HB, Wu MB (1999) Dynamic uniaxial compression tests on a granite. International Journal of Rock 

Mechanics and Mining Sciences 36:273-277 

Zhao J, Li HB (2000) Experimental determination of dynamic tensile properties of a granite. International Journal 

of Rock Mechanics and Mining Sciences 37:861-866 

Zhao J, Li JC (2013) Rock Dynamics and Applications: State of the Art. CRC Press, 620pp. 

Zhao J et al. (1999) Rock dynamics research related to cavern development for ammunition storage. Tunnelling 

and Underground Space Technology 14:513-526  

Zhou YX, Zhao J (2011) Advances in Rock Dynamics and Applications. CRC Press, 514pp.  

 

 

 



Chapter 2 Development, Calibration and Validation of Triaxial Hopkinson Bar 

9 

 

Chapter 2 Development, Calibration and Validation of Triaxial 

Hopkinson Bar 

This chapter is to present the details of a newly developed triaxially compressed Split  Hopkinson 

Pressure Bar for geomechanically testing, the real-time measurement by real-time stereo imaging and 

3D-DIC measurement as well as the post-failure identified by Synchrotron X-ray ɛCT. Section 2.1 

presents a brief review of dynamic mechanical properties of rock material and an overview of dynamic 

triaxial apparatuses or traditional confined split Hopkinson pressure bar (SHPB). The attempts of 

developing triaxial Hopkinson bar is outlined. Section 2.2 provides details of the new triaxial Hopkinson 

bar with descriptions on calibration and validation. The triaxial Hopkinson Bar allows studying dynamic 

behaviours of rocks and similar materials at under various confinement conditions (i.e. uniaxial, biaxial 

and triaxial pre-stress states) and high strain rate loadings. Section 2.3 presents real-time 3D-DIC 

techniques, which is adapted to measure the real-time fracturing process of testing materials during 

impact. Section 2.4 provides the application of Synchrotron X-ray ɛCT technique to capture the internal 

fracture pattern of the impacted specimen after the triaxial Hopkinson bar testing. The roles of time and 

pre-stress in the processes of geomaterials can be elucidated, which provides an improved 

understanding of the dynamic behaviour of rocks under a wide range of stress conditions. 

2.1 Literature reviews 

2.1.1 A review of dynamic behaviour of rock materials 

(a) Experimental techniques 

In rock engineering, rocks are usually encountered the various source of dynamic loadings with different 

strain rate, and exhibit rate dependency. A typical classification of loading techniques, engineering 

scope and mechanical states for rock materials over a wide range of strain rate is shown in Figure 2.1 

(Liu et al. 2018), which particularly based on experimental results. At very low strain rates from 10-8 to 

10-5 s-1, time-dependent strain occurs when rock is subjected to a single component of constant stress, 

and creep laws are used to characterise the mechanical behaviour. At higher strain rate for 10-5 to 10-1 

s-1, complete stress-strain curves of rocks can be obtained by servo-hydraulic machines in the laboratory 

to describe the static or quasi-static failure behaviour. Intermediate strain rate (ISR) usually refers to 

strain rates ranging from 10-1 to 101 s-1, within which the strain rate effect first become pronounced and 

inertial effect seems to be non-ignorable. ISR is usually induced by the earthquake and mechanical 

impacts in engineering and can be reached by experimental techniques such as pneumatic-hydraulic 

machine and drop weigh hammers. Regarded as high strain rates (HSR), the range of strain rates from 

101 to 104 s-1 has been primarily achieved by split Hopkinson pressure bar (SHPB), which can 

successfully decouple the wave propagation and strain rates effect in dynamic tests. Strain rates of 104 

s-1 or higher are generally referred to as the very high strain rate (VHSR) regime, for which plate impact 
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techniques have been successfully employed to determine the dynamic properties of rocks under 

extreme conditions, such as nuclear explosions or meteoritic impact. It should be noted that the 

mechanical state of teste materials exists a transition from nominally isothermal condition to quasi-

isothermal/adiabatic condition, from one dimensional (1D) stress state to 1D strain state when the strain 

rate exceeds the certain values. 

 
Figure 2.1 Classification of experimental techniques, engineering scope and the state of rock materials over a 

wide range of strain rates (Liu et al. 2018) 

(2) Strain rate dependence  

Experimental results show that mechanical properties of rock are rate-sensitive, dynamic mechanical 

properties increase sharply when strain rate exceeds a critical value based on experiment results, as 

schematically shown in Figure 2.2, the DIFs of rock-like materials increases gradually with strain rate 

in the low strain rate (10-6~100 s-1), and exhibits to rapid increase in the intermediate (10-1~101 s-1) and 

high (101~105 s-1) 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 also exists a critical strain rate (‐ ), above which the DIF 

turns to increase slowly with strain rate in the very high regime. Fracture behaviours of rocks also 

exhibit a general trend that failure patterns change from single fracturing, multiple fracturing to 

pulverisation with the increase of strain rate. 
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Figure 2.2 Variation of the dynamic properties with strain rate (Liu et al. 2018) 

Many attempts have been made to derive a semi-empirical equation to express the relationship between 

strain/loading rate and mechanical strength of geo-materials, including rocks, oil shale and concrete, as 

summarized in Table 2.1. A few of studies report loading rates instead of strain rates, in general, there 

are three main types of expression between the dynamic strength („ ) and the strain/loading rate: „  

increases logarithmically with increasing strain/loading  rate (Chong et al. 1980; Li H B et al. 1999; 

Masuda et al. 1987; Tedesco and Ross 1998; Zhao J et al. 1999); „  exhibits exponential correlation 

with strain/loading  rate(Liu 1980); „  shows power related with strain/loading rate (Doan and dôHour 

2012; Eibl 1988; Grady and Lipkin 1980; Lankford 1981). Among these, two well-known equations 

suggested by CEB (Eibl 1988) and proposed by Tedesco and Ross (Tedesco and Ross 1998) for concrete 

are provided as references. As for rocks, the equations proposed by Grady and Lipkin (Grady and Lipkin 

1980) and Lankford (Lankford 1981) based on stress-induced micro-cracks model are widely accepted 

and used for rock dynamic strength prediction. It should be noted that these equations are only semi-

empirical 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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Table 2.1 Semi-empirical rate-dependent strength equations for rock-like materials 
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Figure 2.3 and Figure 2.4 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 methods, are expected to affect test results. 

However, to our knowledge, no evidence shows that these differences will greatly affect the rate 

sensitivity of rocks, although such effects would not be unexpected. Therefore, the analysis of DIFs 

here neglects these potential effects. 
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Figure 2.3 DIF of compressive strength rocks with a function of strain rate (Blanton 1981; Cai et al. 2007; 

Chong et al. 1980; Doan and dôHour 2012; Doan and Gary 2009a; Doan and Billi 2011; Frew et al. 2001; 

Goldsmith et al. 1976; Green et al. 1969; Jiang L. et al. 2010; Klepaczko 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; Wang and Tonon 2011; 

Zhang and Zhao 2013a; Zhang Q. B. and Zhao J. 2013; Zhao J et al. 1999) 

 
Figure 2.4 DIF for tensile strength of rocks with a function of strain rate (Asprone et al. 2009; Cadoni 2010; Cai 

et al. 2007; Dutta and Kim 1993; Goldsmith et al. 1976; Khan 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 of rocks with the increase of strain rate, 

a united equation $)&ρ ‌‐ is proposed to fit the DIFs, ‌, ɓ are coefficients (Liu et al. 2018). By 

piecewise fitting, and DIFs for rock strength can be given by Eq. (2.1) and Eq. (2.2) as below: 
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                                     (2.1)     

Where ὈὍὊ and ὈὍὊ are dynamic increase factors for compressive and tensile strength of rocks, 

respectively; ‐ is the compressive strain rate in the range from 10-6 to 104 s-1; ‐ is the tensile strain rate 

in the range from 10-6 to 103 s-1. The strength 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.e. 101 s-1 and 100 s-1, respectively. This 

proposed DIFs formulation can give a good representation of actual behaviour  of rocks, and is of direct 

application in numerical implementation.  

(3) Confinement dependence  

The effect of confinement on dynamic strength of rock material has also been studied in the past. The 

strength of the rock is strongly affected by both strain rate and confinement (Li et al. 2008a; Zhao and 

Li 2000). It also found that, at quasi-static condition, the effect of confining pressure is not significantly 

affected by the strain rate, and lower rate sensitivity at higher confining pressures (Zhao 2000). Figure 

2.5 and Figure 2.6 provide general quantification of the change in strengths with loading rate and 

confining pressure, and show that the Hoek-Brown criterion is applicable to the dynamic strength 

properties of rock materials (Zhao 2000). At high strain rate loadings, the confining pressure evidently 

increases the dynamic compressive strength of the rock, as evidenced in Figure 2.7 (Hokka et al. 2016), 

the stress-strain curve 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 exhibit confinement dependence. Failure modes 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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Figure 2.5 Shear strength Ű and normal stress ůn calculated from dynamic triaxial compression tests of the Bukit 

Timah granite (Zhao 2000) 

 

Figure 2.6 Comparing the HoekïBrown peak strength criterion with the dynamic triaxial compressive strength 

data for the Bukit Timah granite (Zhao 2000) 
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Figure 2.7 Stress-strain curves obtained at the strain rate of 600 s-1 under different confining pressure (Hokka et 

al. 2016) 

2.2.2 An overview of dynamic triaxial apparatuses or traditional confined SHPB 

To investigate mechanical properties and fracture behaviour of rocks under confinement, quasi-static 

triaxial compression tests have been widely conducted to determine the mechanical behaviour of rocks 

under a controlled set of loading path and stress state (Akers et al. 1986). (Mogi 1971) pioneered a true 

triaxial testing apparatus for precisely testing mechanical behaviour of rocks subjected to three unequal 

principal stresses (ů1ůů2ůů3Ŭ0, where ů1, ů2, and ů3 are the maximum, intermediate and minimum 

principal stresses, respectively), demonstrating that rock strength also depends on the intermediate 

principal stress ů2. After that, several types of true triaxial apparatus have been developed to extensively 

study the characteristics of rocks under quasi-static true triaxial confinement (Chang and Haimson 2000; 

Descamps et al. 2012; Ingraham et al. 2013; Kwasniewski et al. 2003; Lee and Haimson 2011; 

Takahashi and Koide 1989). Testing results from triaxial compression reveal that stress condition 

affects rock properties including strength, deformation and failure modes (Jaeger et al. 2009; 

KwaŜniewski 2012). There exist general trends for: an increase of triaxial strength with increasing 

intermediate principal stress ů2 at a given ů3; the ductility of deformation behaviour increases with an 

increase of ů3, but decreases when ů2 is increased; and the fracture planes of rock are parallel to the 

direction of ů2, and the fracture angle (the angle between the direction of ů1 and the fracture plane) 

decreases with increasing ů2, especially at low minimum stresses. It should be noted that, rocks failure 

in these triaxial compression tests are at a low strain rate (<10-1 s-1) due to the hydraulic limitation of 

true triaxial apparatus (Zhang and Zhao 2014b). Thus, more intricate studies of rocks under multiaxial 

confining stress states are required at high strain-rate levels consistent 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 develop experimental techniques and 

to characterise dynamic constitutive relations of rock materials. These experimental techniques include 

dynamic triaxial apparatuses or traditional confined SHPB, which apply dynamic loadings to specimens 

at different strain rates. 

In general, there are two types of approaches to achieve multi-axial loading on specimens in the dynamic 

tests, through either a pressure or displacement boundary condition (Chen and Song 2010). The pressure 

boundary condition is achieved through hydrostatic pressure by a hydraulic confining chamber or the 

true-triaxial loading apparatus. Taking advantages of the incompressibility of fluid, in such a test, a 

specimen is placed inside a pressure chamber and isotropically loaded by hydrostatic pressure using 

various confining fluids (e.g. air, water, and hydraulic oil). The confining pressure can be applied using 

water or hydraulic oil (up to 50 MPa) or using air (up to 10 MPa) (Gary G and Bailly P 1998), and the 

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 testing. 

(1) Pressure boundary condition 

By using the pressure boundary condition, the major dynamic triaxial apparatus for rock-like materials 

are summarised in Table 2.2. 

For dynamic triaxial test apparatus which can carry out multiaxial dynamic loading and unloading for 

rocks. Ehrgott and Sloan (Ehrgott and Sloan 1971) developed a dynamic high-pressure triaxial test 

device (Figure 2.8) which consists of five basic components, i.e., a rising pressure supply system, a 

decay system, a base assembly, a triaxial chamber, and a stroke limiter. By using a using the triaxial 

chamber, it is able to apply controlled impulsive-type confining stresses up to 15 kips/in2 on cylindrical 

rock specimens with diameters up to 3 inches. The dynamic confining pressures can be time-

synchronized with the similar dynamic axial loadings generated by a ram-type loader with magnitudes 

up to 100 kips and can be controlled with a last time from the 3 msec to 20 msec. It should be noted 

that, the achieved axial strain rates of rocks tested in the devices are no more than 100 s-1 due to the 

limitation of ram-type loading. Moreover, it is difficult to carry out synchronized multi-axial dynamic 

loading during very short dynamic loading time. 
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Figure 2.8 A dynamic high-pressure triaxial test device: a. cross section of the triaxial chamber; b. the 100-kip 

dynamic ram loader (Ehrgott and Sloan 1971) 

In order to study the static and dynamic triaxial constitutive properties of large geologic specimens and 

construction materials. P.E.Senseny et al. (Senseny et al. 1979) designed and fabricated a large machine 

to test cylindrical specimens with 0.3 m in diameter that contains scale-model tunnels and tunnel 

reinforcing structures up to 50 mm 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 supplies the vertical 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 machine (Figure 2.9) was later improved and used to perform dynamic triaxial compression tests 

for concretes at strain rates less than 10 s-1 (Gran 1986; Gran 1987; Gran J K et al. 1989).  

(a) (b) 
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Figure 2.9 4-k bar dynamic triaxial loader (Gran J K et al. 1989) 

Logan et al. (John M. Logan and Handin 1970) firstly designed a medium strain rate triaxial apparatus 

for geological materials with four major parts including a gas-driven press, a triaxial cell, a confining 

and packing pressure system and instrumentation. It is designed to attain strain rate of 10-4 to 102 /sec, 

confining pressures up to 8 kb and temperatures to 400 °C. A 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 applied by a gas-driven cylinder for desired medium strain 

rate testing. This type of apparatus was improved further by other researchers (Blanton 1981; Friedman 

and Logan 1973; Green et al. 1972b) and used increasingly to study investigate the triaxial compressive 

behaviour  of rocks deformed at intermediate strain rates. Another dynamic triaxial cell system was 

developed for testing rock specimens at low-medium strain rates under hydrostatic confining pressure 

up to 1000 MPa (Li H B et al. 1999; Zhao J et al. 1999). The 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 valves to the desired state. Maintaining the hydrostatic pressure in 

the constant, dynamic load of desired magnitude and strain rate is applied to the rock specimen through 

the loading piston.  

Christensen et al. (Christensen et al. 1972) developed an apparatus to determine 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 with kerosene 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 researchers (Chen et al. 2011b; Gary and 
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Bailly 1998; Liu J. Z. et al. 2010; Malvern and Jenkins 1990) used this device to perform dynamic test 

of quasi-brittle material under confinement. 

Lindholm et al. (Lindholm 2012; Lindholm et al. 1972; Lindholm et al. 1974b) conducted some of the 

most pioneering work in the 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. The cylindrical rock 

specimen sealed with a thin heat-shrinkable 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 far end 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 researchers (Frew 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 1992) to study the dynamic properties of the test specimens under confining 

pressure. In particular, Li et al. (Li et al. 2008a) modified this testing technique using a hydraulic-oil 

driven pre-compression 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 pressure up to 200 MPa. Follow the similar idea, Frew et al. (Frew et al. 2010a) 

improved a dynamic triaxial Kolsky bar by replacing the servo-hydraulic actuator and axial restraining 

plug with a high-pressure hydraulic chamber and tie-rod configurations, respectively.  In the test, once 

the hydrostatic confinement of cylindrical rock specimen is achieved and maintained in constant, the 

axial dynamic load is applied by impacting incident bar with a striker bar. Using the device, Indiana 

limestones were tested at confining pressure up to 200 MPa and strain rates of 400 s-1. More recently, 

geological materials such as granite (Hokka Mikko et al. 2016), sand (Kabir M. E. and Chen W. W. 

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

In order to measure the complete three-dimensional dynamic response of soils, an experimental device 

called ñThree-Dimensional Split Hopkinson Pressure Barò was original developed by J.F Semblat et al. 

(Semblat 1995; Semblat J et al. 1999; Semblat et al. 1995) by adding 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 loading. This 

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 response of the specimen can be accurately obtained and 

compared. 

A modified compression Kolsky bar with a planar lateral confinement frame was developed by Paliwal 

et al. (Paliwal et al. 2008b) to perform high strain rate compression tests in a prismatic specimen (with 

a rectangular cross-section). A controlled 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, and the real-time photography is set up along 

the Z specimen axis. The dynamic compressive tests were conducted on ceramics under average planer 

confinement of 400 - 410 MPa. 

Table 2.2 Major dynamic triaxial apparatus for rock-like materials 

Medium strain rate triaxial apparatus (John M. Logan 

and Handin 1970) 
Pressure vessel (Christensen et al. 1972) 

 

 

SwRIS apparatus (Lindholm et al. 1974b) 

 

Triaxial compression test cell (Li HB et al. 1999) 
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CSU apparatus (Li et al. 2008b) 

 

Configuration of coupled loads experiment: 1ðgas tank; 2ðpressure vessel; 3ðstriker; 4ðthin baffle 

screen; 5 and 8ðelastic bars; 6ðstrain gauge; 7ðspecimen; 9ðsteel frame; 10ðconfining pressure setup; 

11ðpressure loading unit (together with 4 and 9 to form the axial pre-compression stress setup); and 12ð

data processing unit (linked to a PC). 

Purdue or DSR (Dynamic Systems and Research) apparatus (Frew et al. 2010b) 

 

Three-Dimensional Split Hopkinson Pressure Bar (3D-SHPB) (Semblat et al. 1999) 



Chapter 2 Development, Calibration and Validation of Triaxial Hopkinson Bar 

24 

 

 

JHU Hopkinson bar apparatus (Paliwal et al. 2008a) 

 

 

 

Incident bar              Transmitted bar          Specimen                  Plastic tubing 

 (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 specimen, as shown in 

Figure 2.10. Malvern et al. (Gong and Malvern 1990b; Malvern and Jenkins 1990; Malvern and Ross 

1986) firstly employed passive confining jacket system to impose controlled lateral confinement on the 

cylindrical rock-like specimen and was further performed by (Bragov et al. 1994; Shi S. C. and Wang 

L. L. 2000). For fine-grained brittle materials like ceramics, other types of confinements such as a 

Striker bar Incident bar 

Radial bar 

Confining cylinder 

Incident bar Specimen 

. 

.. 

X 

Y 

Z 
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shrink-fit metal sleeve (Bailly 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; Nemat-Nasser et al. 2000; Rome et al. 2004; Yuan et al. 2011a), heat shrinking tube (Martin et 

al. 2013) and planar confinement (Paliwal et al. 2008b) are extensively used. In general, the confining 

pressure depends on the thickness and material type of the sleeve. Strain gauges are mounted on the 

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

 

(a) 

 

(b) 

Figure 2.10 Passive confinement for dynamic triaxial compression tests: (a) shrink-fit metal sleeve, (b) passive 

thick vessel  (Zhang and Zhao 2014b) 

A summary of classification and major development of dynamic confining pressure tests for rock-like 

materials is described in Table 2.3. 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 pressure, as had been demonstrated in quasi-static tests; the deformation behaviour becomes 

more ductile at high strain rate and a lower confining pressure than that in the quasi-static tests (Zhang 

and Zhao 2014b). 
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Table 2.3 Classification and major development in dynamic testing of rock-like materials under confining pressure 

(supplement to Zhang and Zhao 2014b) 

Class Rock type 

Dimensions 

 (D³L mm2) or 

(L³W³H mm3) 

Max. 

pressure 

(MPa) 

Strain rate 

(s-1) 
Research activities References 

I. 0321 >=> sss : a- Hydraulic confinement; b- Coupling static-dynamic; c- Shrink-fit metal sleeve; d- Thick confining vessel 

aHSR 

Sandstone 12.7³25.4 95 102~103 

Stress-strain curves are similar in 

shape to quasi-static ones; 
tcds  is 

about 20% higher than
tcs ; shear 

and dilatation stress-strain curves 

(Christensen et al. 

1972) 

D-basalt 12.7³25.4 138 102~103 cP dependent; three failure modes 
(Lindholm et al. 

1974b) 

Oil shale 12.7³25.4 34.5 ~103 

The dependence of e"is more 

pronounced than that of 
cP ; the 

same conclusion as (Lindholm et al. 

1974b)
 

(Lankford 1976) 

Concrete 76.2³76.2 10.3 101~102 
Apparent elastic recovery at the 

ending period 

(Malvern et al. 

1991) 

Sedimentary 

rocks 
25³25 35 101~102 

More ductile at a lower 
cP

 
than in 

the quasi-static condition; dynamic 

M-C criterion 

(Sato et al. 1981) 

Marble 30³30 20 102~103 (Yu 1992) 

Concrete 40³40 10 ~102 The residual stress depends on 
cP  

(Gary and Bailly 

1998) 

I-limestone 12.7³12.6 200 ~102 

The 
cP  of B-D transition increases 

as increasing e" 

(Frew et al. 

2010b) 

Granite 50³30 10 101~102 
cP , e"dependent; unbroken under 

high 
cP  

(Chen et al. 

2011a) 

Ceramic 14.5³14.5 15 ~102 
M-C criterion; ductile behaviour 

under high 
cP  

(Wang and Liu 

2011a) 

Salt rock 37³74 25 ~102 The coupling effects of 
cP , T ane" (Fang et al. 2012) 

F-marble 50³50 10 101~102 
cP , e"dependent; unbroken under 

high 
cP  

(Zhang and Zhao 

2013c) 

Amphibolite, 

Sericite-quartz 

schist 

100³50 4 101~103 
cP , e"dependent; shear failure mode 

under 
cP  

(Liu et al. 2014) 

Red sandstone 50³25 10 102~103 

cP , e"dependent; e"increases when 

cP  decreases; compression-shear 

failure mode (cone shape) under 
cP  

(Liu et al. 2014) 

Kuru Gray 

granite 
11.8³11.6 225 10-6~600 

cP  dependent, shear fracture under 

high 
cP  

(Hokka et al. 

2016) 

Salt rock 74³37 25 102~103 
cP , e"dependent; high energy 

dissipation, broken under high 
cP  

(Li et al. 2019) 
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b 

Siltstone 50³25  w/o 101~102 
Hand-pumping operated 

confinement; no results 
(Li et al. 2008b) 

Sandstone 50³50 12 101~102 
Cyclic dynamic loading in axial 

direction 
(Jin et al. 2012) 

Sandstone 50³50 40 101~102 Unloading rate of 
cP : 1 MPa/s (Yin et al. 2012b) 

c 

Ceramic 4.76³5.48 230 102~103 Localised faulting; 
cP
 
dependent 

(Chen and 

Ravichandran 

1996a) 

W-granite 6.0³3.5~4.5 132 102~103 

Strain at failure increases as 

increasing e"; the B-D transition 

increases as 
cP
 
is increased 

(Yuan et al. 

2011b) 

d 

Concrete 76.2³152.4 45 101~102 
Severe deformation at the beginning 

period 

(Gong and 

Malvern 1990a) 

Concrete 19.1³? ~18 ~102 
A Teflon sleeve and an aluminium 

sleeve 
(Rome et al. 2004) 

Concrete 30³40 550 101~102 

Deviatoric and hydrostatic 

behaviours appear almost 

independent of e" 

(Forquin et al. 

2008b) 

F-marble 50³50 15 101~102 

Different thicknesses of vessel; 
cP , 

e" dependent 

(Zhang and Zhao 

2013c) 

II.
 

0 321 ²²² sss : e- Tangential load; f- Planar confinement (SG on specimen); g-True triaxial pressure (SG on bars) 

e W-granite 
(48.2-43.1) 

³96.4 
501

 
~10-1 

Biaxial stress tests using tubular 

specimens 

(Green et al. 

1972a) 

f Ceramic 4.2³2.3³5.2 400 102~103 

High 
cP ; observing fracture process; 

03 =s  

(Paliwal et al. 

2008a) 

g Geomaterials 50³50³50  ~50 101~102 
Three pairs of bars; true triaxial 

stress state 
(Zhao 2011) 

Some specific technical factors should be taken into account for the hydrostatic confining apparatus: (1) 

whether the confining pressure is constant or not during the test (Gary G and Bailly P 1998; Malvern et 

al. 1991; Ramesh 2008); (2) cannot apply high pressure, (3) the lateral deformation of the specimen is 

not really constrained, thus cannot strictly simulate the deep underground rock body experiencing lateral 

stress as a result of lateral strain confinement (Li et al. 2008a), and (4) time-consuming work; and for 

the passively confining techniques: (1) keeping no gap exists at the specimen/sleeve interface, (2) the 

specimen 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 continuously changes (Martin et al. 2013). It is important 

to note that, neither the confining pressure applied directly by hydraulic chambers or passively 

confining techniques, the achieved lateral confining stress on the cylindrical specimen is equal (ů2 = ů3). 

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

dynamic axial loading.  
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2.2.3 Attempts of triaxial Hopkinson bar development 

The split Hopkinson pressure bar (SHPB) (Hopkinson 1914) or Kolsky bar (Kolsky 1949) has been 

widely used for the determination of dynamic properties of rock materials at high strain rates (Cadoni 

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 et al. 2008; 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 strength (Liu et al. 

2018; Zhang and Zhao 2014b). However, the strain rate dependence of mechanical properties may be 

different under various confining pressures (Paterson and Wong 2005; Zhang and Zhao 2014b). Over 

the past decades, the SHPB has also been modified to apply confinements on brittle materials such as 

rocks(Christensen R. J. et al. 1972; Frew et al. 2010a; Li et al. 2008a; Lindholm et al. 1974a; Lindholm 

et al. 1972), ceramics (Chen W and Ravichandran G 1996; Chen W. and Ravichandran 1997) and 

concrete (Gary G and Bailly P 1998; Malvern and Jenkins 1990) before dynamic loading. In general, 

there are two types of approaches to achieve multi-axial loadings on the specimen in modified SHPB 

tests, through either pressure or displacement boundary condition (Chen and Song 2010; Zhang and 

Zhao 2014b). The pressure boundary condition is achieved through hydrostatic pressure by a hydraulic 

confining chamber. In the early 1970ôs, Lindholm and his colleagues developed this modified SHPB 

system with two hydraulic cylinders, allowing for axial preloading, radial confining pressure and high 

strain rate (up to 103 s-1) loadings required for the testing of Dresser basalt (Lindholm et al. 1974a; 

Lindholm et al. 1972). This design was further improved and employed to study the dynamic properties 

of specimens under confining pressure (Farbaniec et al. 2017; Frew et al. 2010a; Kabir and Chen 2009; 

Kawakita M 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. 2012a). The confinement in 

the SHPB can also be achieved by using the displacement boundary condition, in which either a shrink-

fit metal sleeve or a passive thick vessel is employed to jacket the cylindrical surface of the specimen. 

Malvern and co-workers firstly employed passive confining jacket system to impose controlled lateral 

confinement on the cylindrical rock-like specimen (Gong and Malvern 1990b; Malvern and Jenkins 

1990; Malvern and Ross 1986). This method was further performed to study dynamic properties of solid 

materials (Albertini and Montagnani 1994; Bailly et al. 2011; Chen and Ravichandran 1996b; Chen W. 

and Ravichandran 1997; Forquin et al. 2008a; Hokka et al. 2016; Martin et al. 2013; Nemat-Nasser et 

al. 2000; Rome J et al. 2000; Yuan et al. 2011a). In addition, some 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 under pre-tension (Chen et al. 2016; Wu et al. 

2015; Zhou et al. 2014) and hydrostatic confinement conditions (Wu et al. 2016). The dynamic 

behaviours of rocks under confinement exhibit as followed: triaxial strength increases with the increase 

of strain rate under all confining pressures; an increase of triaxial strength with increasing confining 

pressure, as confirmed in quasi-static triaxial tests; the deformation behaviour becomes more ductile at 

high strain rates; dynamic tensile strength decrease with increasing pre-tension stress, while the total 
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strength (the sum of static pre-tension stress dynamic tensile strength) is independent of pre-tension 

stress; as the static pre-load increases, the dynamic fracture toughness decreases but total fracture 

toughness increases. It should be pointed out that, confining pre-stress applied on the specimen in 

existing SHPB is a still conventional triaxial stress state (ů1 > ů2 = ů3 Ŭ0), rather than a true triaxial 

stress state (ů1>ů2>ů3 Ŭ0) before dynamic loading. Until now, there is still missing experimental data 

on the dynamic properties of rock under true triaxial confining stresses at high strain rates (>10 s-1), 

which is highly required in rock engineering design. 

In order to realize a true triaxial static preloading before the specimen undergoes the compressive 

dynamic impact, Zhao (2010) together with Cadoni and Albertini (Cadoni and Albertini 2011) proposed 

a true triaxial loading apparatus, which is shown in Figure 2.11. The proposed apparatus has one pre-

stress bar and six confinement bars of equal length of 2 m and equal square cross-sectional area of 100 

mm side. The confinement bars are orthogonal with 90° and 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 3D-Modified Hopkinson Bar (3D-MHB) shown in Figure 

2.12.a was developed in the frame of the RôEquip program of the Swiss National Sciences Foundation 

(Zhao 2011), and the uniaxial set-up of the 3D-MHB apparatus has been completed (as shown in Figure 

2.12.b ) and used for studying the dynamic compressive behaviour of ultra high-performance concrete 

under different mono-axial compression states (Cadoni et al. 2015).  

  

Figure 2.11 Triaxially compressed Hopkinson bar (TriHB) (Ezio Cadoni and Albertini 2011) 
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(a) 

 

(b) 

Figure 2.12 3D-MHB apparatus scheme developed at EPFL, now at SUPSI (Cadoni et al. 2015) 

Great efforts have been made to achieve an initial triaxial quasi-static pressure before the specimen 

undergoes dynamic loading since 2009, as stated by (Albertini et al. 2014) óThe 3D-Modified Hopkinson 

Bar has been substantially conceived through discussions among Carlo Albertini, Prof. Ezio Cadoni 

and Prof. Jian Zhaoô. The proposed 3D-MHB apparatus consists of one hydraulic actuator connected 

to the pre-tensioned bar, and of five other hydraulic actuators installed at the end of the five output bars 

(Cadoni and Albertini 2011). The quasi-static triaxial stress state on a specimen is introduced 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 3D-MHB apparatus has only achieved the uniaxial function 
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but no lateral confinement at EPFL (Ecole Polytechque Federal de Lausanne, Swirtzerland). The 

apparatus is now housed at SUPSI (University of Applied Sciences and Arts of Southern Switzerland). 

With the support of Australian Research Council (ARC) (Zhao 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 under multiaxial confinements. The major 

differences between the triaxial Hopkinson bar and 3D-MHB are: the triaxial pre-stresses are achieved 

by three pairs of hydraulic cylinders and wedge reaction devices installed on the ends of the six square 

bars, and the gas gun 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 bar system 

The Triaxial Hopkinson bar developed originally is able to conduct dynamic compression test under 

different quasi-static pre-stresses, including uniaxial, biaxial and triaxial stress states. The model and 

physical apparatus are shown in Figure 2.13, respectively. It consists of a dynamic loading system 

including a gas gun and a cylindrical striker bar (42CrMo Steel, ɟ = 7850 kg/m3, E=210 GPa, Cb = 5200 

m/s, ůp = 930 MPa, L=0.5 m, ū 40 mm, impact velocity up to 50 m/s), three independent pairs of steel 

square bars (42CrMo Steel, cross-section 50×50 mm2) in three perpendicular directions, three hydraulic 

cylinders (pressure capacity up to 100 MPa), a strong platform, six pieces of high-strength steel reaction 

frame, and a multi-channel real-time data acquisition system. The square bars are aligned orthogonally 

in X, Y and Z directions. Along with X axial direction, there is a dynamic loading system of the gas 

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 moment-trap device. In Y and Z axial directions, four steel 

output bars (2 m) are used to apply confining pressure by hydraulic load cylinders and to monitor the 

output waves. Altogether, the total size of the apparatus is 8 m length in the horizontal X direction, 5 m 

width in the horizontal Y direction and 5 m height in the vertical Z direction. The dimensions of the 

triaxial Hopkinson bar is listed in Table 2.4.  All three pairs of high-strength steel bars with a high-

precision servo-hydraulic control system is used to apply triaxial quasi-static loads before the dynamic 

loading, and to record the information on stress wave propagation during the testing (Zhao et al 2015). 
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(a) 

 

(b) 

Figure 2.13 Schematic (a) and photo (b) of the triaxial Hopkinson bar (X-axis refers to impact direction) 

Table 2.4 Dimensions of the triaxial Hopkinson bar 

Component Dimension(mm) Cross-sectional area (mm2) Length (mm) 

Striker bar Round: ʌ = 42 1385 500 

Incident bar (X-axis) Square: L = 50 2500 2500 

Transmission bar (X-axis) Square: L = 50 2500 2000 

Output bars (Y and Z axes) Square: L = 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, the pre-stresses can be 

independently applied in three independent orthogonal directions on a cubic specimen by two horizontal 

hydraulic cylinders and one vertical hydraulic cylinder, and the dynamic loads can be applied by 

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

allowing the investigation of the influence of the triaxial quasi-static pre-stress on the dynamic 

behaviour of rocks. The compression bars serving as output bars are not only applying confining stresses 

but also capturing the variation of stresses induced by the Poissonôs effect and fracturing of the rock 

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 (shown in Figure 2.13.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 installed at the impact end of the incident bar to 

fix the displacement. It should be noted that, there is a round hole (ʌ = 42.5 mm) inside the wedge 

device which allows a cylindrical striker to go through freely and impact directly on the end of the 

incident bar to 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 (Figure 2.13.a) is used to pump high-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 repeatable. The independent control of the quasi-static 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 confinement effect on the dynamic strength of 

rock materials can be well investigated (Cadoni et al. 2015). 

The dynamic loading system primarily includes a gas gun, a striker bar and a barrel. The air-driven gas 

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 gun at velocities 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 

controllable 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 striker. As a cylindrical striker is employed to impact on the 

square incident bar in the triaxial Hopkinson bar, the change in cross-sectional area at the striker-

incident bar interface will inevitably affect stress wave created during impact by the striker. Therefore, 

pulse shapers 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 of the incident bar and the rock specimen, one part of 

the incident wave is reflected as a reflected wave in the incident bar due 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 are transient and at local, and thus could be less effect 

on the overall stress equilibrium. 

To visualise the stress wave propagation in the square bar (cross-section 50×50 mm2) impacted by a 

cylindrical striker (diameter 40 mm), numerical modelling (ABAQUS software, version 6.14-1) is 

conducted. Figure 2.14 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 of the incident bar is 

non-uniform due to the mismatch of the contact area between the cylindrical striker and the square bar. 

Several monitoring points (A, B, C and D) in the square bar are selected to measure the incident wave. 

Although the oscillations of incident stress waves are observed 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 the incident wave is flat with the error of less than 3%. In other words, the stress equilibrium is 

well achieved in 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 triaxial compression tests.  



Chapter 2 Development, Calibration and Validation of Triaxial Hopkinson Bar 

35 

 

 

Figure 2.14 Numerical modelling stress wave propagation in the square bar impacted by a cylindrical striker 

During the test, the specimen is placed in the loading cell, which is right at the intersection point of the 

axis of six bars (Figure 2.15). Firstly, the specimen is subjected to a desired multi-axial pre-stress 

condition by the hydraulic cylinders; then dynamic loading is applied from the impact of the striker bar 

on the front end of the incident bar. The generated incident pulse propagates along 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. 

 

Figure 2.15 Standard cubic rock specimen placed between bars in the loading cell 
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 Figure 2.16 Standard cubic rock specimen 

The standard cubic specimen is 50 × 50 × 50 mm3 in size 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, petrographically 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 across the face of 2500 

mm2 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 deviation is less than 0.25 °. In fact, not only intact or 

composite rocks, other large and non-cylindrical 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 multi-axial confining loadings can be classified into uniaxial (ů1 > ů2 = ů3 = 0), biaxial 

(ů1 > ů2 Ŭ 0, and ů3=0) and triaxial (ů1 > ů2  > ů3 Ŭ 0) pre-stress conditions. During the dynamic true 

triaxial test, the stress path is schematically shown in Error! Reference source not found., the s

pecimen is subjected to the desired stress state such as ů1 > ů2 > ů3 with a low loading rate of 0.05 MPa/s, 

and then a dynamic loading is applied along the ů1 direction until rock failure. 
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 Figure 2.17 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 stress-particle velocity diagram of stress wave at the impact/incident bar is shown in Figure 

2.18. Before the striker impacts, the incident bar is constrained by the steel frame in the X direction. 

The static confinement force (ůsta_x) is the inner force in the bar-frame system. During the impact, the 

incident bar is compressed and detached from the steel frame, which results in the release of static 

confinement force (ůsta_x) and becomes a new unloading stress wave propagating to the interface of the 

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

 

Figure 2.18 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 illustrated in Figure 2.19. There are seven 

waves generated during the impact along the X direction. Among them, the stress waves of Ůin. and Ůre. 

are measured by strain gauges on the incident bar, Ůtr. is measured by strain gauges on the transmission 

bar, and Ůy1, Ůy2, Ůz1, and Ůz2 in the Y/Z output bar are respectively measured by strain gauges on the 

corresponding lateral bars.  

 

Figure 2.19 Formation and 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 and reliable data, which includes 

pre-operational safety checks, hydraulic and impact loading system information, apparatus pre-setup, 

operation steps, clean up and general safety guidelines. For a multi-axial test, main operating procedures 

are outlined as follows: 

(i) Glue the metal plates on the three pairs of surfaces of the cubic specimen, then place the specimen 

in the loading cell (Figure 2.15 ) and check alignment manually.  
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(ii)  Start the hydraulic servo control system to conduct auto-alignment by the three hydraulic cylinders. 

Once successful, compress the specimen to the desired multi-axial stress state with a loading path as 

Error! Reference source not found..  

(iii)  Ensure that data acquisition systems such as strain monitoring, velocity measurement system or 

real-time imaging 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 a non-dispersive ramp pulse on the specimen until failure.  

(v) Save all of the raw data and collect the tested specimen with clear notes.  

2.2.3 Real-time data acquisition system 

A high speed and resolution data acquisition system (DAQ system) developed for the triaxial Hopkinson 

bar system is illustrated in Figure 2.20 . Six sets of strain gauges (FLA-6-11) were attached on the 

incident bar, transmission bar in X direction and four output bars in Y and Z directions, respectively. 

Each set consisted of two strain gauges located diametrically opponent. The testing signals are recorded 

by a 12-bits analogue-to-digital converter (NI PXIe-5105) with a high sampling rate (1MS/s) connected 

to strain gauges through Wheatstone bridges and a differential amplifier (SDY-2107A dynamic strain 

meter). Red copper discs with the dimension of 15×1.5 mm (diameter × thickness) are served as pulse 

shapers, which can produce a well-repeatability ramped incident wave that reduces high-frequency 

oscillations and minimises the dispersion effect. The interfaces between the bars and test specimen are 

lubricated by petrolatum to minimise the friction. The velocity of the striker bar is measured by a laser-

beam velocity measurement system (HPCSY-ȽȽ) before impacting on the incident bar. When the striker 

bar moves in the moment before impact, the parallel light curtain generated by a transmitter is blocked 

progressively. Once the change of light intensity is detected by the receiver, an analogue voltage signal 

in a function of time is emitted and recorded by the digital storage oscilloscope.  
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Figure 2.20 High-performance data acquisition system 

As the experiment performed, the triaxial pre-stress (ů1, ů2 and ů3) applied on the specimen by the X, Y 

and Z bars are controlled and recorded by the servo software (shown in Error! Reference source not f

ound.), and then, the striker launched by the gas gun generates an incident pulse of an approximate 

duration of 300 µs 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 time-of-arrival of the stress wave. The raw data of all channels obtained on the oscilloscope are 

processed after being digitally filtered using a low-pass filter with a cut off frequency of 10 kHz. The 

recorded voltages are converted into their respective micro-strains to determine the force and 

displacement history at the interfaces between bars and specimen, as well as the reconstruction of the 

equivalent stress-strain curves in an analytical way. It is important to realise that the measurements on 

all the output bars also provide information on wave or energy transmission and transformation at 

material failure. This allows studying the mechanism of energy or wave released during material 

damage and fracturing (Zhao and Cadoni 2011). 
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 Figure 2.21 Axial pressure servo-control centre and data acquisition system 

2.2.4 Data processing method 

In the triaxial Hopkinson bar experiment, as shown schematically in Figure 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 elastic one-dimensional (1D) stress wave 

propagation theory is used to interpret signals obtained in triaxial Hopkinson bar tests. Thus, the 

dynamic forces F1(t) and F2(t) and the velocities V1(t) and V2(t) acting on the bar-specimen interfaces 

along the X direction can be calculated by (Kolsky 1949; Kolsky 1953) 

    1 2( ) [ ( ) ( )], ( ) ( )b b in re b b trF t A E t t F t A E te e e= + =                                          (2.3) 

1 2( ) [ ( ) ( )], ( ) ( )b in re b trV t C t t V t C te e e= - =                                          (2.4) 

Where Eb is Young's modulus of bars; Ab is the cross-sectional area of the bar; Cb is the longitudinal 

wave velocity of the bars; Ң is the strain measured by strain gauges on the bars. The subscripts óinô, óreô 

and ótrô correspond to the incident, reflected and transmission waves in the impact direction, 

respectively. 

Assuming the stress equilibrium or uniform deformation prevails in the specimen during the dynamic 

loading (i.e. Ůinx(t) + Ůrex(t) = Ůtrx(t)), the average stress ů, strain Ů and strain rate ‐ of the specimen can 

be determined with the equations: 
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where As is the cross-sectional area and L is the length of the specimen. 

The respective stress and strain of the specimen in the Y and Z directions can be calculated by (Cadoni 

and Albertini 2011): 
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Where ůy-dynamic(t) and ůz-dynamic(t), Ůy-dynamic(t) and Ңz-dynamic(t) are the stress and strain of specimen along 

the Y and Z directions, respectively. Thus the 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 pre-stressed and dynamic stresses. For a true triaxial confinement (ůx-static > ůy-

static > ůz-static), during the test, total stresses on the specimen is the sum of the static confining stresses 

and dynamic stresses, i.e. si-total=si-static+si-dynamic, where i = x, y and z. The static pre-stresses si-static are 

obtained from the confinement loading system, while the dynamic stresses (ůx-dynamic, ůy-dynamic and ůz-

dynamic) are captured from strain gauges mounted on three independent pairs of bars. For dynamic 
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components, in each direction, similar with the conventional SHPB tests, one dimensional stress wave 

theory is adopted to interpret the dynamic stress and strain in the dynamic triaxial Hopkinson pressure 

test. The calculation method of dynamic stresses (ůx-dynamic, ůy-dynamic and ůz-dynamic) and dynamic strains 

(Ůx-dynamic, Ůy-dynamic and Ůz-dynamic). 

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

                         1 static dynamic( ) ( ) ( )x x xt t ts s s s- -= = +                                              (2.14)  

                         2 static dynamic( ) ( ) ( )y y yt t ts s s s- -= = +                                              (2.15) 

                         3 static dynamic( ) ( ) ( )z z zt t ts s s s- -= = +                                             (2.16) 

The dynamic hydrostatic pressure, ůp-dynamic, and dynamic volumetric strain, Ův-dynamic, are given as: 
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                dynamic dynamic dynamic dynamic( ) ( ) ( ) ( )v x y zt t t te e e e- - - -= + +                              (2.18)   

The maximum shear stress Űe, and shear strain ɔe are given by: 

                        
dynamic dynamic
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x z

e

t t
t
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- -

-

-
=                                        (2.19) 

                        dynamic dynamic dynamic( ) ( ) ( )e x zt t tg e e- - -= -                            (2.20) 

The dynamic stress-strain relationship of the testing materials under different pre-stress states can be 

quantitatively determined. Besides, the three dynamic elastic constants, namely, Youngôs modulus, 

Poissonôs ratio and bulk modulus of material are obtained from a single test using the method of 

dynamic triaxial compression. In addition, the stresses, strains and strain rates can be combined 

following the equations of the chosen yielding-fracture criterion in order to obtain the dynamic 

equivalent stress-strain relations.  
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Figure 2.22 Schematic of stress waves propagation in the triaxial Hopkinson bar (Not to scale, top view from 

vertical Z direction) 

2.2.5 Calibration and validation of Triaxial Hopkinson Bar 

Since all of the pre-stresses and impacts are compressive, the compression is defined as positive in this 

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

state of (30, 20, 10) MPa are shown in Figure 2.23.a. For axially confined SHPB, when the striker bar 

impacts the incident bar, the wedge reaction device unloads and the axial pre-stress subsequently relaxes. 

Therefore, the stress in the incident bar becomes tensile after the incident pulse when the axial 

compressive pre-stress in the bar unloads. The stress value (30.29 MPa) of the baseline of reflected 

wave indicates the level of applied axial pre-stress ů1 (30 MPa) 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 subtract the pre-stress 

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

al. 2016). The transmission bar does not receive the unloading pulse from wedge reaction device until 

the experiment is complete (Frew et al. 2010a). Figure 2.23.b shows that during the impact in the X 

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 and Z directions. These signals 
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provide not only the deformation information of the specimen, 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 

pre-stresses and the fracture behaviour (e.g., direction, length and number of fractures and fracture 

energy) of rock. Figure 2.23.c shows the evolution of three principal stresses (ů1, ů2 and ů3) acting on 

the rock specimen during impact, which include both static pre-stresses 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 breakage. Although the total bearing capacity (i.e., the sum of pre-stress and dynamic 

strength) of materials might be significant for the materials under certain conditions, for rock materials 

under the in-situ conditions (internal quasi-static loading), the dynamic strength is only be considered 

after the influence of external dynamic sources. It should be pointed out that the stresses of the peak 

point (i.e. confined stresses at rock failure) are the most important values which can be used to calibrate 

dynamic constitutive models. However, it is not possible to control and obtain the same desired peak 

stresses within a transient state of any dynamic experiment. Given the initial pre-stresses are closely 

related to the peak stresses and easy to control in the dynamic experiment, the relationship between pre-

stresses and dynamic strength of rocks is presented in the following sections.  

For a valid SHPB test, dynamic stresses associated with axial and radial inertia should be substantially 

small compared with the flow stress of the material under investigation. Under stress equilibrium, the 

stress gradient vanishes, and inertial effects induced by stress wave propagation can thus be minimised. 

The red copper sheet used as the pulsed shaper lengthens the rise time of the incident stress wave 

facilitating the stress of specimen to equilibrate during the time of interest for the test. In axial confined 

SHPB, the axial pre-stress in the impact direction has been verified to affect the stress equilibrium of 

dynamic experiments (Chen et al. 2017; Hokka et al. 2016; Kabir and Chen 2009). Thus the stress 

equilibrium condition in axially constrained SHPB tests requires careful examination. Figure 2.23.d 

presents the dynamic stress balance check between both ends of the specimen along the X direction in 

the triaxial Hopkinson bar tests. It is observed that the uniformity of the dynamic stress across the 

specimen is well achieved in the axial impact direction, and thus 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 bars, the achieved dynamic stress balance also demonstrates that 1D stress 

wave propagation theory can be employed to calculate the stress-strain history of rock specimen in 

triaxial Hopkinson bar tests. According to Eqs. (2.5-2.13), the obtained stress and strain history curves 

in three directions are shown in Figure 2.23.e-f.   
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(a)                                                                                   (b)  

  

(c)                                                                            (d)  

 

(e)                                                                            (f)  

Figure 2.23 Typical experimental data at the impact velocity of 20 m/s and pre-stress conditions (30, 20, 10) MPa: 

(a) Stress waves in impact direction; (b) Stress waves in Y/Z direction; (c) Dynamic 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 Real-time stereo imaging and 3D-DIC measurement 

Digital image correlation (DIC) technique has gained widespread popularity over recent years on 

noncontact deformation measurement due to its high accuracy, flexibility and easy implementation. 

Compared with two-dimensional DIC (2D-DIC) using a single camera, three-dimensional DIC (3D-

DIC) can be applied for 3D shape and full-field deformation measurement based on the principle of 

binocular stereovision (Luo et al. 1993; Pan 2018; Pan et al. 2018; Sutton et al. 2008; Xing et al. 2017). 

Without introducing in-plane strain errors, the 3D-DIC allows measuring accurately all three 

components of displacement of objects with both planar and curved surfaces. To measure the full-field 

time-resolved deformation of rock under dynamic biaxial compression, two synchronised real-time 

cameras (Phantom V2511) coupled with the 3D-DIC technique are employed to film and determine the 

true deformation and strain field at the specimen surface. The stereo camera system setup is 

schematically shown in Figure 2.22 , where two cameras are configured symmetrically along the Y 

direction with the same altitude to achieve a regular view of interest during post-analysis.  

In the implementation of 3D-DIC, camera calibration, the area of interest (AOI) selection, subset 

matching, and 3D reconstruction need to be accomplished to retrieve the full-field 3D displacement 

vectors. The principle of DIC is sub-images matching analysis, which is a matching of the same pixel 

point from reference and deformed images to determine the desired displacement at different stages of 

loading. Figure 2.24 illustrates the principle of real-time deformation measurement using the 3D-DIC 

method in the dynamic biaxial compression test. Prior to 3D-DIC measurement, the speckle patterns 

are generally required to be fabricated onto rock specimens for both macroscale and microscale 

deformation measurements. Considering both of the accuracy and efficiency, it is recommended that 

speckles should be randomly distributed in a proper density with sufficiently distinct contrast and each 

speckle must be at least three pixels in size (Reu 2014a). In this study, an artificial pattern was made on 

the rock specimens by spraying white and black paints on its surface.  
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Figure 2.24 The principle of 3D Digital Image Correlation (3D-DIC) used in dynamic biaxial test 

After the stereo-camera setup is installed, stereo calibration is implemented to compute all of the 

intrinsic camera parameters (i.e. image scale, focal length, image centre and lens distortions) and 

extrinsic 3D-DIC parameters (i.e. stereo-angle, distance between cameras and distance from cameras 

to object) that are required to triangulate in the measurement volume. The detailed binocular 

stereovision principle and algorithm are provided elsewhere (Sutton et al. 2009).  A target board (100 

mm × 100 mm) with black base and 8 × 8 white grids (grid space 9 mm) was used for the stereo 

calibration, two stereo cameras were configured under the maximum resolution to achieve the best 

performance. By moving, tilting and rotating the calibration board, totally twenty pairs of calibration 

images are captured to determine the 3D spatial coordinates of two cameras and the transformation 








































































































































































































































































































































































































