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Abstract

Military infrastructure composed of geomaterials and soils have been extremely common-
place in the construction of defensive structures to protect vital personnel and assets. The
necessity for soils to withstand extreme loading from the effects of blast and fragmentation
prompts the understanding of soil behaviour within these loading regimes to be of great sig-
nificance, especially to enable the development of more rigorous soil models and proficient
methods for design engineers to counteract new threats.

While the use of sand and gravel have been well researched in current literature, the be-
haviour of cohesive soils such as clays as a protective material against high-strain loading is
an under explored area of research. Subsequently, a primary property of soils is the strength
exhibited when the material is affected by a lateral confining pressure. The response of a
material under particular confining mechanisms when subject to blast or fragmentation is
a key area of investigation. While this is commonplace in standard geotechnical engineer-
ing testing at lower stresses and strains, it becomes considerably more challenging at higher
stresses and strain rates

One-dimensional compression tests are conducted using the split-Hopkinson pressure bar
(SHPB) to investigate strain rate dependence and strength of the soil. Conventional free
field SHPB experiments typically used with solid materials is compared with rigid lateral
confinement mechanisms traditionally used on soft materials, this provides a basis of ex-
tremity and prompts a foundation for the application of a modified SHPB setup that allows
for the soil sample to be partial laterally confined within a water reservoir during SHPB tests.
This modified SHPB apparatus allows for lateral stresses to be monitored by measuring the
change in pressure in the water reservoir through the use of a pressure transducer, yet the
test still proceeds in a similar manner to an unconfined case and hence allows for triaxial
behaviour to be much better characterised.

Modern numerical modelling techniques to capture soil behaviour and high-strain-rate test-
ing are evaluated using LS-DYNA. The performance of various material models and geo-
metrical techniques was assessed to determine the effectiveness and limitations with current
numerical modelling techniques. The development of numerical models are coupled with
experimental data to provide a comprehensive characterisation of cohesive soils and the fac-
tors that affect their attenuation of high-strain-rate loading such as blast or fragmentation.

iii





Acknowledgements

Firstly, I extend my sincere gratitude to my PhD supervisors Prof. Sam Clarke and Dr.
Andrew Barr, without whom this thesis would not have been possible. Sam, your gener-
ous guidance and friendship have genuinely made this PhD one of the most enjoyable and
rewarding periods of my life. Even during the heights of COVID lockdown, our weekly
catchups remained as one of the sessions I would always look forward to. I’m grateful to
have had a supervisor as passionate and committed to their work and proud to be able to
have been under your tutelage these last couple years. Andrew, thanks for always being
open to help whenever needed, your technical insight has been invaluable and vital in guid-
ing me throughout my PhD. Thanks especially for your assistance and expertise through all
the SHPB work over these years.

I would like to thank everyone in the Blast and Impact Dynamics group with whom I have
had numerous insightful discussions and interactions with over the years, all of which have
greatly enriched my research and knowledge. I’m grateful to all the technicians on site at
Buxton who provided invaluable assistance in setting up for experimental testing. I would
also like to thank everyone who worked in D111 during my team here, and for creating such
a welcoming and friendly environment for me to work in. Special thank you goes to Arthur,
whose daily work discussions and friendly chats have provided immense support throughout
this project, without which much of the final product of this research would not have come
into fruition the way it has.

Lastly, I am deeply thankful to my family for their endearing support during my time in
Sheffield, especially for giving me motivation to persist in the pursuit of my personal goals
and aspirations.

Oswald Li

April 2024

v





Contents

List of figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xiv

List of tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xxvi

1 Introduction 1

1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Scope and objective . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.3 Thesis outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.4 Published Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.4.1 Published . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.4.2 Under review . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2 Literature review 7

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.2 Testing strain effects on soils . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.3 Material characterisation . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.3.1 Kaolin clay . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.4 Split-Hopkinson pressure bar . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.4.1 Principles and theory . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.4.2 Existing limitations to the SHPB method . . . . . . . . . . . . . . 15

vii



2.5 One-dimensional compression and strain rate testing . . . . . . . . . . . . 17

2.5.1 Quasi-static . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.5.2 High-strain-rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.6 Numerical modelling of high-strain-rates . . . . . . . . . . . . . . . . . . . 26

2.6.1 Validation of LS-DYNA material models . . . . . . . . . . . . . . 27

2.6.2 Existing approaches to model development with LS-DYNA . . . . 35

2.6.3 Existing approaches to SHPB modelling . . . . . . . . . . . . . . . 36

2.7 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

3 Preliminary material testing and characterisation 39

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.2 Material characterisation . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.2.1 Particle density . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.2.2 Particle shape . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

3.2.3 Particle size distribution . . . . . . . . . . . . . . . . . . . . . . . 41

3.2.4 Particle mineralogy . . . . . . . . . . . . . . . . . . . . . . . . . . 41

3.2.5 Atterberg limits . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3.3 Quasi-static testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.3.1 Triaxial testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

3.3.2 Oedometer testing . . . . . . . . . . . . . . . . . . . . . . . . . . 50

3.3.3 Discussion and findings from quasi-static testing . . . . . . . . . . 52

3.4 Sample preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

3.4.1 Initial material preparation . . . . . . . . . . . . . . . . . . . . . . 54

3.4.2 Moisture content variation . . . . . . . . . . . . . . . . . . . . . . 54

3.5 High-strain-rate test programme . . . . . . . . . . . . . . . . . . . . . . . 55



3.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

4 High-strain-rate testing of kaolin clay 59

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

4.2 High-strain-rate methodology . . . . . . . . . . . . . . . . . . . . . . . . . 59

4.2.1 Split-Hopkinson pressure bar methodology . . . . . . . . . . . . . 59

4.2.2 Setup adjustments and invalid data . . . . . . . . . . . . . . . . . . 61

4.2.3 Unconfined SHPB testing procedure . . . . . . . . . . . . . . . . . 64

4.2.4 Confined SHPB testing procedure . . . . . . . . . . . . . . . . . . 65

4.2.5 Bar to bar calibration . . . . . . . . . . . . . . . . . . . . . . . . . 67

4.3 Signal processing and data analysis . . . . . . . . . . . . . . . . . . . . . . 68

4.3.1 Overview and purpose of function . . . . . . . . . . . . . . . . . . 68

4.3.2 Pulse detection via automatic trigger and optimisation of pulse bound-
aries . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

4.3.3 Pulse alignment and stress equilibrium . . . . . . . . . . . . . . . . 71

4.3.4 Adjustment of stresses for confinement mechanism . . . . . . . . . 73

4.3.5 Dispersion correction . . . . . . . . . . . . . . . . . . . . . . . . . 74

4.3.6 Function for dispersion correction . . . . . . . . . . . . . . . . . . 75

4.3.7 Data processing capabilities with other materials . . . . . . . . . . 79

4.3.8 Discussion and summary of algorithm functionality . . . . . . . . . 79

4.4 Unconfined testing of kaolin clay . . . . . . . . . . . . . . . . . . . . . . . 82

4.4.1 Material properties . . . . . . . . . . . . . . . . . . . . . . . . . . 83

4.4.2 Experimental results . . . . . . . . . . . . . . . . . . . . . . . . . 83

4.4.3 Phase behaviour in unconfined testing . . . . . . . . . . . . . . . . 85

4.4.4 Effect of strain rate . . . . . . . . . . . . . . . . . . . . . . . . . . 88



4.5 Confined testing of kaolin clay . . . . . . . . . . . . . . . . . . . . . . . . 95

4.5.1 Confined SHPB results . . . . . . . . . . . . . . . . . . . . . . . . 96

4.5.2 Phase behaviour in confined SHPB testing . . . . . . . . . . . . . 97

4.5.3 Effect of strain rate . . . . . . . . . . . . . . . . . . . . . . . . . . 100

4.6 Discussion of SHPB testing . . . . . . . . . . . . . . . . . . . . . . . . . . 111

4.7 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

5 Partial lateral confinement for evaluation of confinement effects 115

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

5.2 Partial lateral confined apparatus . . . . . . . . . . . . . . . . . . . . . . . 116

5.2.1 Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . . . 116

5.2.2 Reservoir support stand . . . . . . . . . . . . . . . . . . . . . . . . 118

5.2.3 Partial lateral confined SHPB testing procedure . . . . . . . . . . . 118

5.2.4 Signal processing for partial lateral confined testing . . . . . . . . . 120

5.3 Partial lateral confined testing of kaolin clay . . . . . . . . . . . . . . . . . 120

5.3.1 Effects of moisture content . . . . . . . . . . . . . . . . . . . . . . 121

5.3.2 Effects of strain rate . . . . . . . . . . . . . . . . . . . . . . . . . 127

5.4 High-strain-rate testing of water via partially lateral confined apparatus . . 129

5.4.1 Methodology and setup for water tests . . . . . . . . . . . . . . . . 129

5.4.2 Results of water testing . . . . . . . . . . . . . . . . . . . . . . . . 131

5.4.3 Discussion of high-strain-rate water testing . . . . . . . . . . . . . 135

5.5 Discussion of partial lateral confined testing of kaolin clay . . . . . . . . . 135

5.5.1 Comparison with water . . . . . . . . . . . . . . . . . . . . . . . . 135

5.5.2 Comparison with unconfined and confined SHPB testing . . . . . . 137

5.5.3 Setup limitations and future development . . . . . . . . . . . . . . 140



5.6 Discussion of confinement effects from partial lateral confined testing . . . 140

5.7 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

6 Development of numerical modelling techniques for high-strain testing 143

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143

6.2 Initial model setup and geometry . . . . . . . . . . . . . . . . . . . . . . . 144

6.3 Validation of material models . . . . . . . . . . . . . . . . . . . . . . . . . 148

6.3.1 Elastic Plastic Hydro . . . . . . . . . . . . . . . . . . . . . . . . . 148

6.3.2 Mohr-Coulomb . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151

6.4 Optimisation of model geometry . . . . . . . . . . . . . . . . . . . . . . . 154

6.4.1 Constrained nodes . . . . . . . . . . . . . . . . . . . . . . . . . . 154

6.4.2 Transition to 3-D model . . . . . . . . . . . . . . . . . . . . . . . 155

6.4.3 ALE air domain . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159

6.4.4 Merging interfaces . . . . . . . . . . . . . . . . . . . . . . . . . . 160

6.4.5 Boundary constraint over 3-D sample . . . . . . . . . . . . . . . . 161

6.5 Smoothed Particle Hydrodynamics (SPH) . . . . . . . . . . . . . . . . . . 164

6.5.1 Rigid confining ring . . . . . . . . . . . . . . . . . . . . . . . . . 170

6.5.2 Modifications to rigid confining ring . . . . . . . . . . . . . . . . . 171

6.6 Comparison to experimental results . . . . . . . . . . . . . . . . . . . . . 176

6.6.1 Unconfined model . . . . . . . . . . . . . . . . . . . . . . . . . . 176

6.6.2 Confined model . . . . . . . . . . . . . . . . . . . . . . . . . . . . 178

6.7 Numerical modelling for partial lateral confined testing . . . . . . . . . . . 182

6.7.1 Model material cards . . . . . . . . . . . . . . . . . . . . . . . . . 183

6.7.2 Model setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183

6.7.3 Results of numerical model . . . . . . . . . . . . . . . . . . . . . 184



6.7.4 Validation of pressure reading . . . . . . . . . . . . . . . . . . . . 188

6.8 Internal sample stresses from numerical model . . . . . . . . . . . . . . . . 190

6.8.1 Unconfined and confined conditions . . . . . . . . . . . . . . . . . 190

6.8.2 Partial lateral confined condition . . . . . . . . . . . . . . . . . . . 193

6.9 Discussion of numerical modelling . . . . . . . . . . . . . . . . . . . . . . 198

6.9.1 Limitations and recommendations . . . . . . . . . . . . . . . . . . 199

6.10 Effects of confinement in cohesive soils . . . . . . . . . . . . . . . . . . . 200

6.11 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 203

7 Summary and conclusions 205

7.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 205

7.2 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 207

7.2.1 Quasi-static testing and material characterisation . . . . . . . . . . 207

7.2.2 Confinement effects . . . . . . . . . . . . . . . . . . . . . . . . . 207

7.2.3 Phase behaviour and influence of moisture . . . . . . . . . . . . . 209

7.2.4 Strain rate effects . . . . . . . . . . . . . . . . . . . . . . . . . . . 209

7.2.5 Numerical modelling . . . . . . . . . . . . . . . . . . . . . . . . . 210

7.3 Future research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 210

7.3.1 Dependence on material properties . . . . . . . . . . . . . . . . . . 211

7.3.2 Numerical modelling of cohesive soils . . . . . . . . . . . . . . . . 211

7.3.3 Partial lateral confined apparatus . . . . . . . . . . . . . . . . . . . 212

7.3.4 Signal processing . . . . . . . . . . . . . . . . . . . . . . . . . . . 212

Bibliography 213

A Published work 221



A.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 221

A.2 Characterisation of cohesive soils under high-strain-rate via split-Hopkinson
pressure bar . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 222

A.3 An open-source algorithm for correcting stress wave dispersion in split-
Hopkinson pressure bar experiments . . . . . . . . . . . . . . . . . . . . . 225

A.4 Split-Hopkinson pressure bar testing of water with partial lateral confinement245

A.5 High-strain-rate behaviour of cohesive soils . . . . . . . . . . . . . . . . . 255

A.6 Impact of partial lateral confinement on high-strain-rate behaviour of cohe-
sive soils . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 298

B Sample measurement data 315

B.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 315

B.2 Unconfined tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 316

B.3 Confined tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 321

B.4 Partial lateral confined tests . . . . . . . . . . . . . . . . . . . . . . . . . . 324

C Striker bar velocity tests 327

C.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 327

C.2 Speed test log . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 327

D Signal processing and analysis of SHPB data with computational Python algo-
rithm 331

D.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 331

D.2 SHPB_processing.py . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 332

D.3 dispersion.py . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 354

E Relevant LS-DYNA keywords 357

E.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 357



E.2 Material cards . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 357

E.3 Contact algorithms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 359

E.4 Equations of state (EOS) . . . . . . . . . . . . . . . . . . . . . . . . . . . 360

F Additional SHPB designs 361

F.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 361

F.2 Reservoir support stand . . . . . . . . . . . . . . . . . . . . . . . . . . . . 362



List of Figures

2.1 Strain rate classifications and examples of phenomena in soils . . . . . . . 8

2.2 Schematic of themain components of a SHPB test under unconfined conditions 12

2.3 Effects of specimen thickness (RTV 630 silicone rubber) on dynamic equi-
librium under the same loading stress rate in SHPB tests (1.25 ×105 MPa
s−1): (a) 6.56 mm thick; (b) 4.59 mm thick; (c) 3.07 mm thick; (d) 1.52 mm
thick, after Song and Chen (2004) . . . . . . . . . . . . . . . . . . . . . . 16

2.4 Forces at the bar-sample interface for a) conventional SHPB experiment b)
pulse shaped SHPB experiment, after Frew et al. (2005). . . . . . . . . . . 16

2.5 Void ratio versus applied vertical stress for Loose and dense specimens of
Black Beauty Slag, after Hagerty et al. (1993) . . . . . . . . . . . . . . . . 18

2.6 Variation of energy per unit volume at different loading speeds and soil
moisture contents, after Niyamapa et al. (1992) . . . . . . . . . . . . . . . 19

2.7 a) e-log p curves of dry sand of several different densities under confinement
of SHPB experiment and b) typical strain-rate and strain time history, after
Luo et al. (2011) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.8 Modified SHPB apparatus with pressure confinement inducer: 1 – gas tank;
2 – pressure vessel; 3 – striker; 4 – thin baffle screen; 5 and 8 – elastic bars; 6
– strain gauge; 7 – specimen; 9 – steel frame; 10 – confining pressure setup;
11 – pressure loading unit, from Li et al. (2008). . . . . . . . . . . . . . . . 21

2.9 Strain rate effect on triaxial behaviour of dry quartz sand at confining pres-
sures of a) 50 MPa, b) 100MPa, after Martin et al. (2013). . . . . . . . . . . 22

xv



2.10 Experimental results depicting variation of variables a) dynamic triaxial
compressive strength with the confinement pressure at different strain rates,
b) dynamic triaxial compressive strength with the strain rate at different con-
finement pressures, c) peak strain with the strain rate at different confine-
ment pressures, d) peak strain with the confinement pressure at different
strain rates,e) secant modulus with strain rate at different confinement pres-
sures, and f) secant modulus with the confining confinement, from Gong
et al. (2019). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.11 Partial lateral confined SHPB tests on dry quartz sand a) axial and radial
stresses, b) axial stress-strain response, after Barr et al. (2016). . . . . . . . 25

2.12 Axial stress–dry density behaviour of Soil and Foam SHPB specimen com-
pared to mean experimental data, from Barr (2016). . . . . . . . . . . . . . 30

2.13 Pressure–volume behaviour of Soil and Foam SHPB specimen, and defined
compressibility curve, from Barr (2016). . . . . . . . . . . . . . . . . . . . 30

3.1 Electronmicroscope images of kaolin clay undermagnification of a) 20000x,
and b) 40000x. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.2 Cumulative particle size distribution histogram of kaolin clay based on data
sheet provided from supplier (Imerys, Performance Minerals). . . . . . . . 43

3.3 Soil texture triangle describing soil texture based on mineral proportions of
sand, silt and clay, adapted from Groenendyk et al. (2015). . . . . . . . . . 44

3.4 X-ray diffraction data for kaolin clay. . . . . . . . . . . . . . . . . . . . . 44

3.5 Casagrande plasticity chart showing different soil classification zones. Sam-
ple is classified as a lean clay (CL) as shown by the marker. . . . . . . . . . 45

3.6 Example of evidence of shear failure after triaxial test of kaolin sample con-
solidated at 400 kPa. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

3.7 Triaxial tests (3 trials) on kaolin clay at moisture content of a) 44% b) 42%
c) 41%. Points of shear failure are marked for each test with a red marker. . 48

3.8 Mohr circles based on triaxial tests on kaolin clay at moisture contents of a)
44% b) 42% c) 41%. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

3.9 Image after kaolin was dynamically consolidated using an oedometer to
3200kPa. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51



3.10 Variation of dry density with stress via oedometer test for kaolin consoli-
dated dynamically and statically. . . . . . . . . . . . . . . . . . . . . . . . 51

3.11 Variation of void ratio with stress via oedometer test for kaolin consolidated
dynamically and statically. . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4.1 Split-Hopkinson pressure bar a) strain gauge arrangement, b) Wheatstone
bridge. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

4.2 Schematic of old gas gun. . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

4.3 Incident and transmitted pulse stresses from preliminary SHPB tests. . . . . 63

4.4 Schematic of new gas gun with speed trap mechanism installed. . . . . . . 64

4.5 Schematic of themain components of a SHPB test under unconfined conditions 64

4.6 Confining ring a) strain gauge arrangement, b) Wheatstone bridge. . . . . . 66

4.7 Typical incident, reflected, and transmitted stress pulses obtained from bar
to bar calibration test. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

4.8 Typical stress wave difference between stress at front and back interfaces,
normalised by their mean for a) kaolin clay, b) aluminium, c) medium sand. 72

4.9 Processed results of front stress dispersion correction and simple timeshift
for a) kaolin clay, b) aluminium, c) medium sand with confining ring. . . . 78

4.10 Stress at sample interfaces for SHPB tests on a) aluminium, and b) medium
sand with confining ring. . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

4.11 Average strain rate variation during unconfined SHPB tests on kaolin clay
at 8, 12, and 16 m/s, corresponding to an average peak strain rate of 1200,
1900, and 2700 s−1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

4.12 Front and back stress for unconfined tests at 16 m/s on kaolin samples at
20% moisture content. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

4.13 Typical front stress variation for unconfined SHPB tests at 8, 12, and 16 m/s. 85

4.14 Phase behaviour according to material properties for unconfined testing of
kaolin clay at 16 m/s (2700 s−1). Phase boundaries 2 and 3 are marked ‘B2’
and ‘B3’. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

4.15 Back stress from unconfined testing on kaolin clay at 16 m/s at moisture
contents corresponding to a) phase 0, b) phase 1, c) phase 2, and d) phase 3 87



4.16 Typical stress vs time variation from unconfined SHPB tests on saturated
kaolin clay at 8, 12, and 16 m/s . . . . . . . . . . . . . . . . . . . . . . . . 89

4.17 Variation of stiffness with strain rate based on unconfined SHPB tests at
three striker bar speeds of 8, 12, 16 m/s, with trend line to show strain rate
dependence. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

4.18 Typical strain-time history during unconfined SHPB tests on kaolin clay at
8, 12, and 16 m/s. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

4.19 Phase behaviour according to material properties for unconfined testing of
kaolin clay at a) 8 m/s (1900 s−1) and b) 12 m/s (2700 s−1). Phase bound-
aries 2 and 3 are marked ‘B2’ and ‘B3’. . . . . . . . . . . . . . . . . . . . 91

4.20 Back stress from unconfined testing on kaolin clay at 8 m/s at moisture con-
tents corresponding to a) phase 0, b) phase 1, c) phase 2, and d) phase 3 . . 92

4.21 Back stress from unconfined testing on kaolin clay at 12 m/s at moisture
contents corresponding to a) phase 0, b) phase 1, c) phase 2, and d) phase 3 93

4.22 Strain rate variation during unconfined SHPB at 18, 20, and 22 m/s, corre-
sponding to an average peak strain rate of 2800, 3000, and 3300 s−1. . . . . 94

4.23 Typical strain-time history during unconfined SHPB tests on kaolin clay at
18, 20, and 22 m/s. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

4.24 Average strain rate variation during confined SHPB tests on kaolin clay at
18, 20, and 22 m/s, corresponding to an average of 2500, 2800, and 3100 s−1. 96

4.25 Front, back, and radial stresses for confined tests at 18 m/s on saturated
kaolin samples at 41% moisture content. . . . . . . . . . . . . . . . . . . . 97

4.26 Typical stress wave difference between front and back interfaces, normalised
by their mean for saturated kaolin clay. . . . . . . . . . . . . . . . . . . . . 98

4.27 Typical front stress variation for confined SHPB tests at 18, 20, 22 m/s. . . 98

4.28 Phase behaviour according to material properties for confined testing of
kaolin clay at 18 m/s (2500 s−1). Phase boundaries 2 and 3 are marked
‘B2’ and ‘B3’. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

4.29 Back stress from confined testing on kaolin clay at 18 m/s at moisture con-
tents corresponding to a) phase 0, b) phase 1, c) phase 2, and d) phase 3. . . 101

4.30 Radial stress from confined testing on kaolin clay at 18 m/s at moisture con-
tents corresponding to a) phase 0, b) phase 1, c) phase 2, and d) phase 3. . . 102



4.31 Typical strain-time history during confined SHPB tests on kaolin clay at 12,
18, 20, and 22 m/s. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

4.32 Phase behaviour according to material properties for confined testing of
kaolin clay at a) 20 m/s (2800 s−1) and b) 22 m/s (3100 s−1). Phase bound-
aries 2 and 3 are marked ‘B2’ and ‘B3’. . . . . . . . . . . . . . . . . . . . 105

4.33 Back stress from confined testing on kaolin clay at 20 m/s at moisture con-
tents corresponding to a) phase 0, b) phase 1, c) phase 3. . . . . . . . . . . 106

4.34 Radial stress from confined testing on kaolin clay at 20 m/s at moisture con-
tents corresponding to a) phase 0, b) phase 1, c) phase 3. . . . . . . . . . . 107

4.35 Back stress from confined testing on kaolin clay at 22 m/s at moisture con-
tents corresponding to a) phase 0, b) phase 1, c) phase 3. . . . . . . . . . . 108

4.36 Radial stress from confined testing on kaolin clay at 22 m/s at moisture con-
tents corresponding to a) phase 0, b) phase 1, c) phase 3. . . . . . . . . . . 109

4.37 Typical stress vs time variation from confined SHPB tests on saturated kaolin
clay at 8, 12, and 16 m/s . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

4.38 Typical strain rate variation during confined SHPB tests on kaolin clay at 12
m/s, corresponding to an average of 1600 s−1. . . . . . . . . . . . . . . . . 110

4.39 Summary of average stress magnitude within each moisture content phase
of kaolin clay, effect of moisture content within individual phases do not
show clear relationship. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

4.40 High-speed imagery of the instance after loading for confined SHPB test on
kaolin clay, showing sample extrusion from the edges of the ring upon impact.112

4.41 Typical circumferential strain history of confining ring, showing continual
variation even after initial pulses. . . . . . . . . . . . . . . . . . . . . . . . 112

5.1 Schematic of the partial lateral confined SHPB apparatus. . . . . . . . . . . 116

5.2 Schematic of the partial lateral confined SHPB apparatus: water reservoir
section. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

5.3 Image of the sample in between the reservoir support stands prior to the
initiation of testing with the partial lateral confined SHPB apparatus; sample
is secured between the pressure bars, enveloped by a latex membrane, and
secured by small rubber o-rings. . . . . . . . . . . . . . . . . . . . . . . . 117



5.4 Simplified schematic of the reservoir support stand used for partial lateral
confined tests, water reservoir to be centred and secured between the ball
bearings. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

5.5 Schematic of sample measurement process a) before and b) after installation
inside the reservoir. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

5.6 Typical strain rate variation during partial lateral confined SHPB tests on
kaolin clay at 12, 16, and 20 m/s, corresponding to an average peak strain
rate of 1800, 2500, and 3000 s−1. . . . . . . . . . . . . . . . . . . . . . . 122

5.7 Typical strain time history during partial lateral confined SHPB tests on
kaolin clay at 12, 16, and 20 m/s. . . . . . . . . . . . . . . . . . . . . . . . 122

5.8 Typical front stress variation for partial lateral confined SHPB tests at 12,
16, and 20 m/s. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

5.9 Partial lateral confined SHPB test on kaolin clay at 16 m/s: front, back and
radial stresses. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

5.10 Back stress from partial lateral confined testing on kaolin clay at 16 m/s at
moisture contents corresponding to a) phase 0, b) phase 1, c) phase 3. . . . 125

5.11 Radial stress from partial lateral confined testing on kaolin clay at 16 m/s at
a) phase 0, b) phase 1, and c) phase 3. . . . . . . . . . . . . . . . . . . . . 126

5.12 Typical back stress from partial lateral confined SHPB test on saturated
kaolin clay at 12, 16, and 20 m/s . . . . . . . . . . . . . . . . . . . . . . . 128

5.13 Typical radial stress from partial lateral confined SHPB test on saturated
kaolin clay at 12, 16, and 20 m/s . . . . . . . . . . . . . . . . . . . . . . . 128

5.14 Typical stress vs strain variation from partial lateral confined SHPB test on
saturated kaolin clay at 12, 16, and 20 m/s . . . . . . . . . . . . . . . . . . 129

5.15 Schematic of the partially lateral confined SHPB apparatus for water tests:
water reservoir section. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

5.16 Variation of strain rate during partially-confined SHPB experiments on water.130

5.17 Typical response of a partial lateral confined SHPB test on water showing
axial and radial stress difference normalised by their mean. . . . . . . . . . 132

5.18 Typical behaviour of a partial lateral confined SHPB experimental test on
water at 16 m/s: incident and reflected pulses from the incident bar. . . . . 132



5.19 Partial lateral confined SHPB test on water at 16 m/s: front, back and radial
stresses. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

5.20 Partial lateral confined SHPB test on water at 20 m/s: front, back and radial
stresses. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

5.21 Typical stress vs strain variation from partial lateral confined SHPB test on
water at 16 and 20 m/s. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

5.22 Typical strain rate variation during SHPB tests for saturated kaolin clay un-
der unconfined, confined, and partial lateral confined conditions with aver-
age peak strain rates of 1600, 1800, and 1900 s−1 respectively. . . . . . . . 136

5.23 Typical back and radial stresses from partial lateral confined SHPB tests on
water and saturated kaolin clay at 16 m/s. . . . . . . . . . . . . . . . . . . 136

5.24 Typical back and radial stress from unconfined, confined, and partial lateral
confined SHPB tests. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

5.25 Difference between axial and radial stresses from confined SHPB tests on
kaolin clay at varying moisture contents. . . . . . . . . . . . . . . . . . . . 139

5.26 Difference between axial and radial stresses from partial lateral confined
SHPB tests on kaolin clay at varying moisture contents. . . . . . . . . . . . 139

5.27 Summary of average stress magnitude within each moisture content phase
for partial lateral confined SHPB tests on kaolin clay, effect of moisture
content within individual phases do not show clear relationship. . . . . . . 141

6.1 Initial LS-DYNA SHPB unconfined model set up containing the incident
bar (blue), transmitted bar (green), striker bar (yellow), and sample (red). . 144

6.2 Axial stress recorded with unconfined SHPB LS-DYNA model obtained at
strain gauge locations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146

6.3 Final time state for initial unconfined SHPB model. . . . . . . . . . . . . . 146

6.4 Close up of initial confined SHPB model with confining ring (grey), with
element mesh visualised. . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

6.5 Final time state for confined SHPB model before computation fails due to
negative volume error. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

6.6 Final time state for initial unconfined SHPB model with sample modelled
using MAT_ELASTIC_PLASTIC_HYDRO. . . . . . . . . . . . . . . . . . . . 150



6.7 Axial stress recorded with unconfined SHPB LS-DYNA model obtained at
strain gauge locations, with samplemodelled using MAT_ELASTIC_PLASTIC_HYDRO.150

6.8 Final time state for initial unconfined SHPB model with sample modelled
using MAT_MOHR_COULOMB. . . . . . . . . . . . . . . . . . . . . . . . . . . 152

6.9 Axial stress recorded with unconfined SHPB LS-DYNA model obtained at
strain gauge locations, with sample modelled using MAT_MOHR_COULOMB. . 152

6.10 Comparison between back stress from experimental and numerical model
for unconfined SHPB test on saturated kaolin clay, with sample modelled
using MAT_MOHR_COULOMB. . . . . . . . . . . . . . . . . . . . . . . . . . . 153

6.11 Axial stress recorded with confined SHPB LS-DYNA model obtained at
strain gauge locations prior to failure due to negative volume error, with
sample modelled using MAT_MOHR_COULOMB. . . . . . . . . . . . . . . . . 153

6.12 Close up of confined SHPB model with boundary constraint on nodes at
edge of sample. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154

6.13 Top view of radial meshing of cylindrical elements in 3D SHPB model for:
incident, transmitter, striker bars, and sample. . . . . . . . . . . . . . . . . 156

6.14 Final time state for 3-D unconfined SHPB model. . . . . . . . . . . . . . . 156

6.15 Axial stress recorded with 3-D unconfined SHPB LS-DYNA model ob-
tained at strain gauge location. . . . . . . . . . . . . . . . . . . . . . . . . 157

6.16 Initial 3-D confined SHPB model with confining ring. . . . . . . . . . . . . 157

6.17 Final time state for 3-D confined SHPB model before computation fails due
to negative volume error. . . . . . . . . . . . . . . . . . . . . . . . . . . . 158

6.18 3-D confined SHPB model with surrounding ALE air domain. . . . . . . . 159

6.19 Final time state for 3D model of confined SHPB test with ALE air domain
before computation fails due to negative volume error. . . . . . . . . . . . 160

6.20 Final time state for 3D model of confined SHPB test with all sample inter-
faces merged before computation fails due to negative volume error. . . . . 161

6.21 Axial stress recorded with confined SHPBLS-DYNAmodel with all sample
interfaces merged, obtained at strain gauge locations prior to failure due to
negative volume error. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162



6.22 Axial stress recorded with confined SHPBLS-DYNAmodel with all sample
interfaces merged, obtained on the ring and on the bar directly adjacent to
sample interface. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162

6.23 3-D confined SHPBmodel with confining ring, with boundary constraint on
nodes at edge of sample. . . . . . . . . . . . . . . . . . . . . . . . . . . . 163

6.24 Final time state for 3D model of confined SHPB test with all sample inter-
faces merged before computation fails due to negative volume error. . . . . 163

6.25 Top view of SPH node generation of sample. . . . . . . . . . . . . . . . . 164

6.26 Unconfined SHPB model with sample modelled using SPH nodes. . . . . . 165

6.27 Final time state for unconfined SHPB model with sample modelled using
SPH nodes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165

6.28 Axial stress recorded with unconfined SHPB LS-DYNAmodel with sample
modelled using SPH nodes. . . . . . . . . . . . . . . . . . . . . . . . . . . 166

6.29 Comparison between back stress from experimental and numerical model
for unconfined SHPB test on saturated kaolin clay, with sample modelled as
SPH nodes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166

6.30 Confined SHPB model with sample modelled as SPH nodes. . . . . . . . . 167

6.31 Final time state for confined SHPB model with sample modelled as SPH
nodes, illustrating extreme deformation of confining ring. . . . . . . . . . . 168

6.32 Axial stress recorded with confined SHPB LS-DYNA model with sample
modelled as SPH nodes, large amounts of noise recorded. . . . . . . . . . . 168

6.33 High-speed imagery of the instance after loading for unconfined SHPB test
on kaolin clay. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169

6.34 Radial stress recorded on confining ring with confined SHPB LS-DYNA
model with sample modelled as SPH nodes. . . . . . . . . . . . . . . . . . 170

6.35 Axial stress recorded with confined SHPB LS-DYNA model (SPH) with
confining ring modelled as rigid material. . . . . . . . . . . . . . . . . . . 171

6.36 Comparison between back stress from experimental and numerical model
for confined SHPB test on saturated kaolin clay, with confining ring mod-
elled as a rigid ring in the numerical model. . . . . . . . . . . . . . . . . . 172



6.37 Confined SHPB model with one “column” of elements on confining ring
modelled as elastic material (pink) while rest of the ring is modelled as rigid
(grey). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174

6.38 Top view of confining ring with outer radius made of rigid material (grey),
and two radial elemental layers made of elastic material (pink). . . . . . . . 174

6.39 Axial stress from pressure bars and radial stress from confining ring, recorded
with confined SHPB LS-DYNAmodel (SPH) with half rigid and half elastic
confining ring. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175

6.40 Confined SHPB model with half rigid and half elastic material. . . . . . . . 175

6.41 Comparison between back stress from experimental and numerical model
for unconfined SHPB tests on saturated kaolin clay. . . . . . . . . . . . . . 177

6.42 Comparison between front stress from experimental and numerical model
for unconfined SHPB test on saturated kaolin clay. . . . . . . . . . . . . . 178

6.43 Incident and reflected stresses from unconfined SHPB numerical model. . . 179

6.44 Comparison between radial stress from experimental and numerical model
for confined SHPB tests on saturated kaolin clay. . . . . . . . . . . . . . . 180

6.45 Comparison between back stress from experimental and numerical model
for confined SHPB tests on saturated kaolin clay. . . . . . . . . . . . . . . 181

6.46 Comparison between front stress from experimental and numerical model
for confined SHPB test on saturated kaolin clay. . . . . . . . . . . . . . . . 181

6.47 Incident and reflected stresses from confined SHPB numerical model. . . . 182

6.48 LS-DYNA SHPB partial lateral confinement model set up containing the
incident bar (blue), transmitted bar (green), striker bar(yellow), and water
reservoir (grey). Sample and water annulus are modelled and inside the
water reservoir. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 182

6.49 LS-DYNA cross section zoom-in on the sample inside the partial lateral
confinement SHPB set up containing the incident bar (blue), transmitted
bar (green), water reservoir (grey), water annulus within reservoir, and the
sample (red). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183

6.50 LS-DYNA cross section zoom-in on the sample inside the partial lateral
confinement SHPB set up with water annulus (brown) modelled as SPH. . . 184



6.51 Final time state of partial lateral confined SHPB numerical model on satu-
rated kaolin clay. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 185

6.52 Image of kaolin clay sample forming a loop within latex membrane after
partial lateral confined SHPB test. . . . . . . . . . . . . . . . . . . . . . . 185

6.53 Comparison between front stress from experimental and numerical model
for partial lateral confined SHPB test on saturated kaolin clay. . . . . . . . 186

6.54 Incident and reflected stresses from partial lateral confined SHPB numerical
model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186

6.55 Comparison between back stress from experimental and numerical model
for partial lateral confined SHPB test on saturated kaolin clay. . . . . . . . 187

6.56 Comparison between radial stress from experimental and numerical model
for partial lateral confined SHPB test on saturated kaolin clay. . . . . . . . 188

6.57 Comparison between recorded pressure at specific elements adjacent to reser-
voir wall and sample surface. . . . . . . . . . . . . . . . . . . . . . . . . . 189

6.58 Locations of central, back, and front layers of sample used for measurement
of internal radial stress. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 191

6.59 Internal sample radial stress from central layer of unconfined SHPB numer-
ical model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 192

6.60 Internal sample radial stress from central layer of confined SHPB numerical
model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 192

6.61 Heatmap describing internal radial stress variation over time from uncon-
fined SHPB numerical model for a) front layer, b) central layer, and c) back
layer. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194

6.62 Heatmap describing internal radial stress variation over time from confined
SHPB numerical model for a) front layer, b) central layer, and c) back layer. 195

6.63 Heatmap describing internal radial stress distribution from numerical model
of PLC SHPB tests, with water modelled as 1000 kg/m3. . . . . . . . . . . 196

6.64 Heatmaps describing internal radial stress distribution from numerical mod-
els of a) unconfined SHPB and b) PLC SHPBwith equivalent water annulus
density (1 kg/m3). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 197



6.65 Heatmaps describing internal radial stress distribution from numerical mod-
els of a) confined SHPB and b) PLC SHPB with equivalent water annulus
density (1.1×109 kg/m3). . . . . . . . . . . . . . . . . . . . . . . . . . . . 197

6.66 Comparison between back stress from numerical model for unconfined, par-
tial lateral confined SHPB test on saturated kaolin clay. . . . . . . . . . . . 202

6.67 Comparison between radial stress from numerical model for confined, and
partial lateral confined SHPB test on saturated kaolin clay. . . . . . . . . . 202

7.1 General phase behaviour exhibited by kaolin clay under high-strain-rate,
governed by material properties. . . . . . . . . . . . . . . . . . . . . . . . 207

C.1 Relationship between gas gun pressure and striker bar velocity at each striker
bar depth, with power regression trend line for each striker bar depth. . . . 329

F.1 Design for reservoir support stand for partial lateral confined SHPB apparatus.362



List of Tables

2.1 Particle size fractions from EN ISO 14688-1:2002 . . . . . . . . . . . . . . 9

2.2 Typical coefficients of permeabilities for saturated soils, from Das and Sob-
han (2014). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.3 Kaolin clay properties characterised in existing literature. . . . . . . . . . . 11

2.4 Grouping of similar LS-DYNA models for comparison. Models indicated
with an asterisk are the model selected to represent the group. . . . . . . . . 27

2.5 Comparison of LS-DYNA soil models, after Barr (2016) . . . . . . . . . . 28

2.6 Variables for definition of LS-DYNA Soil and Foam. . . . . . . . . . . . . 29

2.7 Variables for definition of LS-DYNA Pseudo-Tensor in Mode 1. . . . . . . 31

2.8 Variables for definition of LS-DYNA Mohr–Coulomb . . . . . . . . . . . . 32

2.9 LS-DYNA variables for Geologic Cap. . . . . . . . . . . . . . . . . . . . . 34

2.10 LS-DYNA variables for Hysteretic Soil. . . . . . . . . . . . . . . . . . . . 34

2.11 Parameters for the EOS of water based on Shin et al. (1998) . . . . . . . . 37

3.1 Summary of material characterisation tests and findings for kaolin clay. . . 40

3.2 Atterberg limits values compared to existing literature. . . . . . . . . . . . 45

3.3 Test programme for three different confinement modes at various speeds and
moisture content levels. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

4.1 Definition of input arguments used in the function SHPB_processing.py. 69

xxvii



4.2 Confinement modes applicable in the function SHPB_processing.py. . . 73

4.3 Definition of input arguments used in the function dispersion.py. . . . . 76

4.4 Typical input arguments used in SHPB_processing.py for SHPB tests on
different sample materials. . . . . . . . . . . . . . . . . . . . . . . . . . . 81

6.1 Material properties of steel pressure bars and sample used in SHPB model
in LS-DYNA. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

6.2 LS-DYNA material models considered to represent cohesive soil behaviour. 149

6.3 Variations of mass density and shear modulus that have been tested using
the MAT_ELASTIC_PLASTIC_HYDRO material card . . . . . . . . . . . . . . 149

6.4 Material parameters used for MAT_MOHR_COULOMB, units are based on unit
conversion system for current model. . . . . . . . . . . . . . . . . . . . . . 151

6.5 Input parameters to create cylindrical mesh . . . . . . . . . . . . . . . . . 156

6.6 Input parameters to create tubal ring mesh . . . . . . . . . . . . . . . . . . 158

6.7 Cylindrical Block Mesher input variations used for mesh optimisation . . . 159

6.8 Combinations of node interfaces with duplicate nodes merged. . . . . . . . 161

6.9 Summary of modifications to confining ring tested, and relevant findings . 173

6.10 Summary of variations of striker bar speed and bulk densities with the un-
confined SHPB numerical model . . . . . . . . . . . . . . . . . . . . . . . 176

6.11 Summary of variations of striker bar speed and bulk densities with the con-
fined SHPB numerical model . . . . . . . . . . . . . . . . . . . . . . . . . 180

6.12 Variations of water reservoir inner diameter tested with LS-DYNA model. . 189

6.13 Summary of numerical model iterations and required energy to displace con-
fining elements. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 196

B.1 Unconfined tests on kaolin clay at each striker bar velocity. . . . . . . . . . 316

B.2 Log of unconfined SHPB tests at 8 m/s on kaolin clay sorted by moisture
content. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 317



B.3 Log of unconfined SHPB tests at 12 m/s on kaolin clay sorted by moisture
content. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 318

B.4 Log of unconfined SHPB tests at 16 m/s on kaolin clay sorted by moisture
content. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 319

B.5 Log of unconfined SHPB tests at 18 m/s on kaolin clay sorted by moisture
content. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 319

B.6 Log of unconfined SHPB tests at 20 m/s on kaolin clay sorted by moisture
content. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 320

B.7 Log of unconfined SHPB tests at 22 m/s on kaolin clay sorted by moisture
content. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 320

B.8 Unconfined tests on kaolin clay at each striker bar velocity. . . . . . . . . . 321

B.9 Log of confined SHPB tests at 12 m/s on kaolin clay sorted by moisture
content. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 322

B.10 Log of confined SHPB tests at 18 m/s on kaolin clay sorted by moisture
content. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 322

B.11 Log of confined SHPB tests at 20 m/s on kaolin clay sorted by moisture
content. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 323

B.12 Log of confined SHPB tests at 22 m/s on kaolin clay sorted by moisture
content. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 323

B.13 Partial lateral confined tests on kaolin clay at each striker bar velocity. . . . 324

B.14 Log of partial lateral confined SHPB tests at 12 m/s on kaolin clay sorted by
moisture content. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 325

B.15 Log of partial lateral confined SHPB tests at 16 m/s on kaolin clay sorted by
moisture content. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 325

B.16 Log of partial lateral confined SHPB tests at 20 m/s on kaolin clay sorted by
moisture content. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 325

C.1 Pressure and striker bar depth combinations tested with new gas gun, and
measured striker bar velocities. . . . . . . . . . . . . . . . . . . . . . . . . 328

C.2 Trend line equations to derive striker bar velocities, vs, based on gas gun
pressure, pg, at various striker bar depths. . . . . . . . . . . . . . . . . . . 329



E.1 Material card for MAT_ELASTIC, calibrated to represent steel pressure bars. 357

E.2 Material card for MAT_NULL, calibrated to represent water. . . . . . . . . . 357

E.3 Material card for MAT_MOHR_COULOMB, calibrated to represent kaolin clay. . 358

E.4 Material card for MAT_NULL, calibrated to represent air at atmospheric pressure.358

E.5 Material card for MAT_RIGID, calibrated to represent rigid steel reservoir. . 358

E.6 Contact card for CONTACT_AUTOMATIC_NODES_TO_SURFACE, calibrated to
describe SPH node to Lagrangian solid surface interactions. . . . . . . . . . 359

E.7 Contact card for CONTACT_AUTOMATIC_NODES_TO_SURFACE, calibrated to
describe interactions between Lagrangian solid surfaces. . . . . . . . . . . 359

E.8 EOS card for EOS_LINEAR_POLYNOMIAL, calibrated to depict the behaviour
of water. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 360

E.9 EOS card for EOS_LINEAR_POLYNOMIAL, calibrated to depict the behaviour
of air at atmospheric pressure. . . . . . . . . . . . . . . . . . . . . . . . . 360

1





Chapter 1

Introduction

1.1 Background

How structures behave when subject to explosions or high velocity projectiles will always be
a matter of global importance. As terrorist incidents and tensions between countries become
increasingly hostile, there is a pressing demand to develop adequate methods to minimise
the effect of future threats. As such, it is vital to understand the feasibility of a broad range
of geomaterials from a military defence perspective.

Modern military field fortifications must evolve to meet current military needs, hence it is
crucial for defensive structures to be able to withstand extremely high impacts such as those
from explosive or blast incidents. Soils and geomaterials are typically used in impromptu
military defensive structures such as sandbag walls or Hesco bastions which are typically
filled with sand or gravel.

The ability of soils to withstand extreme pressure makes it ideal for the safeguarding of
personnel and assets from the effects of blast and fragmentation. However, the properties
of soils greatly vary, and the behaviour under high-strain-rates such as during blast events
have not been fully characterised. Furthermore, it is not well understood how intrinsic soil
properties affect its ability to withstand high-strain-rate impact. Thus it is vital to improve
understanding of the effects of material properties to enhance protection against future blast
threats by developing constitutive models that act as a foundation for different soils and are
adaptable to new military applications. While extensively studied for cohesionless soils like
sands and gravels, research remains limited for cohesive soils.

While sands and gravels have been well characterised in previous research, the use of cohe-
sive soils such as clays for military fortification is an area that has seen significantly lesser
growth. Even though sand is just as readily available worldwide as clays, a key difference is
the ability for cohesive soils to retain a much greater amount of water. The water retention
capabilities in cohesive soils creates a necessary topic of discussion in terms of evaluating
the feasibility of cohesive soils as an alternative in protective structure design.
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One of the intrinsic properties of these geomaterials is that the strength exhibited by the
material may increase depending on the confining pressure applied. When subject to ex-
tremely high and immediate loading such as that from blast or fragmentation, the material
may respond differently due to the lateral inertia applying a confining pressure. Hence, it is
important to identify the effect of confinement on the strength of the material as it will give
fortification designers a better holistic picture of the response of protection structures.

1.2 Scope and objective

In the design of fortification structures especially against the effects of blast and fragmen-
tation, it is vital to understand the behaviour of a material under the high-strain-rate load
cases and the factors that affect material behaviour. The type of cohesive soil utilised in this
study is kaolin clay, which is an indicative widely available clay, whose behaviour is repre-
sentative of a wide range of cohesive soils. Kaolin clay is a simplified geotechnical material
which has been subject to comprehensive research and thus a wealth of low-stress-strain-rate
testing are available for comparison.

This study aims to determine the high-strain-rate effects of kaolin clay by investigating the
factors that affect its material behaviour. The effect of factors such as moisture content on
soil stress-strain behaviour and strength is investigated by considering the wider effect of
confining pressure in order to obtain a holistic characterisation of high-strain-rate behaviour
in real-life practical scenarios.

This research is primarily focused on assessing the effects of strain rate and the material
properties that affects the compaction behaviour and the lateral response of cohesive soils.
The main objectives of this research are therefore:

• To compare high-strain-rate and quasi-static compression behaviour of cohesive soils;

• To investigate the effect of different confinement modes under high-strain-rates on
this behaviour;

• To evaluate current modelling approaches for computing the material response of co-
hesive soils under varying strain rates.

• To assess the lateral response of the soil under partial lateral confined high-strain-rate
conditions;
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1.3 Thesis outline

The following chapters of this thesis are organised as follows:

Chapter 2: Literature review

This chapter highlights the existing research in published literature in relation to the study
of rate effects in cohesive soils. Modern techniques used to investigate high-strain-rate
behaviour are discussed, with an emphasis on the development of one-dimensional com-
pression tests with the split-Hopkinson pressure bar. Existing high-strain-rate testing with
attempts to consider lateral confining pressure are also discussed to highlight the gaps in
existing research. Numerical modelling techniques and their viability in the context of high-
strain-rate testing is also discussed.

Chapter 3: Preliminary material testing and characterisation

This chapter details preliminary testing such as material characterisation and quasi-static
tests conducted on kaolin clay samples. Findings from quasi-static testing are presented in
terms of the effect of moisture content and the stress and strain behaviour exhibited when
subject to loading. Methodology regarding sample preparation for subsequent high-strain-
rate testing with split-Hopkinson pressure bar apparatus and the procedure to create varying
moisture content samples are included.

Chapter 4: high-strain-rate testing of kaolin clay

High-strain-rate tests of kaolin clay are designed and conducted to investigate the effect of
moisture content and strain rate. Findings are analysed and contextualised to determine the
effect of moisture content and strain rate. The effect of confinement and opportunities for
development are discussed based on results from unconfined and confined split-Hopkinson
pressure bar tests. Methods to process and analyse split-Hopkinson pressure bar signal data
are discussed with the focus on cohesive soil testing.

Chapter 5: Partial lateral confinement for evaluation of confinement effects

The application of a modified split-Hopkinson pressure bar fitted with a partial lateral con-
finement apparatus is discussed, with the objective to evaluate the viability of the appara-
tus in high-strain-rate testing. The ability to investigate triaxial stress behaviour bridges
the gap between existing confinement mechanisms used in current high-strain-rate testing
techniques. Effects of confinement are investigated by comparing experimental results to
unconfined and confined conditions.

Chapter 6: Development of numerical modelling techniques for high-strain testing

Techniques to numerically model split-Hopkinson pressure bar testing using LS-DYNA are

3
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investigated with the objective to create a functional model to assist in the characterisation
of high-strain-rate behaviour. The material models typically used for soils and fluid-like
materials are evaluated based on their feasibility. Limitations of modern numerical mod-
elling techniques are highlighted and recommendations are made for the use of LS-DYNA
for simulating high-strain-rate behaviour of cohesive soils. Combination of experimental
and numerical results are used to characterise high-strain-rate behaviour of cohesive soils
under various confinement modes.

Chapter 7: Summary and conclusions

This chapter provides a summary of the current work and highlights the main conclusions,
as well as an overview on potential avenues for future work.

1.4 Published Work

While portions of the experimental and numerical modelling work was carried out in col-
laboration with Arthur Van Lerberghe, all data analysis, processing, and conclusions within
this thesis were independently conducted and based on individual research. Consequently,
several papers have been published with both names listed as authors, including selected
papers where I served as the main author.

This thesis containswork that has been published or are awaiting publication in peer-reviewed
academic journals or presented at international conferences. These works are listed below
and are available in Appendix A.

1.4.1 Published

• Li K. S. O., Clarke S. D., Barr A. D. Characterisation of cohesive soils under high-
strain rate via split Hopkinson pressure bar. 17th International Conference on Ad-
vances in Experimental Mechanics - University of Glasgow, August 2023.

• Van Lerberghe A., Li K. S. O., Barr A. D., Clarke S. D. An open-source algorithm
for correcting stress wave dispersion in split-Hopkinson pressure bar experiments.
Experimental Mechanics (2025)

• Li K. S. O., Van Lerberghe A., Barr A. D., Clarke S. D. Split-Hopkinson pressure bar
testing of water with partial lateral confinement. Experimental Mechanics (2025)
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1.4.2 Under review

• Van Lerberghe, A., Li, K. S. O., Barr, A. D., & Clarke, S. D. (2024). High-strain-
rate behaviour of cohesive soils. Submitted for publication in International Journal
of Impact Engineering.

• Li, K. S. O., Van Lerberghe, A., Barr, A. D., & Clarke, S. D. (2024). Impact of partial
lateral confinement on high-strain-rate behaviour of cohesive soils. Submitted for
publication in Experimental Mechanics.
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Chapter 2

Literature review

2.1 Introduction

This chapter presents an overview of published literature relevant to the study of rate ef-
fects on geomaterials. This includes the description of current methods to test strain rate
effects, with a focus on the split-Hopkinsin pressure bar (SHPB) to test the behaviour of
soils in high-strain-rate scenarios, and highlighting the theory and experimental limitations
of the set-up. A discussion of existing studies pertaining to the operation of the SHPB test
and modifications to allow for lateral confinement of a SHPB specimen to provide a tri-
axial stress state is presented. Numerical modelling from existing studies are introduced,
particularly in regards to the use of the finite element program LS-DYNA, to emphasise
the limitations of numerical modelling, as well as emphasising the capabilities of material
models for soils to simulate the effect in high-strain-rate conditions.

2.2 Testing strain effects on soils

Modelling the effect of soils under blast and impact scenarios requires an understanding
of their behaviour under different rates of deformation, especially as the material response
can vary for different strain rates. This enables for an accurate and effective analysis of the
response of these materials when subject to various real-life conditions. In general, strain
rate corresponds to one of five different regimes, as shown in Figure 2.1. The strain rate
ranges depicted is used as the definition for strain rate regimes throughout this work.

Material behaviour when subject to undrained or drained loading is vital to this research.
While slow tests are effective in determining drained behaviour, higher loading rates intro-
duce complexities especially in saturated soil samples where water plays a significant part in
generating resistance until undrained behaviour is reached. This is especially the case dur-
ing conditions with rapid loading, where cohesive soils that are capable of retaining greater
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Figure 2.1: Strain rate classifications and examples of phenomena in soils

volumes of water typically cannot dissipate pore water pressure quickly enough, leading to
the occurrence of undrained behaviour and the sensitivity to changes in strain and strength.

Typical civil engineering applications assume that the system is in a state of stress equilib-
rium, this corresponds to the creep or quasi-static strain rate regimes (< 10−1 s−1). Com-
pressive stresses could be applied accurately to measure the stress and strain of materials
in this range using hydraulic frames to provide an axial load (Pajak, 2011). Even though
the behaviour of soils at this strain rate are relatively simple to determine experimentally,
as the soil is accelerated from an initial static to dynamic state, additional resistance is gen-
erated from inertial forces. Hence, measurements must be analysed under consideration of
the effect of inertia (Yamamuro et al., 2011).

The characterisation of soil behaviour at high-strain-rates is especially vital in understanding
the effect of extreme loading from blast or impact events. However, the difficulty to conduct
testing at high-strain-rate conditions (102 s−1 to 104 s−1) arises from the rapid nature of
the loading, where the stress wave propagates within the material and affects its dynamic
response (Mishra et al., 2015). A common method to experimentally emulate high-strain-
rate loading is using the SHPB, the SHPB is useful for measuring the stress strain response
of materials when subject to a transient load. The SHPB is one of the focuses of this work
and will be further discussed in the following section.

Other methods exist to measure high-strain-rate response such as the use of cyclic testing
(Dogyun & Brandes, 2020), drop hammers (Shibusawa & Oida, 1992), or triaxial testing
(Veyera, 1994), however even though strain rates within the regime of 10−1 s−1 could be
obtained, the inability to guarantee high stress condition means that they are not directly
practical to the application towards the context of blast or ballistics.

2.3 Material characterisation

The focus of this research is based on the evaluation of strain rate effects of cohesive soils,
this category of soils is characterised by their fine-grained particle size and typically exhibit
a tendency for soil particles to adhere. Cohesive soils are defined if the proportion of fine-
grained material exceeds 50% of the weight of the soil (Gautam, 2018). Cohesive soils are
typically characterized by their high compressibility and low strength, whose behaviour is
primarily dictated by the soil’s permeability (Clarke et al., 2016).
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Table 2.1: Particle size fractions from EN ISO 14688-1:2002

Soil type Fraction Subfraction Particle size, mm

Very coarse soil Boulders Large boulder > 630
Boulder 200-630

Cobbles 63-200

Coarse soil

Gravel
Coarse gravel 20-63
Medium gravel 6.3-20
Fine gravel 2.0-6.3

Sand
Coarse sand 0.63-2.0
Medium sand 0.2-0.63
Fine sand 0.63-0.2

Fine soil Silt
Coarse silt 0.02-0.0063
Medium silt 0.0063-0.02
Fine silt 0.002-0.0063

Clay < 0.002

The particles in different soils vary immensely, as shown in Table 2.1, cohesive soils are
defined by their fine-grained nature and encompasses both silts and clays. As this work
investigates kaolin clay, the particles are smaller than 0.002 mm. However, even within
the corresponding particle size range, the particle shape, size distribution, surface rough-
ness, and angularity of particles can be distinctly different. This could be attributed to the
fact that most soils are formed by a process of fracturing of larger rocks by weathering or
chemical processes, hence these properties depend greatly on the origin and history of the
mineral particle. Kaolin clay is mainly comprised of kaolinite, however it frequently con-
tains minerals of quartz, mica, feldspar, illite, and montmorillonite (Adamis & Williams,
2005).

Apart from the mineral particles in a soil, void spaces exist that consist of air, water, or a
mix of both. As such, soil properties such as the void ratio, moisture content, and saturation
ratio are used to express the proportions in the void spaces (Atkinson & Bransby, 1978).

Void ratio, e =
Volume of voids
Volume of solids

=
Vv

Vs
(2.1)

Moisture content, w =
Mass of water
Mass of solids

=
Mw

Ms
(2.2)

Saturation ratio, Sr =
Volume of water
Volume of voids

=
Vw

Vv
(2.3)

Void ratio is especially useful as it is used as a scale for how compacted the material is, a
soil with a void ratio close to zero indicates that there are very little void spaces and the soil
is close to being composed purely of its constituent minerals.

9



CHAPTER 2. LITERATURE REVIEW

Table 2.2: Typical coefficients of permeabilities for saturated soils, from Das and Sobhan
(2014).

Soil type k, cm/s

Clean gravel 1.0 – 100.0
Coarse sand 1.0 – 0.01
Fine sand 0.01 – 0.001

Silt 0.001 – 0.00001
Clays < 0.000001

Since cohesive soils are characterised by their low permeability, they also contain the abil-
ity to retain larger volumes of water compared to cohesionless soils. This makes moisture
content a key variable in governing shear strength for cohesive soils. Typical values for
the coefficient of permeability are shown in Table 2.2, indicating the significantly lower
permeability of clays in comparison to other soil types such as sand or gravel.

The significance of moisture content necessitates the determination of Atterberg limits to
measure the critical moisture content levels in which fine-grained soils such as clays and silts
transition between each of the four states: solid, semi-solid, plastic, and liquid. The liquid
limit (LL), plastic limit (PL) and plasticity index (PI) were initially derived by Atterberg
(1911) to evaluate the plasticity of clays. The fall cone test is now typically used as an
accurate method to determine these limits, as demonstrated by theoretical plasticity analysis
performed by Houlsby (1982). The Atterberg limits are defined by:

PI = LL− PL (2.4)

LL =
w − PL
PI

(2.5)

The LL signifies the moisture content as a percentage by weight of the dry soil at which
the soil starts to slightly flow. Conversely, PL is characterised by the minimum moisture
content expressed as a percentage by weight of the dry soil at which the soil can be rolled
into thin threads measuring 3.2 mm without breaking (White, 1949).
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Table 2.3: Kaolin clay properties characterised in existing literature.

Specific gravity, Mgm−3 LL, % PL, % PI, %

White (1949) - 71.6 39.3 32.3
Yoshinaka and Kazama (1973) 2.69 70.5 33.6 32.3
Horpibulsuk et al. (2011) 2.65 46.0 24.0 22.0

Abbey et al. (2019) 2.60 58.0 30.0 29.0
Oluwatuyi et al. (2020) 2.65 45.2 24.2 21.0

2.3.1 Kaolin clay

While other types of commonly researched cohesive soils include adobe clay, London clay,
and silts, this study is focused on investigating the behaviour of kaolin clay as it is a versatile
geomaterial that exhibits properties that are indicative of common cohesive soil behaviour.
The abundance and low cost of kaolin also makes it one of the most widespread used in-
dustrial clay materials. Comprised mostly of kaolinite, the material is typically less reactive
when integrated into industrial formulations compared to other clays and so see versatile
uses such as in paper, paints, ceramics, cosmetics, cement, and ink production (Murray,
2006).

The prevalence of kaolin clay makes it an extensively characterised soil. White (1949)
examines the Atterberg limits of clayminerals including kaolin clay. Yoshinaka and Kazama
(1973) conducts characterisation tests to investigate the intrinsic microstructural properties
of kaolin clay. Horpibulsuk et al. (2011) compares the relevant physical and engineering
properties of Bangkok clay with kaolin clay. Oluwatuyi et al. (2020) characterises kaolin
clay as part of an investigation on the effects of crude oil contaminated kaolin clay. Abbey et
al. (2019) presents research on factors that affect the swelling and structural characteristics
of kaolin clay blended with concrete. Results of characterisation of kaolin clay from the
studies mentioned are summarised in Table 2.3.

2.4 Split-Hopkinson pressure bar

The original split-Hopkinson pressure bar was developed by Hopkinson (1914) as a method
of measuring the pressure produced in the detonation of explosives or the impact of bul-
lets. Hopkinson’s original pressure bar system consisted of using a steel bar to measure the
impulse produced from a collision or impact.

Davies (1948) improved the setup further by developing a technique to make use of con-
denser units connected to a cathode-ray oscilloscope to measure the movement of the pres-
sure bar. Using the setup with condensers, Davies (1948) worked out a proportional relation-
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Figure 2.2: Schematic of the main components of a SHPB test under unconfined conditions

ship between the output of the condensers and the displacement-time relations, in which are
proportional to the pressure-time relations under the assumption that the bar is under elastic
conditions. Kolsky (1964) added a second pressure bar to the system, the system was devel-
oped to have the material specimen placed between the two pressure bars. This enabled the
dynamic stress-strain response of the material specimen to be recorded by condenser units
on the pressure bars, when a transient pulse was applied at one end.

The following sections describe the techniques involved in stress-strain response testing of
materials under high-strain-rate compression through the utilisation of a SHPB test. Em-
phasis was placed on the methodology of conducting SHPB compression tests on material
specimens, the process of analysis and interpretation of experimental data, and a discussion
of the experimental variables and limitations associated with high-strain-rate stress-strain
data obtained from SHPB testing.

2.4.1 Principles and theory

Main components and methodology of SHPB

The SHPB works based on the theory of one-dimensional wave propagation. The SHPB
test consists of placing a specimen between two long, cylindrical steel pressure bars. Then a
stress pulse is fired by propelling a striker bar into the end of the first pressure bar, known as
the incident bar, using a pressurised gas gun. The impact produces an elastic compression
wave that travels along the incident bar to the specimen. Part of the wave is then reflected
(reflected pulse) and part of the wave goes through to the second pressure bar (transmitted
pulse), known as the transmitter bar. Hence it is vital to ensure that the stress pulse re-
mains within the proportional limit of the pressure bars so that the wave produced within
the striker, incident, and transmitter bar remains elastic. Strain gauges are fitted on each bar
and connected to a half Wheatstone bridge circuit to minimise the effects of bending and to
more precisely measure the axial stress waves produced. The output is then connected to an
oscilloscope to be recorded. Figure 2.2 depicts a schematic of a SHPB test under unconfined
conditions.
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The following stages describe the order of events that occur in reference to Figure 2.2.

1. Gas gun propels striker bar to impact the end of the incident bar, creating a com-
pressive stress wave that propagates right along the incident bar and left along the
striker bar. As the wave along the striker bar reaches the free surface on the left end
of the striker bar, a tension wave is produced by reflection that negates the stress in
the striker bar. Resulting in a compressive stress wave twice the length of the striker
bar that travels right along the incident bar.

2. Strain gauge on the incident bar detects resultant compressive wave, known as the
incident wave, σi.

3. Incident wave reaches the right end of the incident bar. Part of the wave goes into
specimen while part of the wave is reflected at the right face in tension. These are
known as the transmitted wave, σt, and the reflected wave, σr, respectively. The
proportion of the transmitted and reflected waves depend on the relative impedance
of the bars and specimen.

4. Strain gauge on the transmitter bar detects the compressive transmitted wave.

5. While the reflected wave travels back left along the incident bar and is detected by
the strain gauge on the incident bar.

6. The stress waves continue to oscillate along the pressure bars, but sufficient data has
been collected.

Application of one-dimensional wave theory to SHPB

To facilitate the understanding of the theory and principle of the SHPB, the following section
briefly discusses the application of one-dimensional wave theory to infer the stress-strain
response at the two ends of the specimen, which is applied under the assumption that stress
waves propagate longitudinally according to:

c0 =
√

E/ρ (2.6)

where c0 is the wave velocity, E is the Young’s modulus of the bar and ρ is the density of
bar, and that transverse deflections are small or negligible.

By considering a small length of the bar of the bar, δx, if stress on one face is σx, the stress on
the other face is σx+(δσx/δx)δx. Hence, if the resulting displacement is u, then Newton’s
second law of motion gives

A
δσx
δx

δx = ρAδx
δ2u

δt2
(2.7)

This is rearranged to give the one-dimensional wave equation

ρ
δ2u

δt2
= E

δ2u

δx2
(2.8)
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Which is rearranged due to the assumption from Equation 2.7 as

δ2u

δt2
= c20

δ2u

δx2
(2.9)

By applying the general solution to a partial differential equation, a solution is expressed as

u = f(x+ c0t) + g(x− c0t) (2.10)

where f and g are functions that correspond to waves travelling with negative and posi-
tive velocity. By using the function corresponding to negative velocity as an example, and
differentiating with respect to x and t gives

δu

δx
= f ′(x+ c0t) (2.11)

δu

δt
= c0f

′(x+ c0t) (2.12)

and hence, combining Equations 2.11 and 2.12,

δu

δt
= c0

δu

δx
(2.13)

Since δu/δx = σx/E, Equation 2.13 can be expressed in terms of stress as

δu

δt
= c0

(σx
E

)
=

σx
ρc0

(2.14)

where it can be seen that the particle velocity and stress have a proportional relationship. By
taking the time integral of Equation 2.14, the displacement of the bar can be expressed as

u =
1

ρc0

∫ t

0
σx dt (2.15)

The signals recorded by the stress gauges are translated along the time axis by:

tshift =
loffset
c0

(2.16)

where loffset is the distance from the strain gauge to the specimen end of the bar. By super-
position of the incident and reflected waves, the stress in the bar at the interface between the
incident bar and the specimen (front stress) is

σ1 = σi + σr (2.17)

while the stress on the interface between the specimen and transmitter bar (back stress) only
consists of the transmitted wave

σ2 = σt (2.18)
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Hence the mean axial stress along the specimen can be expressed as

σs =
σ1 + σ2

2
(2.19)

Moreover, using Equation 2.15, we can obtain the displacements of the incident and trans-
mitter bars at their respective specimen interface by

u1 =
1

ρc0

∫ t

0
σi + σr dt (2.20)

u2 =
1

ρc0

∫ t

0
σt dt (2.21)

Hence the mean axial strain along the length of the specimen can be expressed as

ϵs =
u1 − u2
ls,0

(2.22)

where ls,0 is the original length of the specimen. By applying the one-dimensional wave
theory, the axial stress-strain response of the specimen can be derived through the conduction
of SHPB tests.

2.4.2 Existing limitations to the SHPB method

An assumption made when obtaining results from a SHPB test is that there is uniform axial
stress and strain throughout the whole specimen, however, the reality is that axial and radial
inertia has a significant effect as both the bar and the specimen may be susceptible to radial
expansion or contraction due to compressive and tensile strains according to the material’s
Poisson’s ratio (Kolsky, 1964).

This is especially significant in the investigation of soil specimens due to the fact that the
wave speed for soils is typically very low (approximately 300 m/s) compared to traditional
materials used for SHPB experiments such as steel (approximately 5000 m/s) in the cylin-
drical pressure bars (Felice, 1986). Furthermore, the stress wave begins to attenuate once it
passes through the specimen because of the non-linear hysteretic behaviour of soils (Hen-
dron & Auld, 1969).

A method applied by Felice (1986) to prevent the effects of axial and radial inertia was to
use compacted soil specimens that were constrained to a state of near uniaxial strain within
a confining cylinder, effectively negating the ability for the specimen to deform radially.
However, this method does not create a fully accurate model for the dynamic strain be-
haviour of soils as the inability for the soil to laterally deform is an idealised depiction of
real life events.
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Figure 2.3: The effect of specimen length on stress equilibration in SHPB tests on
silicone rubber (Song and Chen 2004).

(1987) concluded that a specimen aspect ratio (length:diameter) of 0.2 would
satisfy the assumption of stress uniformity.

An alternative solution to achieve stress equilibrium is to change the shape of
the incident pulse so that the leading edge ramps up more gradually. This was
the method used by Nemat-Nasser et al. (1991) and Frew et al. (2005), who
placed thin metallic disks between the striker and incident bars. The striker
bar impact caused the disks to deform plastically, increasing the rise time of the
incident pulse.

A further consideration in SHPB experiments is the presence of friction effects
between the pressure bars and the specimen. If present, a specimen tested in
uniaxial compression will appear to be stiffer, as work will have to be done to
overcome the friction at the bar–specimen interface. This lateral restraint will
also cause the specimen to barrel rather than deforming uniformly along its
length, complicating interpretation of the experimental results (Gray III 2000).
Cohesionless soils are usually laterally restrained during SHPB tests using a rigid
cylinder or ring, which prevents barrelling, but has the potential to introduce

12

Figure 2.3: Effects of specimen thickness (RTV630 silicone rubber) on dynamic equilibrium
under the same loading stress rate in SHPB tests (1.25 ×105 MPa s−1): (a) 6.56 mm thick;
(b) 4.59 mm thick; (c) 3.07 mm thick; (d) 1.52 mm thick, after Song and Chen (2004)
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Figure 2.4: Forces at the bar-sample interface for a) conventional SHPB experiment b) pulse
shaped SHPB experiment, after Frew et al. (2005).
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Another method to reduce radial and axial forces is to attempt to reduce the transit time
within the specimen to reduce to number of reflections that occur within the specimen. This
causes the stress gradient between the two faces of the specimen to flatten out, resulting
in uniform distribution of stress over the specimen. If transit time is too long, the stress
wave will continue to propagate within the specimen rather than reach stress equilibrium
(Felice, 1986). In order to combat this limitation, Song and Chen (2004) tested the effects
of specimen thickness on state equilibrium, and deduced that reducing the thickness of the
specimen would improve the stress equilibrium obtained, as seen in Figure 2.3.

An alternative procedure to ensure stress equilibrium is by altering the incident pulse shape
so the stress is applied more gradually. Frew et al. (2005) placed metal discs between the
striker and incident bars, this increased the rising of the incident pulse as the plastic defor-
mation of the discs would create a gradual increase in stress upon impact. This effect is
observed as the interface forces in Figure 2.4a reaches equilibrium considerably later com-
pared to with copper-steel pulse shapers, as seen in Figure 2.4b. (Frew et al., 2005)

2.5 One-dimensional compression and strain rate testing

This section highlights methods in existing literature that apply one-dimensional compres-
sion to evaluate soil behaviour at a variety of strain rates. While this study is primarily
concerned with cohesive soils, it also evaluates methods of strain rate testing on various soil
types to identify similarities to cohesive soils. Additionally, the investigation of existing
one-dimensional strain rate testing contributes to a greater understanding of the methodolo-
gies applied in literature to investigate dynamic stress-strain behaviour.

2.5.1 Quasi-static

When a soil is subject to one-dimensional compression, a uniaxial stress is applied to the soil
but strain only occurs in the same direction of applied stress. Under uniaxial compression,
the void ratio of the soil decreases due to deformation and reformation. As the void ratio
decreases, the specimen becomes more stiff, the relationship between the logarithmic stress
and the void ratio at higher stresses can then be expressed as a linear line known as the
normal compression line (NCL).

Due to the high stresses that soils may be subject to under blast or impact events, the be-
haviour under quasi-static loading is initially due to particle rearrangement, but becomes
primarily a result of particle crushing, as seen in Figure 2.5 (Hagerty et al., 1993).

However, McDowell et al. (1996) demonstrated that crushing strength is affected by the
particle size, meaning that less particle crushing occur in finer soils, to this effect, it can also
be said that less particle crushing can occur in well-graded versus poorly graded soils.
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Figure 2.5: Void ratio versus applied vertical stress for Loose and dense specimens of Black
Beauty Slag, after Hagerty et al. (1993)

Triaxial compression tests

A common method to investigate the mechanical properties of soils is through triaxial com-
pression tests. Triaxial tests are typically used to uncover soil properties that include per-
meability, consolidation coefficient, and compressibility.

The process of a triaxial test consists of applying an initial lateral cell pressure, σ3, before
an axial load, σ1 is gradually applied at the top of the cell until the specimen reaches failure.
These two phases dictate the type of triaxial test conditions and the corresponding soil prop-
erties. The draining valve within the triaxial cell controls whether excess pore water pressure
is generated in each phase. Consequently, there are theoretically four types of triaxial com-
pression tests: unconsolidated undrained (UU), consolidated drained (CD), consolidated
undrained (CU), and unconfined compression (not performed with triaxial cell). Since the
purpose of quasi-static testing is to provide a basis of comparison with high-strain-rate test-
ing, UU tests are most applicable due to the inability for pore water pressure to dissipate
during the entire tests. UU tests allow for the undrained shear strength to be calculated,
which is pertinent for evaluating soil stability (Rees, 2013).

Anantanasakul et al. (2012) investigated the drained behaviour of normally consolidated,
anisotropic stresses in kaolin clay by conducting CD triaxial tests. The tests were con-
ducted on cross-anisotropic kaolin clay samples under a constant mean effective stress of
250 kPa to reveal that both of the relative magnitude of intermediate principal stress and ini-
tial cross-anisotropy have a significant impact on stress-strain behaviour and soil strength
during shearing. CD tests are conducted slowly, especially for cohesive soils, to prevent the
accumulation of excess pore water pressure. While they are capable of sustaining high-stress
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Figure 2.6: Variation of energy per unit volume at different loading speeds and soil moisture
contents, after Niyamapa et al. (1992)

loads, they are not the best indication of immediate loading, which is crucial for comparison
with high-strain-rate tests.

Niyamapa et al. (1992) conducted triaxial compression testing on unsaturated silty loam and
sandy loam soils to evaluate the conditions of soil failure. It was found that the energy used
in breaking soil was found to be an effect of the moisture content of the soil. Furthermore,
the energy used for breaking the soil is seen to increase as the loading rate is increased until
a critical speed of 4.5-5 ms−1, after which it started to decrease as seen in Figure 2.6. At
lower loading speeds, the soil specimen is observed to shear along a slip plane. However,
at higher speeds, the cylindrical specimen is observed to undergo barrelling.

Oedometer testing

Another common method for testing dynamic response of material is through the use of
an oedometer setup. This method consolidates a sample to a specific load over 24 hours
in an oedometer cell, the deformation response as the load is incremented is monitored to
determine soil behaviour when subject to critical loading.

Onitsuka et al. (1995) presented findings on oedometer tests on natural clays, incrementally
loading samples of Ariake and Shimabura clays from 10 to 1280 kPa. This study demon-
strated the capabilities to determine the yield stress and compressibility based on experimen-
tal data. Mesri and Feng (2019) conducted oedometer tests to characterise the behaviour of
soft clays under incremental loading, the relationship between specific parameters such as
void ratio, permeability, and effective stress was investigated. Oedometer tests are crucial
in garnering greater understanding of intrinsic material properties when subject to uniaxial
quasi-static compression and would provide a useful method of comparison to high-strain-
rate results.
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2.5.2 High-strain-rate

While high-strain-rate tests on soils and geomaterials such as sands and clays are fairly
common, most of the work has been centred around investigating particle size distribution,
moisture content, and high strain confinement of cohesionless soils, with limited work fo-
cused on the behaviour of cohesive soils.

Felice et al. (1985) performed SHPB tests on dense clayey sands at saturation ratios of 45%,
86%, and 97%. The sand specimens of length 12.7 mm and 6.35 mm were confined in a
long, thick cylindrical cell with length of 44.5 mm, inside diameter of 60.33 mm, and outside
diameter of 102 mm. Loading was provided by applying incident pulses of approximately
250 MPa and 400 MPa respectively. The 12.7 mm 86% and 97% specimens stiffened once
they became fully saturated, and were also comparatively stiffer than the unsaturated 45%
specimen. The 6.35 mm 86% and 97% specimens also stiffened once they became fully sat-
urated, but the strain and stiffness at lock up were distinctly different but the presaturation
responses of the specimens appear to be identical. However, strain rate variation has not
been documented even though it is mentioned that various strain rates were used. Hence
the difference in behaviour between these two specimen lengths cannot be definitively con-
cluded due to differences in strain rate loading and specimen length.

Martin et al. (2009) performed SHPB testing on fine silica sand of various saturation ratios
between 0% and 67% by laterally confining the sand samples using a hardened steel tube
with a length of 50.8 mm, outer diameter of 25.4 mm, and inner diameter of 19.1 mm.
The steel tube was utilised to create an environment that emulates uniaxial strain conditions
through high confinement levels. It was found that wet specimens were less stiff compared
to dry specimens, albeit with a considerably large variation between tests. However, there
seemed to be no major difference in behaviour at these various moisture contents.

Luo et al. (2011) used a confined SHPB experiment to evaluate the dynamic compressive
behaviour of sand under high-strain-rates using different mass densities of dry quartz sand.
Tests on sand with initial densities of 1.57, 1.63, 1.69, and 1.75 g/cm3 at high-strain-rates of
near 600s−1 (Figure 2.7b) was conducted. Stress-strain followed a power law relationship
with the initial bulk density, however, results are expressed in terms of void ratio (Figure
2.7a) to investigate the compressibility as an effect of pressure. Notably, initially loosely
packed specimens converged at higher axial stresses towards a normal compression line.

Li et al. (2008) developed a modified SHPB apparatus such that the specimen was sub-
jected to axial static pre-stress, axial impact loading, and optional lateral confinement in
order to carry out tests under coupled static and dynamic loads. This modified apparatus in-
cludes a confining pressure inducer, comprising a steel frame and an oil cylinder, allowing
manual increase of oil pressure to replicate high confining stress levels. However, lateral
deformation of the specimen persisted despite recording lateral stress, indicating a degree of
uncertainty and error in the resulting data. Figure 2.8 shows the modified SHPB apparatus
used, including the pressure induction setup used to replicate confining stress.
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initial mass density ρ; σ(ε, ρ0) is the stress as a function of
strain at referential initial mass density ρ0. The stress–strain
curves for different densities, namely, 1.75, 1.69, 1.63 and
1.57 g/cm3 are calculated using the power law relationship
(equation (6)) with referential initial density of 1.51 g/cm3

and plotted in Figs. 9(b), 10(b) and 11(b) without the
unloading portion. The curves calculated from the scaling
laws are compared with the experimental curves and the
best-fit exponent n was determined as 8.25, which is much
higher than many other porous materials, such as foams,
which give exponents of 1.5–3 [14, 15, 35]. In Figs. 9(b),
10(b) and 11(b), the curves calculated from the scaling law
agree well with the experimental curves for all three sets of
stress–strain curves. With the power law relationship, the
stress–strain curves of sand can be scaled by the initial
mass density to determine the curves for other initial mass
densities during loading phase up to the compressive stress
of 360 MPa attained in these experiments. For compressive
strains above 8%, all of the data can be expressed in the
form of σ=10mε+b, where m and b are constants. This
empirical relationship can be revisited for analysis for
constitutive modeling of the mechanical behavior of sand in
the future.

Energy Absorption and Compressibility of Sand

In applications such as ballistic protection for military
structures as in sandbags, sand absorbs energy carried by

ammunition. The energy absorption capability of sand
under dynamic loading conditions has not been reported in
literature. In this work, the energy absorption capability for
sand under confined compression is estimated. The energy
absorption density is calculated in term of the area enclosed by
the stress–strain curve. The specific energy absorption is then
calculated in terms of the energy absorption density divided
by the initial mass density [35]. The specific energy
absorptions under axial, volumetric and deviatoric deforma-
tions under these situations are calculated from Figs. 9(a), 10
(a) and 11(a), respectively, under the maximum axial stress
and strain attained in experiments. These are listed in Table 3.
The specific energy absorption values of sand due to axial,
volumetric and deviatoric deformations are 15.2 J/g, 9.35 J/g
and 4.50 J/g, respectively, under a maximum axial compres-
sive stress of 360 MPa for a sand with 1.69 g/cm3 initial
density. The void ratio (often used in soil mechanics) is
calculated using

e ¼ rs
r0

ð1þ "zzÞð1þ "rrÞð1þ "qqÞ � 1

� rs
r0

ð1þ "zzÞð1þ 2"qqÞ � 1 ð7Þ

where ρs is the skeletal density of sand (2.72 g/cm3) and ρ0
is the initial bulk density, and εθθ=εrr<<1. From equation
(7), the maximum axial compressive strain εzz can be

Initial mass density ρ (g/cm3) 1.51 1.57 1.63 1.69 1.75

Maximum axial stress (MPa) 277 273 331 360 352

Maximum axial strain (%) 27.4 25.4 24.2 22.9 20.2

Specific axial energy absorption (J/g) 13.1 12.6 14.3 15.2 14.2

Specific volumetric energy absorption (J/g) 7.64 7.90 9.11 9.35 8.45

Specific deviatoric energy absorption (J/g) 4.15 3.57 3.98 4.50 4.34

Preconsolidation pressure pc (MPa) 7.63 11.2 15.7 21.7 27.8

Compression index Cc 0.312 0.322 0.303 0.317 0.281

Table 3 Energy absorption and
compressibility of sand on
SHPB

Fig. 12 Energy absorption diagrams for sand at several initial mass
densities

Fig. 13 e-log p curves of dry sand of several different densities under
confinement

1508 Exp Mech (2011) 51:1499–1510

(a) (b)

Figure 2.7: a) e-log p curves of dry sand of several different densities under confinement of
SHPB experiment and b) typical strain-rate and strain time history, after Luo et al. (2011)

stress exists. When compressive longitudinal wave propa-
gates along the bar and specimen in the presence of axial
static stress at both ends, the deformation may be described
as shown in Fig. 2(a). It is assumed that there is no
deflection in elastic bars and specimen during tests. Now,
consider an infinitesimal segment with the force acting on
the segment as shown in Fig. 2(b). The equation of motion
may be written as

�
@ðPs þ PdÞ

@x
Dx ¼ rADx

@2u

@t2
, (1)

where A is the area of the cross-section, r is the density of
the material, u is the axial translational displacement, Ps is
the axial static load and Pd is the impact loading.

According to solid mechanics and wave theory,

s ¼
Ps þ Pd

A
, (2)

� ¼ �
@u

@x
, (3)

C ¼

ffiffiffiffiffiffiffiffiffiffi
1

r
ds
d�

s
. (4)

The axial static load is constant along at all times, so

@Ps

@x
¼
@Ps

@t
¼ 0. (5)

Thus,

@2u

@t2
¼ C2 @

2u

@x2
, (6)

where C is the wave velocity in the pre-compression
material.

Eq. (6) is the wave equation governing the wave
propagation characteristics of pre-compression bars and
specimen. In the data processing of the new system, all the
velocity values should use the wave velocity of material
under specific pre-compression.

2.2. Test system and equipment

A new testing system for coupling load experiment at
medium-to-high strain rate was successfully constructed
and commissioned at Central South University. Diagram-
matic details of the new test system are shown in Fig. 3.
The system consists of the stress transmission components,
striker launcher, axial pre-compression stress inducer,
confining pressure inducer and data processing unit. The
stress transmission component is made up of two long
elastic bars (input bar, output bar), both aligned center to
center to ensure perfect transmission of the stress wave.
The elastic bars are 2m in length and 50mm in diameter.
The specimen is sandwiched between the two elastic bars.
Strain gauges are glued on the surface of the middle of
elastic bars to measure strain histories induced by the stress
waves propagating along the elastic bars. The striker
launching setup comprises the striker, gas tank, pressure
vessel, gas switches and outlet valves. The striker has a
double tapered shape and is identical to the parameters in
Ref. [9] in order to produce half-sine waveform, which can
eliminate wave oscillation and reduce wave dispersion
effects [7–9]. The amplitude of incident impact loading
can be varied by changing the position of the striker and
air pressure in the pressure vessel. The data processing
unit comprises a CS-1D super dynamic strain meter, a
DL750 ScopeCorder digital oscilloscope (Yokogawa) and

ARTICLE IN PRESS

Fig. 2. Effect of longitudinal wave on pre-stressed elastic bar: (a) deformation of elastic bar and (b) force acting on an infinitesimal segment.

Fig. 3. Configuration of coupled loads experiment: 1—gas tank; 2—pressure vessel; 3—striker; 4—thin baffle screen; 5 and 8—elastic bars; 6—strain

gauge; 7—specimen; 9—steel frame; 10—confining pressure setup; 11—pressure loading unit (together with 4 and 9 to form the axial pre-compression

stress setup); and 12—data processing unit (linked to a PC).

X. Li et al. / International Journal of Rock Mechanics & Mining Sciences 45 (2008) 739–748 741

Figure 2.8: Modified SHPB apparatus with pressure confinement inducer: 1 – gas tank; 2 –
pressure vessel; 3 – striker; 4 – thin baffle screen; 5 and 8 – elastic bars; 6 – strain gauge; 7
– specimen; 9 – steel frame; 10 – confining pressure setup; 11 – pressure loading unit, from
Li et al. (2008).

Other authors have adapted the conventional triaxial cell (CTC) for high-strain-rate testing.
Christensen et al. (1972) performed triaxial tests on sandstone to confining stresses of 207
MPa within a long pressure vessel that contained the specimen and SHPB apparatus. This
modified apparatus allowed for both axial and radial stresses and strains to be known or
recorded from loading up until the specimen reaches failure.

Frew et al. (2010) developed a triaxial SHPBwith pressure vessels around both the specimen
and transmitter bar ends in order to allow hydrostatic loading to be followed by a high-strain-
rate deviatoric phase. This modified apparatus was utilised by Martin et al. (2013) to test
the shear response of sand at varying confining stresses between 25 MPa and 150 MPa, as
well as strain rates of 500 s−1 and 1000 s−1. The results were compared with quasi-static
data to determine the effect of strain rate, as shown in Figure 2.9. It could be observed from
experimental results that little change in shear strength occurred at confining stresses of 50
MPa and 100 MPa.
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(a) (b)

Figure 2.9: Strain rate effect on triaxial behaviour of dry quartz sand at confining pressures
of a) 50 MPa, b) 100MPa, after Martin et al. (2013).

Even though this suggests that shear strength is not dependent of strain rate, the use of
dynamic CTC tests may not be accurate in depicting the loading of a real life blast or impact
event, where a soil may deform uniaxially before developing significant lateral confinement.
This confinement may be influenced by various factors such as the inertia of the surrounding
soil, accounting for the inertial effect in the soil would require an alternative approach to
allow confining stresses to develop passively (Barr et al., 2016). More importantly, the focus
was focused on cohesionless materials, the behaviour of cohesive materials are intrinsically
different due to the ability for for particles to adhere to each other without friction.

Several authors have developed methods to allow for lateral confinement to change during
a SHPB test in order to provide a triaxial stress state. Pierce and Charlie (1990) used a steel
tube lined with a membrane to investigate the wave speed of partially saturated sands at
varying confining stresses of 0 kPa and 310 kPa. Even though, lateral strains were unable to
develop due to the steel tubes, water pressure was applied between the tube andmembrane in
order to apply an additional confining stress to the specimen, in addition, a piston assembly
apparatus was setup to similarly apply the confining stress along the pressure bars.

Bragov et al. (2008) investigated dry, fine quartz sand under high-strain-rate tests with a
SHPB setup with a steel confinement jacket to measure radial stresses. However, even
though uniaxial stress states were obtained, the lateral and axial stresses were used to deduce
the lateral stresses for plate impact experiments. Furthermore, investigation of the strength
of dry clay was investigated using a similar setup, where a rigid confinement mechanism
was used to secure a specimen of clay, even though the exact properties of the clay samples
were not specified, it described the ability to test the effect of a confined rigid setup on co-
hesive soils. Furthermore, the inherent resistance to dynamic axial loading was found to be
non-linear, this emphasises the complexity associated with characterising high-strain-rate
behaviour of cohesive soils such as clays (Коnstantinov et al., 2022).

22



CHAPTER 2. LITERATURE REVIEW

Bailly et al. (2011) employed brass confining rings which simulated approximately elastic
behaviour (near perfectly plastic) at high-strain-rates. The material specimen would initially
be laterally confined within the rings and deform in uniaxial strain until the radial stress
reaches the yield point in the ring, after which the specimen would begin to laterally deform.

Gong et al. (2019) also applied a modified triaxial SHPB setup that consists of an active axial
static pre-compression stress device and an active confining pressure device. This modified
SHPB setup was used to determine the relationships between compressive strength, secant
modulus, peak strain, strain rate, and confining pressures by performing experimental testing
on sandstone. The results are visualised in Figure 2.10.

While various methods of confinement have been explored, the specific effect of confining
pressure on changes in cohesive soil stress-strain behaviour and strength has not been fully
characterised, such that there was a lack of comparison between the modes of confinement
and unconfined tests. A modified SHPB experiment involving a partial lateral confinement
was initially developed by Barr et al. (2016) that allows confining stress to passively develop
during high-strain-rate axial loading. The apparatus consists of surrounding the sample of
a SHPB setup with a water annulus, enclosed within a steel reservoir. As the stress wave
travels through the sample, lateral pressure within the water annulus was allowed to develop
and was monitored with a pressure traducer installed on the inner walls of the steel reservoir.
This method combines aspects of unconfined experiments (typically with a thin membrane)
and fully confined experiments (with a steel ring) to provide a more comprehensive picture
of the behaviour of soils under high-strain events. This is especially relevant to blast and
impact events as the investigation of strain rate dependent behaviour of soils exhibited during
high-strain-rates prompts its application in buried explosive scenarios.

The design initially pioneered by Barr et al. (2016) was employed and subjected to devel-
opment through this research to investigate the confinement effects of cohesive soils by
providing a medium between unconfined and rigid confined experimental setups. Initial
tests with the setup on dry quartz sand reveal the capability of the modified apparatus to em-
ulate a condition where both uniaxial compression and lateral deformation was promoted as
seen in Figure 2.11, this allowed for inertial effects dictating shear behaviour to be better
quantified.
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(a) (b)

(c) (d)

(e) (f)

Figure 2.10: Experimental results depicting variation of variables a) dynamic triaxial com-
pressive strength with the confinement pressure at different strain rates, b) dynamic triaxial
compressive strength with the strain rate at different confinement pressures, c) peak strain
with the strain rate at different confinement pressures, d) peak strain with the confinement
pressure at different strain rates,e) secant modulus with strain rate at different confinement
pressures, and f) secant modulus with the confining confinement, from Gong et al. (2019).
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transducer were recorded using a TiePie Handyscope four-
channel digital oscilloscope, using 14-bit resolution and a 
sampling rate of 1.562 MHz.

The inertial forces which dominate the early stages of 
loading are a key topic of interest in the current study, and 
so no attempt was made to modify the incident stress wave 
through the use of pulse shapers [18]. This necessarily means 
that the strain rate varies during the experiment, as shown in 
figure 6, where the strain rate increases from zero to 3400 s−1 
over approximately 50 μs.

5. Signal processing

In processing the signals from SHPB experiments it is often 
assumed that longitudinal stress waves in the pressure bars 
propagate one-dimensionally at a common velocity c0, and 
so measurements taken at the strain gauges are often simply 
translated to the end of the bar using a suitable time delay [21]. 
In reality, stress waves propagate at a specific phase velocity, 
cP, which is a function of frequency and the bar’s diameter, 
one-dimensional wave speed and Poisson’s ratio, as shown in 
figure 7 [22]. Phase velocity decreases as the frequency of a 
wave increases, leading to dispersion of a signal as it propagates 
down the bar. Dispersion of the stress pulse is accompanied by a 
frequency-dependent variation in stress and strain across the bar 
cross-section, so that a signal recorded on the surface of the bar 
at some distance from the specimen will not accurately describe 
the stresses the specimen was subjected to, and hence cannot be 
used to accurately determine the specimen response.

To ensure that the inferred measurements of axial stress 
and strain accurately represent the specimen behaviour, the 
pressure bar signals were processed using an implementation 
of the dispersion-correction method described by Tyas and 
Pope [23]. In this method:

 1. The time-domain strain signal is converted into the fre-
quency domain using the fast Fourier transform (FFT).

 2. A correction is applied to the phase angle of each fre-
quency component to account for the dispersion over the 
distance between the strain gauge and the bar end, arising 
from the relationship shown in figure 7.

 3. A correction is applied to the amplitude of each frequency 
component using the factors M1 and M2, which account 
for the variation of strain and Young’s modulus across the 
bar cross section, respectively. These are derived from 
Davies’ analysis of the radial effects in a cylindrical pres-
sure bar [24].

 4. The signal is transformed back into the time domain 
using the inverse FFT.

This dispersion correction is particularly important in 
inferring the stress transmitted into the specimen from the 
incident bar, as it is calculated from the sum of the incident 
and reflected waves, which both contain significant high-
frequency components. Using one-dimensional wave theory 
the incident and reflected stress waves measured at the inci-
dent bar strain gauge are assumed to maintain their shape as 
they are translated along the time axis, while in the corrected 
method the dispersion associated with 1000 mm of travel in 
the bar is added to the incident wave and removed from the 
reflected wave. This is illustrated in figure 8, where the dis-
persion-corrected method reduces the amplitude of the stress 
wave and removes a large initial oscillation in stress, which 
could have otherwise led to erroneous conclusions on the 
behaviour of the specimen.

6. Sample results

The recorded axial (σ1) and radial (σ3) stresses are shown in 
figure 9(a), where the axial stress is the mean of the stresses 
acting on each specimen face. The transit time from the specimen 
to the pressure transducer through the water annulus (5.1 μs,  
assuming a wavespeed in water of 1482 m s−1) was taken into 
account when analysing the radial stress in the specimen. The 
pressure transducer provided excellent measurements of radial 
stress, which correspond well with the features in the recorded 
axial stress. Of particular note is the first 40 μs of the axial 
stress pulse, where the specimen deforms without any mea-
sured radial stress on the surface of the specimen, resulting in 
a peak in the stress difference (σ σ–1 3) in figure 9(b). A similar 
lag in measurements of radial stress has been observed in con-
fined SHPB experiments [8], and was attributed to the effects 

Figure 9. Partially-confined SHPB experiment on dry quartz sand: (a) axial and radial stresses, (b) axial stress–strain response.
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Figure 2.11: Partial lateral confined SHPB tests on dry quartz sand a) axial and radial
stresses, b) axial stress-strain response, after Barr et al. (2016).
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2.6 Numerical modelling of high-strain-rates

It is unpractical and inefficient to perform elaborate tests and physical models of explosive
or ballistic events, as such modern techniques allow for numerical models to be utilised
to carry out investigation of specific parameters and the behaviour of distinct parts of a
model. Software that apply the Finite Element Method (FEM) such as LS-DYNA are ideal
in modelling problems that are transient and non-linear. The FEM is a method that solves a
complex problem by discretising the spatial domain into individual elements. By time inte-
grating each individual element based on the mechanical properties assigned to the material,
a solution for each element could be used to solve for the holistic problem (Shahrin et al.,
2019).

The precision of the model parameters are reflective of the effectiveness of the numerical
modelling at being an accurate representation of reality. The geometry and resolution of
the mesh dictates the contact interactions between elements, however the behaviour of an
element is still defined by how the constitutive model is created. More importantly is that
the mechanical properties assigned to a material model are an accurate representation of the
physical behaviour, this is done by using material characterisation experiments to validate
the material model used to represent it in the numerical model. This ensures that the model
is an accurate representation of how a material behaves (Church et al., 2014).

Modern development of numerical techniques have led to increasing use of the Discrete Ele-
ment Method (DEM), initially proposed by Cundall and Strack (1979), which indicates that
the behaviour of the material is dictated by the contact of the individual particles in the mate-
rial. DEM considers the motion of each spherical particle and evaluates the particle-particle
or particle-wall interactions of dry and wet particles to determine the expected collision state
and resultant behaviour (Karajan et al., 2014). However, the use of DEM requires intricate
understanding of the contact effects between particles such as friction and particle fracture,
that coupled with the fact that large scale DEMmodels are extremely difficult to model even
computationally, even more so when considering fine soils.

As such, the continuum model are generally more effective at modelling high-strain soil
events such as blast and impact events. However, since the behaviour of particles are not
being solved individually in a continuummodel, it is necessary to assign an appropriate con-
stitutive model that dictates the material behaviour based on the predefined bulk properties
typically obtained via experimental tests. LS-DYNA has an assortment of built-in material
models that could be applied to simulate the behaviour of soils.
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Table 2.4: Grouping of similar LS-DYNA models for comparison. Models indicated with
an asterisk are the model selected to represent the group.

Group Models

Soil and Foam Soil and Foam*
Soil and Foam with
Failure
Pseudo Tensor*
Soil and concrete

Mohr-Coulomb Mohr-Coulomb*
Druger-Prager
FHWA Soil

Cap Models Geological Cap*
Schwer-Murray Cap

Nested Surface Hysteric Soil*

2.6.1 Validation of LS-DYNA material models

LS-DYNA documentation identifies several constitutive material models suitable for the
modelling of soils (LSTC, 2021). These models vary from simple compressibility curves
or perfectly plastic yield surfaces, to the more sophisticated models that consider the effects
of pore water pressure, dilatancy, hardening, and strain rate effects. A summary of some
of the models typically used to simulate soils have been outlined in Table 2.5, along with a
comparison of their primary features.

To validate the use of each of the LS-DYNA soil material models for modelling high-strain-
rate compression, the material models have been grouped according to Table 2.4. The fol-
lowing sections include a brief overview on the required parameters and theory of each
representative model, as well as their suitability for modelling cohesive soils in LS-DYNA.

Soil and Foam

Soil and Foam (MAT_SOIL_AND_FOAM) is a simple pressure-dependent model optimised for
modelling foams and soils confined within a structure (LSTC, 2021). Pressure-dependency
refers to the yield surface of a material model being dependent on pressure. The material
model requires the input parameters shown in Table 2.6, and notably includes the definition
of a compressibility curve, shear strength function, bulk moduli, and tensile cut-off.
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Table 2.6: Variables for definition of LS-DYNA Soil and Foam.

Variable Description

ro Initial density, kg m−3.
g Elastic shear modulus, Pa.
bulk Bulk modulus (to define unloading response), Pa.
pc Tensile pressure cut off, Pa.
eps1-eps10 Volumetric strain values corresponding to pressures p1-p10 and

is given by natural log of relative volume. Values are negative in
compression.

p1-p10 Pressure values corresponding to volumetric strains eps1-eps10,
Pa. Values are positive in compression.

a0, a1,
a2

Constants to create quadratic yield function within J2-P space.

vcr Volumetric crushing option (boolean): 0 for on, 1 for loading and
unloading defined by pressure strain curve.

ref Use reference geometry to initialise pressure (boolean): 0 for off,
1 for on.

Figure 2.12 compares the experimental and numerical behaviour of sand modelled with the
Soil and Foam numerical model in terms of axial stress and dry density. Barr (2016) found
that the numerical specimen demonstrates a lower stiffness than experimental results from
both quasi-static and high-strain-rate tests, indicating that this material model is not particu-
larly suited to represent sands. Figure 2.13 depicts the compressibility curve, defined based
on data from a quasi-static test apparatus known as mac2T that applies three-dimensional
loading to sand samples. mac2T is a multi-axial loading device, typically used for concrete,
that has been adapted for use on sands and was used to provide high pressure-volume data.
The initial sharp increase refers to the instance the load is applied. However, it was noted
that the numerical model experiences pressures that far exceed 400MPa, suggesting that the
material has insufficient resistance to shear forces.

While this model is simple to populate with experimental data, due to a fixed shear modulus,
any large changes in bulk modulus causes Soil and Foam to deviate significantly from the
expected soil behaviour. As a result it is not suitable for modelling soil behaviour at high
pressures. Furthermore, since pressure-volume behaviour was defined based on quasi-static
tests using mac2T , the dynamic behaviour exhibited by cohesive soils make it difficult to
determine a compressibility curve that can be accurately extrapolated for high-stresses due
to the strain-rate dependent property and tendencies for deformation.
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Figure 6.9: Axial stress–dry density behaviour of Soil and Foam SHPB specimen com-
pared to mean experimental data.
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Figure 6.10: Pressure–volume behaviour of Soil and Foam SHPB specimen, and defined
compressibility curve.

Figure 2.12: Axial stress–dry density behaviour of Soil and FoamSHPB specimen compared
to mean experimental data, from Barr (2016).
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Figure 6.9: Axial stress–dry density behaviour of Soil and Foam SHPB specimen com-
pared to mean experimental data.
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Figure 6.10: Pressure–volume behaviour of Soil and Foam SHPB specimen, and defined
compressibility curve.

Figure 2.13: Pressure–volume behaviour of Soil and Foam SHPB specimen, and defined
compressibility curve, from Barr (2016).
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Table 2.7: Variables for definition of LS-DYNA Pseudo-Tensor in Mode 1.

Variable Description

ro Initial density, kg m−3.
g Shear modulus, Pa.
pr Poisson’s ratio.
sigf Tensile cut off, Pa.
x1-x10 Yield surface: pressures, Pa.
ys1-ys10 Yield surface: yield stresses, Pa.

Pseudo-Tensor

Pseudo-Tensor (MAT_PSEUDO_TENSOR) is a simple model optimised for modelling concrete
(LSTC, 2021). However, the model can be adapted for soils by omitting the inputs for
steel reinforcement, this model then follows a similar format to Soil and Foam except with
the addition of an explicitly defined Poisson’s ratio. The input variables required for this
material model are listed in Table 2.7.

Pseudo-Tensor draws many similarities with Soil and Foam, with the added ability to ex-
plicitly define Poisson’s ratio and for the shear modulus to vary through the simulation.
However, the Poisson’s ratio is found to vary (from the explicitly defined value) through
the model computation, meaning the axial stiffness is not a reliable representation of exper-
imental data. Similarly, Barr (2016) obtained compressibility data by extrapolating results
from quasi-static tests with the mac2T apparatus, which allows for multi-axial compression
of a material with independent control of loads or displacements in the x, y, and z directions,
however, the apparatus is not suitable for application on cohesive soils due to the strain-rate
dependence and tendency for cohesive soils to experience drastic deformation.

Mohr-Coulomb

The Mohr–Coulomb (MAT_MOHR_COULOMB) model applies the Mohr–Coulomb constitutive
model for soils, of which the yield criterion can be expressed as:

τ = σ′ tanϕ′ + c′ (2.23)

where τ is the shear strength, σ′ is the effective normal stress, ϕ′ is the angle of shearing
resistance and c′ is the intercept of the yield surface with the τ axis. This parameters required
by this model to define the yield function and plastic potential function are shown in Table
2.8, with only the variables relevant to soils listed (LSTC, 2021).

Mohr–Coulomb failed with negative volume errors at low stresses in the SHPB model, as
the lack of a compaction response leads it to behave linear-elastically throughout the loading
(Barr, 2016).
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Table 2.8: Variables for definition of LS-DYNA Mohr–Coulomb

Variable Description

ro Initial density, kg m−3.
gmod Elastic shear modulus, Pa.
rnu Poisson’s ratio.
phi Angle of shearing resistance, rad.
cval Cohesion, Pa.
psi Dilation angle, rad.

The variables required to populate theMohr-Coulombmaterial material consists primarily of
commonly determined geotechnical parameters, coupled with the ability to explicitly define
Poisson’s ratio, this material model is an appealing choice tomodel soil behaviour. However,
the drawback is its inability to model compaction response, especially at high pressures.
The lesser required material parameters yet reasonable accuracy in modelling soils make
this material model suitable to depicting simplified material behaviour Conversely, the fact
this material model does not require an input EOS means that the process to implement is
easier and more readily adaptable to represent a wider range of soil types.

Коnstantinov et al. (2022) also found from high-strain-rate tests on dry clay that shear resis-
tance of dry clays are capable of being described to a reasonable degree of accuracy by the
Mohr-Coulomb law, indicating the while the material model contains limitations, it can be
adapted to represent cohesive soil behaviour.

The required parameters for this material model can be obtained from preliminary quasi-
static testing on the designated soil. Construction ofMohr’s circles of stress based on triaxial
compaction testing allow for values for the angle of shearing resistance and cohesion to be
obtained.

Cap models

Geologic Cap (MAT_GEOLOGIC_CAP) is a two-invariant cap model, composed of yield, cap
and tension cut-off surfaces, and require the variables shown in Table 2.9. Interactions with
cap surfaces, as modelled with this material model, experience plastic compaction accord-
ing to a hardening law (LSTC, 2021). The requirement of a hardening function makes the
adoption of this model incapable for cohesive soils due to the inability to acquire the re-
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quired curve values. The Schwer–Murray Cap model (MAT_SCHWER_MURRAY_CAP_MODEL)
requires the same exponential hardening function, and so has been excluded due to its un-
suitability to replicate high levels of compaction behaviour.

Nested Surface

The Hysteretic Soil model (MAT_HYSTERETIC_SOIL) is a complex nested-surface model
that accommodates up to ten elastic–perfectly-plastic surfaces, facilitating the representation
of hysteretic soil behavior. These nested yield surfaces are sequentially activated as shear
stress increases resulting inmaterial behaviour reflecting the combined effects of these active
surfaces. Both bulk and shear moduli exhibit pressure sensitivity and govern the material
response to compaction. Model definition is provided by the input variables in Table 2.10.

Barr (2016) employed the least squares method to align experimental data to the required
parameters, but found that the Hysteretic soil model fails to depict compressibility of sands
at stresses over 100MPa, making it unsuitable for modelling high-stress SHPB tests.

Summary

All of the material models considered above have intrinsic limitations that prevent fully
accurate depiction of high-strain-rate soil behaviour, most notably the inability to simulate
soil compaction behaviour due to:

• lack of compaction mechanism;

• exponential mechanism opposed to logarthmic one; or

• incapability to model consider effects of shear modulus or Poisson’s ratio.

While limitations prevent a fully reliable model from being developed, the simplification
of material behaviour still allows for the optimisation of numerical models that can assist
with simulating SHPB tests on cohesive soils. While Barr (2016) found Pseudo-Tensor most
reliable for sands, the inability to conduct multi-axial compression tests on cohesive soils
renders this model incapable. However, the simplicity of the Mohr-Coulomb model still
allows for a reasonably accurate depiction of soil behaviour, such that the numerical model
should be coupled with experimental testing to fully characterise soil behaviour. Further de-
velopment regarding the optimisation of material models for use with numerical modelling
will be discussed in Chapter 6.
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Table 2.9: LS-DYNA variables for Geologic Cap.

Variable Description

ro Initial density, kg m−3.
k Initial bulk modulus, Pa.
g Initial shear modulus, Pa.
alpha Failure envelope parameter (α).
theta Failure envelope linear coefficient (θ).
gamma Failure envelope exponential coefficient (γ).
beta Failure envelope exponent (β).
r Cap surface axis ratio (r).
d Hardening law exponent (d).
w Hardening law coefficient (w).
x0 Hardening law exponent (x0).
toff Tension cut off (t < 0).

Table 2.10: LS-DYNA variables for Hysteretic Soil.

Variable Description

ro Initial density, kg m−3.
k0 Initial bulk modulus, Pa.
p0 Cut-off/datum pressure, Pa.
b Exponent for pressure-sensitive moduli.
a0, a1,
a2

Yield function constants.

df Damping factor.
rp Reference pressure, Pa.
lcid Load curve id defining shear stress against shear strain.
sfld Scale factor to apply to shear stress in lcid.
dil_a-dil_d Dilation parameters A, B, C, D.
gam1-gam5 Shear strains γ1-γ5 (alternative to lcid).
tau1-tau5 Shear stresses τ1-τ5 (alternative to lcid).
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2.6.2 Existing approaches to model development with LS-DYNA

Comparison between 2-D and 3-D models

In finite element analysis, shell elements are modelled as extremely thin sections, which
greatly reduces computational time due to the decreased number of mesh elements. On the
other hand, the structure and material of solid elements are fully modelled. Shell elements
are a simplification of solid elements by only accounting for the outer “shell” of the material
to save computational time. However, the drawback of shell elements is their hollow defini-
tion prevents stresses through the thickness of the shell to be considered during computation,
which means shear deformation may not be accurately simulated. The main advantage of
creating the model in 2D with shell elements is the ability to create an axisymmetric model,
where only half of the model is considered by assuming the model is symmetrical along an
axis. This greatly decreases computational time without compromising the result of the sim-
ulation (L‘Eplattenier & Caldichoury, 2016). When comprehensive models are developed,
both 3-D and 2-D models are generated to provide a basis of comparison with regards to
accuracy and reliability of model results.

ALE

The Arbitrary Lagrangian-Eulerian (ALE) technique is a method that combines the common
Lagrangian and Eulerian formulation methods. The Lagrangian method follows the motion
of individual particles in space over time, while the Eulerian method describes the behaviour
of amaterial at specific space and time. TheALEmethod follows individual particles like the
Lagrangian method, but also allows the mesh to move like the Eulerian method. This allows
for more complex motion or deformation to be more appropriately modelled (Krayterman
& Laboratory, 2022).

This method has been used by Busch and Tarefder (2017) to model blast scenarios in LS-
DYNA, where significant deformation is expected. The model was compared to experi-
mental results and while the modelled crater was not an exact representation of the physical
crater, it provided a result that still followed a similar deformation and scatter pattern.

Rigby et al. (2018) also utilised this method to model near-field blast loading with LS-
DYNA, an ALE air domain and explosive charge was modelled. The propagation of blast
wave through the domain of air was able to be monitored through the numerical model, qual-
itative comparisons show a good agreement between numerical and experimental results.

SPH Nodes

The smoothed particle hydrodynamics (SPH) method is a meshless Lagrangian method that
is commonly employed when elements are expected to experience large deformations or
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fragmentation (Colagrossi & Landrini, 2003). The technique represents elements as a col-
lection of particles that interact with each other rather than the traditional Lagrangian mesh
approach where elements move as a fixed structure as it deforms, this allows it to be used
to model complex geometries and boundary conditions.

This method has been used to model blast phenomena due to the immense deformation
typically associated with fragmentation. Chen and Lien (2018) describes the use of SPH
method at modelling sand behaviour in TNT explosions, the results and comparison with
experimental results show that the SPH method is capable of simulating large deformation
and problems with high density ratio.

Standard SPH to SPH interactions are handled through the SPH interpolation functions
rather than contact interactions between solid interfaces being explicitly defined like for
typical solid elements. The material properties defined to a part consisting of SPH parti-
cles is smoothed over a certain spatial distance (smoothing length) of each particle. When
smoothed quantities of SPH with different densities interact with each other, inaccurate val-
ues of density and mass can develop due to the smoothing lengths colliding with each other.
Since macroscopic flow in SPH modelling is generally dictated by density, the over and
underestimation of densities result in inaccurate characterisation of fluid behaviour due to
unnatural acceleration of particles near SPH to SPH boundaries, as highlighted by Ihmsen
et al. (2011) who performed SPH modelling of interactions between air and water particles.

2.6.3 Existing approaches to SHPB modelling

There are existing attempts to numerically model SHPB experiments via LS-DYNA, how-
ever the lack of research into high-strain-rate testing on cohesive soils instinctively creates
a gap in development in modelling SHPB experiments on materials susceptible to extreme
deformation such as cohesive soils.

Existing soil work with the SHPB have typically been onmaterials such as sands or concrete,
as such the numerical models that have been developed are geared towards these materials.
Tang et al. (2020) developed a numerical model based on experimental work performed on
SHPB tests on frozen soil. The FEM model developed using LS-DYNA involves a con-
finement system where the soil sample is enveloped by an aluminium sleeve. This indicates
the viability of using LS-DYNA to develop a model that describes a confined SHPB exper-
iment, however the behaviour of frozen soil is starkly different from cohesive soils or clays,
especially when the material has been saturated.

Another use of numerical modelling involves SHPB tests on dry clay samples (Eremeyev
et al., 2023). Due to the expectation of large deformation during impact, the sample was
modelled using multi-material ALE and using the MAT_SOIL_AND_FOAM material model
based on compressibility data obtained by varying striker bar speed in SHPB tests.
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Table 2.11: Parameters for the EOS of water based on Shin et al. (1998)

Parameters Value

c1 2.190 × 109
c2 9.224 × 109
c3 8.767 × 109
c4 0.4934
c5 1.3937
c6 0
E 205 J/kg
ρ 1000 kg/m3

Themain finding is that most models employ either ALE or Lagrangian element formulation
to model the sample, however the viability of the model when the sample is subject to more
extreme cases of deformation is yet to be fully evaluated.

When considering numerical modelling simulations for the partial lateral confined SHPB
apparatus, the existence of water within the setup means that the relevant material behaviour
must be properly defined in the model. Varas et al. (2017) presented the use of LS-DYNA
to model the effect of an hydrodynamic ram. The viability in usage to model high velocity
loads draws similarity to the high-strain-rate testing to be performed with the SHPB. Since
the model consists of a tank of water, with a projectile that travels through the medium. The
model considers the use of both ALE and SPH as a method to model the fluid and concludes
that although SPH results in higher accuracy compared to experimental results, however at
the drawback of greater computation time and processing.

To facilitate the study of shockwaves as it travels through a medium of water like the partial
lateral confined reservoir, a numerical model characterising the behaviour of water is re-
quired. Shin et al. (1998) determined the equations of state of water by investigating effects
of experimental shock Hugoiniots and analytical predictions for air shock. The polynomial
equation of state obtained can then be applied in finite element method programs to model
the behaviour of water. The constants for the equation of state found is shown in Table 2.11.

In the development of the partial lateral confined SHPB apparatus, Barr et al. (2016) mod-
elled all parts of the setup as axisymmetric Lagrangian elements. The numerical model was
optimised to indicate the feasibility of the physical setup and validate that stress readings
from the reservoir were accurate representations of sample behaviour. However, while the
preliminary model was crucial in the development of the physical apparatus, the model was
not fully adapted to depict cohesive soil behaviour.
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2.7 Summary

This chapter introduced existing literature regarding testing of cohesive soils. Material char-
acterisation properties were investigated, highlighting the significance of research into cohe-
sive soils such as kaolin clay and the intrinsic differences in behaviour to cohesionless soils
due to internal soil structure. Conducting tests on cohesive soils poses challenges due to
their low permeability, which becomes particularly significant during high-strain-rate test-
ing where saturated samples display undrained behaviour due to the inability for pore water
pressure to dissipate effectively.

Types of one-dimensional compression testing were introduced as potential methods to char-
acterise cohesive soil behaviour. Quasi-static methods such as triaxial compression and oe-
dometer tests were discussed to determine the viability of using these methods to obtain
bases of comparison to high-strain-rate testing of cohesive soils. By conducting UU triax-
ial compressions tests, the undrained behaviour of cohesive soils at low strain rates can be
characterised. In addition, oedometer testing has been discussed as a method to induce sus-
tained loads, resulting in the determination of vital geotechnical variables. This highlights
the necessity to conduct quasi-static tests to facilitate a basis for high-strain-rate testing, but
also to acquire necessary parameters for future numerical modelling.

In addition to quasi-static testing, the use of the SHPB as a method of investigating high-
strain-rate behaviour is introduced, including its application of one-dimensional wave the-
ory. Existing methods that employ the SHPB to examine soil behaviour are considered, and
key experimental considerations are highlighted. While coarser grained soils such as sands
and gravel have been extensively tested under high-strain-rates, there is comparatively less
work done on cohesive soils due to their innate ability to extrude laterally. Methods of ap-
plying a confining pressure to obtain a triaxial stress state has been discussed, with most
common methods to applying a form of static confining pressure to limit lateral deforma-
tion. However, the exact effect of confining pressure have not been comprehensively in-
vestigated. This facilitates the development of the partial lateral confined SHPB apparatus,
initially introduced by Barr et al. (2016) to allow for lateral stresses to passively develop
during axial loading of the specimen.

Numerical modelling as a complementation to experimental data is crucial in characteris-
ing soil behaviour. LS-DYNA has been introduced as a software that explicitly applies the
FEM method to numerically model a wide range of physical scenarios including blast or
ballistic events. Material behaviour is defined in LS-DYNA through the implementation
of specific material models, the validity of a selection of common soil models was consid-
ered. While each material models contain intrinsic limitations that hinder a full depiction
of cohesive soil behaviour under high-strain-rates, the use of simplistic models such as the
Mohr-Coulomb model would still prove beneficial. The development of these numerical
models, when used in conjunction with experimental testing offers a valuable approach in
reaching useful conclusions.
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Chapter 3

Preliminary material testing and
characterisation

3.1 Introduction

This chapter presents preliminary experimental work done in preparation for high-strain-
rate testing of kaolin clay. This includes in-depth material characterisation to ensure relia-
bility and replicability of results. The method of which samples are prepared are discussed
in this chapter, in regards to the process of preparing kaolin clay from kaolin powder for
testing. Since the moisture content of kaolin clay is a key variable of investigation, the con-
trolled sample preparation process to obtain samples at appropriate moisture content levels
is discussed. While saturation level is intuitively correlated with moisture content, ease to
measure moisture content makes it the preferred variable to investigate.

Moreover, it is necessary to personally characterise quasi-static behaviour of kaolin clay by
conducting triaxial and oedometer tests in order to provide a comparison between the effects
of the drastically different strain rate regimes on material behaviour. Finally, the collation
of results from preliminary testing allows for the development of a testing programme for
high-strain SHPB testing of kaolin clay under the various confinement modes.

The primary objective of preliminary testing within this section is to investigate the intrinsic
geotechnical properties of the material, and to evaluate material behaviour when subject to
traditional quasi-static loading. This ultimately provides a foundation for reproducibility
and allows preliminary results for strain rate dependence to be investigated by comparing
with subsequent tests under high-strain-rates.
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Table 3.1: Summary of material characterisation tests and findings for kaolin clay.

Properties Findings Tests

Primary mineral Kaolinite XRD diffraction

D50 0.748 µm Data sheet

Particle density 2.65Mgm−3 Pycnometer test

Particle sphericity Low-Medium SEM

Angularity SR-SA SEM

Surface texture Smooth SEM

Liquid limit 39.5% Fall cone test

Plastic limit 24.6% Fall cone test

Plastic index 14.9% Fall cone test

3.2 Material characterisation

The material selected is kaolin clay and is defined using EN ISO 14688-1:2002 soil descrip-
tions as ‘white fine kaolin clay’. The focus of this work is to investigate the strain rate effects
by assessing the sensitivity of soil properties to changes in strain rate. As such it is vital to
properly characterise the properties of kaolin clay to guarantee data is accurate and results
are repeatable. A summary of the tests conducted and material characterisation properties
found for kaolin clay is shown in Table 3.1.

3.2.1 Particle density

The particle density, ρs, is the density of the solid mineral particles, and is used with the
bulk dry density, ρd, to calculate the void ratio of a soil with the relation

e =
ρs
ρd

− 1 (3.1)

The particle density of kaolin clay is established by comparing the masses of a volume of
water and the same volume of a soil-water suspension, as described in BS 1377-2:1990 §8.2.
The particle density of kaolin clay samples was validated using a Pycnometer test and found
to be 2.65 Mg/m3. This value corresponded with the values for kaolinite.
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3.2.2 Particle shape

Due to the fineness of kaolin clay, the use of traditional optical microscope to was incapable
of providing a definitive image for characterisation of the particle shape, prompting the use
of an electron microscope to obtain a clear image of kaolin clay particles. The scanning
electron microscope (SEM) was used according to EN ISO 1468801:2002. Kaolin clay was
coated with gold and placed into the SEM for imaging and are shown in Figure 3.1. Based
on SEM imaging of different kaolin samples at various magnifications, kaolin clay particles
were characterised to vary from low to medium sphericity, sub-rounded to subangular, and
have a smooth surface texture based on qualitative observation.

3.2.3 Particle size distribution

The particle size distribution (PSD) of kaolin clay was obtained from the data sheet provided
by the supplier (Imerys Performance Minerals). While initial characterisation of particle
distribution was conducted using a Malvern Masterizer 3000 particle size analyser fitted
with a dry dispersion unit, the results show the clumping of clay particles due to the presence
of moisture prior to the drying process. The inability to fully disperse the clumped particles
without fully grinding the material back down hinders the accuracy of these tests.

Therefore, the data sheet provided by the kaolin clay supplier was used as a basis to charac-
terise particle size distribution. The data sheet specified that the particle size of up to 83%
of the material was less than 2 µm (particle size range for clay). Based on additional particle
size distribution data provided, a cumulative particle size distribution graph is produced as
shown in Figure 3.2. The boundaries of particle size fraction is shown, and indicates that
the sample material is defined as primarily being a clay.

The particle proportions of clay and silt were found to be 81% and 19% respectively, with
none of the proportion corresponding to sand according to the data sheet provided. This min-
eral fraction corresponds to the “clay” soil texture based on the soil texture triangle shown
in Figure 3.3.

3.2.4 Particle mineralogy

The mineralogy of kaolin clay was determined via x-ray diffraction (XRD). The XRD pro-
cess consists of measuring the intensity of diffraction at various angles of incidence, θ, as an
incident x-ray beam is diffracted by the regular atomic structure of a crystalline specimen.
This is compared to a database of known diffraction patterns to identify the mineralogy of
the specimen. XRD analysis was performed using a siemens D5000 diffractometer with a
Cuα1 radiation source, and the ICDD’s Powder Diffraction file (PDF-4+).
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(a)

(b)

Figure 3.1: Electron microscope images of kaolin clay under magnification of a) 20000x,
and b) 40000x.
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Figure 3.2: Cumulative particle size distribution histogram of kaolin clay based on data
sheet provided from supplier (Imerys, Performance Minerals).

Figure 3.4 shows the results of XRD diffraction patterns corresponding with associated min-
erals. It could be observed that kaolinite is the most abundant mineral found in kaolin clay,
which is to be expected as kaolin clay is known to rich in kaolinite. Kaolin clay was also
found to contain minor quantities of quartz, though because the quantities are only present
in small quantities, it is not expected to have an influence on the mechanical properties of
the clay and kaolin clay could be presumed to consist of primarily kaolinite.

3.2.5 Atterberg limits

To ensure consistency and reliability, the liquid limit (LL), plastic limit (PL) and plasticity
index (PI) of kaolin clay was determined via the Atterberg limits tests. These values are
used as a reference point during sample preparation to guarantee validity and reproducibil-
ity. The LL, PL, and PI are constant across quasi-static and high-strain-rate testing and are
characteristic properties of the material.

To determine the corresponding Atterberg limits, the fall cone test, based on BS 1377-
2:1990, has been conducted on kaolin clay samples. The LL is found to be 39.5%, PL
is 24.6%, and PI is 14.9%.

Based on the obtained Atterberg Limits, the soil could be characterised according to the
Casagrande plasticity chart as seen in Figure 3.5. The sample fits is classified as a lean clay
(CL) based on the chart.

Material characterisation tests on kaolin clay have been conducted in existing literature as
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Figure 3.3: Soil texture triangle describing soil texture based onmineral proportions of sand,
silt and clay, adapted from Groenendyk et al. (2015).

Figure 3.4: X-ray diffraction data for kaolin clay.
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Figure 3.5: Casagrande plasticity chart showing different soil classification zones. Sample
is classified as a lean clay (CL) as shown by the marker.

discussed in Chapter 2, obtained values are compared with existing literature in Table 3.2,
indicating the obtained values are within a reasonable consistency with existing tests on
kaolin clay.

3.3 Quasi-static testing

Prior to high-strain-rate testing on kaolin clay, it is crucial to conduct quasi-static testing in
order to provide a basis to compare to high-strain-rate behaviour. In addition, quasi-static
tests allow for intrinsic material properties to be better characterised and a baseline for un-

Table 3.2: Atterberg limits values compared to existing literature.

Specific gravity, Mgm−3 LL, % PL, % PI, %

White (1949) - 71.6 39.3 32.3
Yoshinaka and Kazama (1973) 2.69 70.5 33.6 32.3
Horpibulsuk et al. (2011) 2.65 46.0 24.0 22.0

Abbey et al. (2019) 2.60 58.0 30.0 29.0
Oluwatuyi et al. (2020) 2.65 45.2 24.2 21.0

Obtained values 2.65 39.5 24.6 14.9
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derstanding the effects of strain rate. Unconsolidated undrained triaxial tests are conducted
to best serve as a comparison to the conditions that occur during high-strain-rate events.
The methodologies and relevant results are described with the context of compressibility
and strain rate sensitivity.

3.3.1 Triaxial testing

Quasi-static one-dimensional compression tests was performed using conventional triaxial
compression (CTC) tests on the kaolin clay specimen, the samples were shaped accordingly
for the tests and undertook undrained consolidation. The triaxial testing system used is the:
Pro Automatic Triaxial Testing System from VJ Tech. The triaxial cell employed is the
75mm triaxial cell also provided by VJ Tech (VJT0475), which is capable of sustaining cell
pressure of up to 3500 kPa.

The samples are placed in a conventional triaxial cell and sheared accordingly. An uncon-
solidated undrained (UU) test is conducted, so the test only involves the shearing stage and
pore pressures are not measured. The procedure is performed in accordance with BS EN
ISO 17892-7:2018 for UU triaxial testing. As the sample is sheared to failure, the major
principal stress or axial stress, σ1, was measured. Furthermore, the cell pressure of the cell
after consolidation prior to shearing is indicative of the minor principal stress or radial stress,
σ3. When subjected to high-strain-rate loading, pore pressure is unable to dissipate quickly
enough. Therefore, UU triaxial tests serve as the best indication of quasi-static behavior for
comparison.

Using these results, axial (σ1) and radial stresses (σ3) for the kaolin clay specimen under
quasi-static compression was obtained. Kaolin clay samples under quasi-static loading was
tested three times, for each moisture content level previously specified.

Prior to testing using the triaxial cell, samples were created by preparing cylinders with
radius of 38 mm and length of 76 mm. At least three cylindrical samples were prepared for
each kaolin consolidated at pressures of 400 kPa, 500 kPa, and 600 kPa, which corresponds
to 41%, 42%, and 45% respectively.

Triaxial results

Figure 3.6 shows an example of shear failure from a triaxial test trial on kaolin clay. Distinct
shearing was observed through the diagonal of the specimen. The result of the triaxial tests
is shown in Figure 3.7. From the results, it was easily observed the point at which the sample
reaches shear failure as the stress curve plateaus when the specimen reaches failure. In some
cases, the stressmeasured in the test continues to rise even after shear failure, this is due to the
fact that the compression of the specimen caused the cross sectional area of the specimen to
increase even after reaching failure, hence the stress that the sample can withstand appears to
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Figure 3.6: Example of evidence of shear failure after triaxial test of kaolin sample consol-
idated at 400 kPa.

continue to increase even though the sample has effectively reached shear failure. However,
the stresses endured after the sample reaches failure are not significant to the results, so those
portions may be omitted.

Mohr circles from triaxial tests on kaolin clay at the three different moisture contents are
shown in Figure 3.8. Since an unconsolidated undrained triaxial test was performed, max-
imum shear strength is expected to be the same for tests with different confining pressure.
This is reflected as the radius of the Mohr circles are within a reasonable range of 5 kPa.

The point at which shear failure occurs is typically indicated by a distinct peak followed by
a curve plateau on the stress-time plot. While this point is clear in most tests, this was not
always the case and the point of failure was not obvious in certain tests. Hence each test was
analysed individually to obtain the initial instance where the gradient turns negative (even
if the curve eventually becomes positive again), the point of maximum stress between the
initiation of the test and the first instance of negative gradient is then designated as the point
of shear failure for the construction of Mohr circles, the points of failure for each test are
indicated by a red point on Figure 3.7.
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(a) Kaolin consolidated at 400kPa.
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(b) Kaolin consolidated at 500kPa.
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(c) Kaolin consolidated at 600kPa.

Figure 3.7: Triaxial tests (3 trials) on kaolin clay at moisture content of a) 44% b) 42% c)
41%. Points of shear failure are marked for each test with a red marker.
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(a) Kaolin consolidated at 400kPa.
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(b) Kaolin consolidated at 500kPa.
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(c) Kaolin consolidated at 600kPa.

Figure 3.8: Mohr circles based on triaxial tests on kaolin clay at moisture contents of a) 44%
b) 42% c) 41%.
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3.3.2 Oedometer testing

Oedometer tests on the kaolin clay samples with the three existing moisture content levels
are conducted to measure the effect of quasi-static compression. Oedometer testing is used
to help bridge the results between the triaxial testing and SHPB testing, the strain rates
between the quasi-static loading from the triaxial tests and the high-strain-rate testing from
SHPB tests are ideally connected via the results from oedometer tests. This allows for the
relationship of strain rate to be better investigated.

Oedometer tests were performed on the kaolin clay up to 3200 kPa. Loading was provided
in 8 stages, the applied load started at 25 kPa and doubled every stage. Each load increment
is applied over 24 hours to ensure the sample is properly consolidated to each load stage.
This gradual loading process ensured that internal moisture was permitted to escape from
the soil voids, and void compaction is observed through the test.

The consolidation system used for oedometer testing is the: ACONS pro motorised auto-
matic consolidation system fromVJ Tech. The consolidation cell employed is of diameter of
75 mm and is also provided by VJ Tech (VJT0665). The software used is the VJT-csODO:
Clisp studio Oedometer Software, used specifically with the consolidation system from VJ
Tech. The consolidation system is used in accordance with BS EN ISO 17892-5 : 2017 for
incremental loading oedometer tests.

Oedometer tests were performed on three different kaolin samples (400 kPa, 500 kPa, and
600 kPa consolidated kaolin). During a traditional oedometer test, the load is applied 7
times to apply an axial load corresponding to the 8 loadings stages (25 kPa, 50 kPa, 100
kPa, 200 kPa, 400 kPa, 800 kPa, 1600 kPa, 3200 kPa). Once all the loading stages have
been completed, data is collected from the apparatus to evaluate the behaviour of kaolin
clay under quasi-static conditions. To achieve a stress condition that emulates high-strain
rate testing, dynamic tests are also conducted where consolidation pressure was immediately
set to 3200 kPa.

Oedometer results

Comparison of static tests where the consolidation pressure was gradually increased over
time with dynamic tests where the consolidation pressure was immediately set to 3200 kPa
revealed significant disparities in the behaviour of the kaolin. As seen from Figure 3.10,
dynamic tests show no increase in density over the course of the consolidation phase, this is
reflected by visible extrusions of kaolin from the consolidation cell as seen in Figure 3.9.

This behaviour is similar to SHPB tests in which the sample extrudes laterally rather than
becomes consolidated (with limited axial stress transmission through the sample). Similarly,
water experiences the same zero change in dry density when a stress is applied, as shown
by the dashed line in Figure 3.10. This behaviour is comparable to the behaviour observed
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Visible extrusion after dynamic
consolidation with oedometer

Figure 3.9: Image after kaolin was dynamically consolidated using an oedometer to
3200kPa.
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Figure 3.10: Variation of dry density with stress via oedometer test for kaolin consolidated
dynamically and statically.
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Figure 3.11: Variation of void ratio with stress via oedometer test for kaolin consolidated
dynamically and statically.

in kaolin clay, implying that the behaviour of kaolin clay when subject to consolidation is
influenced by the internal moisture

The permeability of cohesive soils such as clays play a crucial role in this behaviour, notably
inability for pore water to dissipate quickly enough. This results in the moisture in the
clay sample, rather than the soil structure, being the primary component being dynamically
loaded. PSD for samples of kaolin clay revealed that the material consists of 81% clays, and
particle mineralogy tests classified the material as a lean clay (CL).

This resistance to axial loading prompts the development of lateral pressure when kaolin
clay is subject to the application of axial stress, resembling the behaviour of fluids. The
fluid-like behaviour demonstrated from oedometer testing is revisited in Chapter 4, where
preliminary SHPB tests on kaolin clay reveal a similar effect of lateral extrusion.

3.3.3 Discussion and findings from quasi-static testing

Quasi-static testing provided a vital basis of understanding of the material behaviour, as well
as providing a point of comparison between quasi-static and high-strain-rate behaviour in
order to gauge strain rate effects of the material. A notable result from dynamic oedometer
loading is that kaolin clay exhibits fluid like behaviour even at much lower strain rates. This
is attributed to the low permeability of clays which hinders the dissipation of pore water
pressure and essentially takes over material behaviour.
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Conducting UU triaxial tests on kaolin clay provided crucial material characterisation, but
also provides a brief insight into the potential effects of moisture content. Kaolin clay con-
solidated with the Rowe cell at 400kPa, 500kPa, and 600kPa resulted in variations of mois-
ture content, even though all samples are considered to be fully saturated.

A comparable aspect of triaxial tests is the existence of a confining pressure provided by
the water pressure within the triaxial cell. However, since the test performed was a UU
test, the extent of confining pressure is not fully conclusive due to the absence of a proper
consolidation phase. The use of oedometer testing allowed for further characterisation of
quasi-static behaviour. While consolidated drained triaxial tests could have been conducted,
undrained strength is the most indicative representation of blast and impact events since it
prevents the dissipation of pore pressure during loading.

Performing oedometer testing on kaolin clay provided insight of the behaviour when sub-
ject to gradual load increments increasing up to 3200kPa. When the sample was statically
loaded by load increments, the behaviour observed was consistent with existing knowledge
pertaining to quasi-static consolidation of cohesive soils. However, when the loading was
set to the maximum of 3200kPa immediately at the start of the test, the material exhibited
behaviour similar to the behaviour of fluid-like materials. Although not within the same
strain rate range, this behaviour was indicative of the effects of high-strain-rate testing in
that the behaviour of cohesive soils may be comparable to fluids.

Both methods of quasi-static testing provided evidence of key characteristics of cohesive
soil properties and behaviour. Triaxial testing allowed for the material to be better char-
acterised and for fundamental parameters to be obtained that can be used for reliability of
future numerical analysis. Oedometer testing also provided insight on behaviour when the
material was subject to sustained quasi-static loading. By increasing the strain rate of the
odeometer loading stages, an effect similar to fluids begin to appear in the results.
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3.4 Sample preparation

The importance of moisture has been highlighted through quasi-static testing, hence it is
crucial to develop a method that allows for moisture content levels to be varied throughout
high-strain-rate testing with the SHPB apparatus.

3.4.1 Initial material preparation

Initial kaolin clay specimens were prepared using powdered Speswhite kaolin clay, which
wasmixedwith water and sieved then finally compacted to create a solid homogenous kaolin
clay sample. Three different compaction pressures were used to consolidate samples with
a Rowe cell to varying moisture contents; the varying pressures were 400kPa, 500kPa, and
600kPa. Each sample’s volume and weight was recorded and one of each sample was oven
dried at 110◦C overnight and reweighed to determine the respective moisture contents of
each sample.

The average moisture content of the samples compacted under 400 kPa, 500 kPa, and 600
kPa was 44.08%, 42.35%, and 41.63% respectively. The dry bulk density of the samples
was determined using a measured volume of a specimen and the mass of the dried soil. The
dry density for samples compacted under 400 kPa, 500 kPa, and 600 kPa were 1.20 Mgm3,
1.25 Mgm3, and 1.27 Mgm3 respectively.

3.4.2 Moisture content variation

To investigate the effects of moisture content and by extension saturation ratio, an air dry-
ing procedure was undertaken in order to obtain moisture contents of the levels: 0%, 5%,
10%, 15%, 20%, 25%, 30%, 35%, as well as 41%, 42% and 45% which are assumed to be
fully saturated. This provided a range of saturation levels to investigate whether there is a
distinct difference in behaviour between unsaturated, partially saturated, and fully saturated
specimens.

Samples at varying moisture contents are prepared with the intent for use in all SHPB testing
using the following procedure:

1. Initially prepared fully saturated kaolin clay samples are cut using a stainless-steel,
cylinder shaped cutting tool. Specimens are cut to a diameter of 25 mm and a nominal
length of 5mm. Initial weight and dimensions of the specimens are noted immediately
after cutting.

2. Specimens are air-dried in a 20◦C temperature controlled room, and are weighed at
regular intervals until they reach the desirable moisture content. An approximation of
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themoisture content at certain time intervals was obtained based on the initial moisture
content and volume of the specimen.

3. After air-drying, specimens were wrapped in polyvinyl chloride to prevent changes
in moisture content prior to testing. As sample preparation and SHPB testing is con-
ducted in separate laboratories, wrapped specimens are placed in sealed plastic bags
for transport and to minimise the risk of contamination.

While the air-drying process inevitably results in a degree of volume loss, the change in
volume between fully saturated and oven dried samples remain less than 5% of the original
sample volume. In addition, the samples are reweighed and measured immediately prior to
testing to ensure that the most accurate sample measurements are obtained for each experi-
mental trial.

3.5 High-strain-rate test programme

Based on quasi-static testing and material characterisation of kaolin clay, a test programme
has been developed with the aim of evaluating the effects of moisture content and strain
rate. Of which ultimately leads to the evaluation of the effects of confinement by comparing
the effects under different confinement mechanisms. Samples with moisture content greater
than 40% are samples prepared immediately after Rowe cell consolidation and are assumed
to all be at a saturation ratio of 100%, hence all samples above 41% are grouped together.

All trials in the test programme are conducted within the spectrum of high-strain-rate at
magnitudes of 103 s−1 on kaolin clay. For the current SHPB setup, increasing the speed of
the striker bar similarly increases the strain rate of the test setup. Hence the test programme
was designed based on the striker speed, however the striker speed for each confinement
mechanism corresponds to a particular strain rate (all within the 103 s−1 range), of which
the exact strain rate values for each test was revealed through post-test data processing.
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Table 3.3: Test programme for three different confinement modes at various speeds and
moisture content levels.

Unconfined tests
Striker speed, m/s Total trials Moisture contents tested, %

8 37 0, 5, 10, 15, 20, 25, 30, 35, 40
12 27 0, 10, 15, 20, 25, 30, 35, 40
16 27 0, 10, 15, 20, 25, 30, 35, 40
18 3 0, 20, 40
20 2 0, 20
22 2 20, 25

98

Confined tests
Striker speed, m/s Total trials Moisture contents tested, %

12 9 0, 20, 40
18 20 0, 10, 20, 25, 30, 35, 40
20 7 0, 20, 41
22 10 0, 10, 20, 30, 40

46

Partial lateral confined tests
Striker speed, m/s Total trials Moisture contents tested, %

12 3 40
16 9 0, 20, 40
20 3 40

15
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3.6 Summary

This chapter introduced kaolin clay as the material of focus, and discussed the in-depth
characterisation of the material through a wide range of tests. This allowed for kaolin clay
used in this study to be compared with existing literature, and to ensure reproducibility of
results. Material characterisation tests regarding the particle density, particle shape, particle
size distribution, particle mineralogy, and the Atterberg limits were uncovered from testing.

UU triaxial compression tests were conducted to characterise the behaviour of kaolin clay
under quasi-static conditions. This has been coupled with oedometer tests to reveal the
dynamic effects on cohesive soils. Quasi-static tests shows that the inability of cohesive
soils to dissipate pore water pressure causes the moisture to be the key factor in governing
the behaviour of cohesive soils when loaded dynamically. This is crucial as this indicates
that even at lower strain rates, cohesive soils such as kaolin clay mostly exhibit fluid-like
behaviour.

Since moisture has been determined to be a crucial variable in dictating the behaviour of
cohesive soils, a method to control moisture content was developed that would facilitate
SHPB tests at various moisture levels. This consisted of the initial consolidation of to obtain
fully saturated kaolin samples, and the subsequent air-drying process to ensure the sample
reached the desired moisture content level. A testing programme for high-strain-rate testing
with the SHPB was devised with an intention to not only uncover the effects of moisture,
but also compare the results with different confinement mechanisms.
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Chapter 4

High-strain-rate testing of kaolin clay

4.1 Introduction

The investigation of kaolin clay under high-strain-rate was conducted using one-dimensional
compression tests at strain rates to the order of 103 s−1 using a split-Hopkinson pressure bar.
Kaolin samples with a diameter of 25 mm and a nominal length of 5 mm were prepared as
previously specified. Tests were conducted at different moisture contents and strain rates
to evaluate the effects they have on stress propagation and material behaviour. The com-
parison between free field unconfined and rigid steel ring confined SHPB tests were used
as a foundation for the investigation of confinement effects. Experimental results are pro-
cessed with an computational algorithm, SHPB_processing.py, which has been developed
to process a wide range of SHPB testing, correct for experimental limitations, and facilitate
deeper analysis. Relevant results from high-strain-rate testing of cohesive soils have been
documented and submitted for publication (Van Lerberghe et al., 2024b), the corresponding
journal paper is included in Appendix A.5.

4.2 High-strain-rate methodology

Methodology and detailed setup procedures within this section primarily pertain to uncon-
fined and confined SHPB testing. However, aspects of methodology and apparatus devel-
opments are similarly applicable to the partial lateral confined SHPB apparatus discussed in
Chapter 5.

4.2.1 Split-Hopkinson pressure bar methodology

As discussed in Section 2.4, SHPB apparatus is utilised to perform high-strain-rate testing on
the kaolin clay specimen. The SHPB is struck from one end by a steel striker bar fired from
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a gas gun, so that a compressive stress pulse propagates through the system consisting of
two EN24T steel pressure bars. The pressure bars are calibrated by comparing the incident
signal from the impact of the striker of known velocity and the theoretical strain in the bar
given by the relationship

εb =
vs
2c0

(4.1)

where εb is the longitudinal strain in the bar, vs is the velocity of the striker bar on impact,
and c0 is the longitudinal wave speed of the bar. The wave speed is found by the following
relationship

c0 =
2l

t
(4.2)

where l is the distance between the strain gauge and specimen end of the bar and t is the time
between incident and reflected pulses. The gauge factor, F , is defined as the ratio between
voltage across the gauge’s Wheatstone bridge and the strain, εb:

F =
2Vo

εbVi
(4.3)

where Vi and Vo are the input and output voltages across the Wheatstone bridge.

The experimental setup consists of 25 mm diameter steel incident, transmitter and striker
pressure bars with lengths of 2500, 1500, and 350 mm respectively, and arranged in a typ-
ical SHPB arrangement. The wave speed and gauge factors for the specific pressure bar
arrangement are determined prior to testing by conducting preliminary dummy tests and
processing raw data with the equations discussed above. SHPB tests are initiated by firing
the striker bar onto the free end of the incident bar with a gas gun apparatus.

Tests were initially conducted with a traditional unconfined SHPB setup to understand free
field stress behaviour of kaolin clay, SHPB apparatus equipped with a steel confining ring
was subsequently used to gain initial understanding of high-strain-rate behaviour when sub-
ject to rigid lateral confinement. This was crucial in understanding the effect of various
confinement modes and consequently the effects of lateral confinement and triaxial stress
state on mechanical properties of kaolin clay.

Instrumentation and Wheatstone bridge processing

When loading is provided by firing the steel striker with a gas gun at the incident bar, the
signals from the pressure bar strain gauges (Kyowa KSP-2-120-E4 semiconductor strain
gauges) and pressure transducer was recorded using a TiePie Handyscope four channel dig-
ital oscilloscope, using 14-bit resolution and a sampling rate of 1.562 MHz.

Two strain gauges were installed onto each pressure bar in an arrangement so that strain
caused by bending is eliminated, ensuring only longitudinal strain is obtained as shown in
Figure 4.1a. The strain gauges on each pressure bar is configured as a half Wheatstone
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Figure 4.1: Split-Hopkinson pressure bar a) strain gauge arrangement, b)Wheatstone bridge.

bridge, in order to obtain an analogue voltage signal when the pressure bar is subject to even
the slightest change in strain. Variable resistors are adjustable to balance out temperature-
induced strains. The Wheatstone bridge circuit is shown in Figure 4.1b, where Ra and Rb

are variable resistors used to balance the Wheatstone bridge.

The recorded voltages from the incident and transmitter pressure bars are then processed to
calculate the strain using the equation:

εb = 2
Vo

FVi
(4.4)

4.2.2 Setup adjustments and invalid data

The initial series of SHPB testing on the three different confinement modes was conducted
in 2021 on saturated kaolin clay samples in order to obtain a preliminary understanding of
kaolin clay under high-strain-rates, as well as evaluating the previous experimental setup
and propose modifications. The previous SHPB apparatus was equipped with a gas gun that
consisted of a barrel and reservoir component as seen in Figure 4.2. A thin 0.2 mm brass
diaphragm was used to seal the boundary between the barrel and reservoir components. As
the gas reservoir is pressurised during a test, the brass diaphragm ruptures and fires a nylon
piston inserted a set distance in the barrel onto the striker bar.

Although the result were indicative of high-strain-rate behaviour, there are primary limi-
tations that make the previous setup not feasible and prompts the development of a newer
SHPB apparatus and setup. These issues include:

• Uncertainty of striker bar speed and gas gun pressure

• Corrosion of strain gauge wiring and electronics
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Figure 4.2: Schematic of old gas gun.

• Expansion of old confining ring due to repeated testing leading to ineffective confine-
ment and increased volume loss to extrusion.

However, key findings could still be obtained from the tests and are briefly described in the
following section.

Findings from initial SHPB testing

A set of nine initial SHPB tests were conducted on saturated kaolin clay with a confining
ring. The strain rate of these tests are processed to be approximately 2300 s−1, however
the inability to control the pressure of the gas gun prevents the exact striker bar velocity
from being controlled. Qualitative observation of the experiments also revealed that the
previous gas gun experiences pressure loss prior to the experiment, leading to even greater
unreliability regarding striker bar velocities and subsequent experimental strain rates.

In addition, saturated kaolin tests were conducted with the partial lateral confined SHPB
reservoir as initially discussed in Chapter 2. As seen from Figure 4.3, while the pulse from
the transmitted bar could be briefly seen, a significant portion of noise interferes with the
pulse signal. However, this gives an indication that the the material prevents a significant
portion of wave propagation, reducing the transmitted stresses to an extremely low magni-
tude compared to the incident stress. Hence it is evident stress signals need to be imple-
mented with amplification capabilities to enhance the signal such that behaviour at much
lower stresses could be more accurately monitored.

The use of aluminium or polymer bars have been considered to resolve the issue of low
acoustic impedance characteristic of the kaolin sample. The use of pressure bars with a
lower stiffness than steel reduces the impedance mismatch for soft materials such as clays
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Figure 4.3: Incident and transmitted pulse stresses from preliminary SHPB tests.

Jakkula et al. (2021). If the acoustic mismatch between the pressure bars and the sample
material is significant, then the stress wave experiences full reflection. However, the differ-
ence between incident and reflected pulses indicate that the opposite occurs, such that the a
large portion of the initial stress wave still propagates into the sample from the steel pressure
bars. While the use of pressure bars composed of less stiff materials would be valuable, this
indicates that tests performed with steel pressure bars are sufficiently accurate in illustrating
the effect on kaolin clay.

Modifications from old SHPB apparatus

A new gas gun setup was developed that allows for a controlled amount of nitrogen gas to
be pressurised in a closed gas gun reservoir. The striker bar is inserted a certain distance into
the gas gun chamber. Finally, when test is ready to be initiated, a poppet valve in the gas gun
reservoir releases the pressurised gas into the chamber and fires the striker bar, as seen in
Figure 4.4. Pressure gauges are installed tomonitor the exact pressure (with an accuracy of±
1 psi) within the reservoir immediately prior to loading, and this pressure could be adjusted
by letting in or releasing air to the desired pressure setting. This controlled environment
allowed for the velocity of the striker bar to be specifically defined and consistent throughout
all tests.

A speed trap mechanism was installed on the free end of the gas gun chamber to record
the striker bar distance as it leaves the chamber and prior to impacting the incident bar.
The speed trap consists of a 50 mm wide light gate connected to the TiePie Handyscope
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Figure 4.4: Schematic of new gas gun with speed trap mechanism installed.
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Figure 4.5: Schematic of the main components of a SHPB test under unconfined conditions

oscilloscope, the time difference between the activation of both ends of the light gate is used
to determine the precise velocity of the striker bar as it exits the barrel of the gas gun, vs,
according to:

vs =
ls

tb − tf
(4.5)

where ls is the speed trap distance (50 mm), tb and tf are the time at which the back and
front end of the speed trap are activated. A simplified schematic of the current setup after
modifications and redevelopment is shown in Figure 4.5, including the new gas gun and
speed trap mechanism.

4.2.3 Unconfined SHPB testing procedure

While the following test procedure contains elements characteristic of conventional SHPB
experimental methodology, key aspects are specifically applicable for current experimental
testing on kaolin clay and thus detailed procedural sequences are described.

Directly prior to testing, kaolin clay samples are weighed using an RS Pro scale, that mea-
sures the mass of kaolin samples to an accuracy of± 0.001 g. Three different measurements
are made for both the diameter and thickness of the kaolin clay sample using digital calipers
with an accuracy of± 0.01 mm. An average of the diameter and thickness based on the three
measurements are used to account for sample shape variability. All diameter and thickness
data recorded from unconfined tests are included in Appendix B.
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Testing of kaolin clay with the unconfined SHPB then proceeds as follows:

1. Measured kaolin clay sample was carefully placed in between the incident and trans-
mitter bars situated inside a polymer containment box, then the lid of the containment
box was closed to limit contamination of the setup from eventual sample extrusion.

2. Striker bar was inserted at a specific distance inside of the chamber of the gas gun.

3. Isolator valve on gas gun was opened to allow nitrogen gas into the gas gun, the pres-
sure from the gas supply must be greater than the eventual desired reservoir pressure
(pressure from gas supply was indicated on main pressure gauge).

4. Main valve on gas gun was gradually opened to release the specific gas pressure into
the reservoir of the gas gun (current pressure can be seen on reservoir pressure gauge)

5. Isolator valve was closed to stop nitrogen gas flow from nitrogen gas tank.

6. Test was initiated by opening the activation valve, this simultaneously opens the pop-
pet valve and releases the pressurised nitrogen gas from the reservoir into the chamber
and propels the striker bar.

The specific gas pressure and distance that the striker bar is inserted in the gas chamber
factor into the final velocity of the striker bar leaving the chamber. Thorough speed tests to
determine the ideal gas pressure and striker bar distances have been conducted to establish
the ideal combinations to obtain the desired striker bar velocities. Details of speed tests and
results are included in Appendix C.

4.2.4 Confined SHPB testing procedure

Soil specimens in confined SHPB tests are restricted using a steel confining ring with in-
ternal diameter of 25 mm, external diameter of 35 mm, and length of 5 mm. A singular
strain gauge is attached on the external edge of the confining ring, which allows for the
measurement of the circumferential strain during loading, as seen in Figure 4.6a. As only
one strain gauge is used to measure radial stresses from the confining ring, a quarter Wheat-
stone bridge is constructed (Figure 4.6b) to obtain analogue voltage readings correlating to
the slight changes in strains.

The internal radial pressure from the specimen onto the confining ring,Pi, can be determined
by applying thick walled pipe theory and is obtained by applying the expression

Pi =
r2o − r2i
2r2i

Eϵθ (4.6)

where E is the Young’s modulus of the ring, ϵθ is the circumferential strain measurement
on the outside of the ring (with strain gauge), and ro and ri are the outer and inter radii of
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Figure 4.6: Confining ring a) strain gauge arrangement, b) Wheatstone bridge.

the confining ring respectively (Stephens, 1970). Based on the current confining ring and
arrangement, the value of Pi = 0.48Eϵθ. To account for change in the length of the sample
during loading, the internal pressure acting on the shortened sample length given by Ps can
be expressed by

Ps = Pi
lr
ls

(4.7)

where lr is the length of the confining ring (5mm), and ls is the length of the sample obtained
from processing pressure bar axial strain data.

The procedure to conduct a confined SHPB test is similar to the unconfined SHPBprocedure,
after measuring the sample for testing, the following steps are followed:

1. Slide confining ring slight onto the incident bar and place the sample in between the
incident and transmitter bars.

2. Confining ring is carefully slid over to overlap the sample, ensuring that the sample is
centred within the confining ring and contact between the confining ring and pressure
is limited.

3. Containment box lid is closed and gas gun is setup for initiation and test proceeds in
the same manner as unconfined SHPB testing.

Prior to all confined tests, measurements of the sample diameter and mass are recorded in
the same manner as unconfined tests. All diameter and thickness data recorded from con-
fined tests are included in Appendix B.
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Figure 4.7: Typical incident, reflected, and transmitted stress pulses obtained from bar to
bar calibration test.

4.2.5 Bar to bar calibration

Prior to each testing day, bar to bar calibration tests are performed in which the incident
and transmitter pressure bars are directly in contact prior to loading of the gas gun. This
ensures that the apparatus is functional and signals obtained from gauge input are accurate.
This verifies that the standard condition of stress equilibrium characteristic for conventional
SHPB tests is true and ensures signal inputs are accurate and reliable.

Typical signal inputs from bar to bar tests is illustrated in Figure 4.7, where a near full
transmission of stress pulse is seen between the incident and transmitted pulses. Since there
is direct contact between the two steel pressure bars, the amplitude of the incident pulse
should be directly transferred to the transmitted pulse. The reflected pulse should remain
at a minimal level, while any small discrepancies should be due to imperfections at the
end of the pressure bars (likely an inevitable consequence of repeated testing) or issues
associated with the gauge or amplification box. The results fulfil the condition for stress
equilibrium, where the superposition of incident and reflected should equate the transmitted
pulse. This calibration test checks that the apparatus is working as expected, hence validating
the accuracy of subsequent test results.
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4.3 Signal processing and data analysis

In order to facilitate the signal processing and data analysis of raw signal data from SHPB
tests, an innovative computational algorithm was developed for the intention of processing
a variety of SHPB tests. While the primary aim of the function is to process and analyse data
from SHPB testing, specific elements of the function are key to complement the viability
for high-strain-rate analysis of strain gauge signals from SHPB testing. The function has
been tested against SHPB test data on samples of kaolin, aluminium, and medium sand.
Medium sand data is acquired from processing existing raw test data from Barr (2016). The
full source for SHPB_processing.py can be found in Appendix D.

The key elements of the function can be subdivided into the following functionalities:

• Pulse detection via automatic trigger and optimisation of pulse boundaries

• Pulse alignment and stress equilibrium

• Adjustment of stresses for various confinement mechanisms

• Dispersion correction (with the inclusion of the subroutine dispersion.py)

4.3.1 Overview and purpose of function

Although the algorithm SHPB_processing.pywas tested on SHPB samples of aluminium,
sand, and kaolin clay, the algorithm was designed with the capability to process SHPB test
results regardless of sample type, confinement mechanism, or sample dimensions. The
method of data analysis and data processing are based one dimensional wave theory and
SHPB apparatus setup principles (Section 4.2).

The command line prompt to execute the function is in the form:

SHPB_processing(csv_path, sample_data, confinement, signal_channels,
signal_amp, disp_correction, alignment, speedtrap)

where the specified input arguments correspond to the variables defined in Table 4.1. By
providing the input arguments specified, the function is capable of determining the axial and
radial (if confinement specified) stresses at the sample, sample strain and strain rate histo-
ries, and other derivative variables.
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Table 4.1: Definition of input arguments used in the function SHPB_processing.py.

Input arguments

csv_path File directory to CSV file containing raw voltage data in the form
of: Time, Channel 1, Channel 2, Channel 3, Channel 4...

sample_data A list containing 3 elements that correspond to length (mm), mass
(g), and dry mass (g) for the initial sample.
i.e. [initial_length, mass, dry_mass].

confinement Specify confinement mechanism of SHPB test.
i.e. ‘None’, ‘Ring’, or ‘Reservoir’.

signal_channels Specify oscilloscope channels for input, output bars and any con-
finement mechanism used to record raw voltage data.
i.e. [in_bar_gauge_channel, out_bar_gauge_channel,
ring_gauge_channel or reservoir_gauge_channel].

signal_amp Specify oscilloscope signal amplification factors for input, output
bars and any confinement mechanism.
i.e. [in_bar_gauge_amp, out_bar_gauge_amp,
ring_gauge_amp].

disp_correction Specify if dispersion correction or simple timeshift is used to pro-
cess pulse (dispersion.py must be attached if dispersion cor-
rection is specified).
i.e. True for dispersion correction, False for simple timeshift.

alignment Specify the alignment mode for aligning stress waves at front and
back of sample interface.
i.e. ‘start’ aligns the start of the transmitted pulse to the start of
the incident pulse, ‘end’ aligns the end of the transmitted pulse to
the end of the incident pulse, ‘mid’ aligns the median time of the
transmitted pulse to the median time of the incident pulse, inte-
ger/float values greater than 1 aligns the peaks of the incident and
transmitted pulses to the specified value, and float values between
0 and 1 align the transmitted to the incident pulse based on a frac-
tion of the maximum strain.

speedtrap Specify if speed trap is employed and whether velocity of striker
bar is determined.
i.e. True to include velocity calculation using speed trap.
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The brief operational procedure of the function can be described as follows:

1. Analysing striker velocity based on raw speed trap data

2. Preparing raw data for dispersion correction via initial pulse detection and signal re-
formatting

3. Dispersion correction of strain pulses (omit if dispersion correction is not specified)

4. Processing sample stress data

• Incident, reflected, transmitted pulse detection based on trigger
• Sample strain determined from displacement of the pressure bars based on strain
gauge data

• Determining sample axial stress and strain by using one-dimensional wave the-
ory to obtain stresses at both bar-specimen interfaces

5. Processing radial stress and strain data if confinement mechanism is applied

• Radial pulse detection based on trigger

6. Compile final output stress and strain data at sample into CSV files in ‘Processed data’
folder, along with test log.

4.3.2 Pulse detection via automatic trigger and optimisation of pulse bound-
aries

The incident, transmitted, and reflected pulses were detected using a trigger value that was
determined by automatically evaluating the range of noise prior to initiation of loading over
the first 1000 µs. The initial noise is due to minor electromagnetic interference or innate
equipment imperfections. This trigger value was then applied to detect the starting locations
of the pulses based on the time step where strain exceeds the trigger value. This is applicable
when considering cases in which the magnitude of the pulses are unknown or significantly
different.

This is noticeable when observing SHPB data on kaolin clay under unconfined conditions,
where preliminary tests revealed that extremely low transmitted signals make analysis of
stresses on the back of the specimen interface difficult. In addition to amplification of the
balance box when processing the raw voltage signals from the strain gauge, data processing
must also account for the near zero values of transmitted stress. Hence the automatic trigger
allows for the order of magnitude of the pulse to be automatically detected based on initial
noise, and for the pulse limits to be accurately determined.
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While the start of the incident and transmitted pulses are determined this way, the start of
the reflected pulse is obtained based on the location of the incident pulse and determined
by applying Equation 4.2. The length of the pulse is determined based on when the sample
strain has reached it’s maximum and when strain-time history curve starts to flatten, this
ensures that all aspects of the three pulses are accounted for even when the lengths of the
three pulses may differ due to material behaviour.

4.3.3 Pulse alignment and stress equilibrium

When SHPB tests are conducted on materials where there is a impedance mismatch, the
rising edges of the incident, reflected, and transmitted pulses are usually not all the same,
leading to an issue of alignment between the pulses. This is important for alignment of the
incident and reflected stress to obtain accurate front stress, and also the alignment of the
front and back stress to obtain accurate mid stress.

In accordance with one-dimensional wave theory, the following condition should be met if
stress equilibrium is obtained in a SHPB test

ϵt(t) = ϵi(t) + ϵr(t) (4.8)

where ϵt(t), ϵi(t), and ϵr(t) are the instantaneous values of the transmitted, incident, and
reflected pulse strain-time histories (Wu & Gorham, 1997). In idealistic scenarios, stress
equilibrium occurs such that momentum is conserved axially. While, this scenario is appli-
cable to the majority of SHPB tests on solid materials, this case does not apply to all cases
especially when amaterial tends to propagate stress laterally rather than axially when subject
to high-strain-rate loading. Since the stress within the specimen is calculated by obtaining
an average of the stresses at both the front and back ends of the interfaces by extrapolating
strain gauge data, a mismatch in pulse length leads to the inability to determine an accurate
average sample stress. By specifying an appropriate alignment mechanism, this effect was
minimised and front and back stresses can still be compared.

An example of this is the current case with kaolin clay, as seen in Figure 4.8a, where the
difference between front stress (proportional to the superposition of ϵi(t) and ϵr(t)) and
back stress (proportional to ϵt) reveals a stress difference greater than zero, indicating that
stress equilibrium is never truly obtained through the experiment. The difference between
the front and back specimen stresses have been normalised over the mean, this enables for
the release of inertial effects to be observed as the normalised stress difference tends to zero
aligns with when front and back stress equalise. Comparatively, SHPB tests on aluminium
and medium sand (Figures 4.8b and 4.8c) reveal that even though stress equilibrium is not
initially obtained due to inertial effects, the front and back stresses eventually equalise as
inertial effects start to release for materials without this impedance mismatch.
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Figure 4.8: Typical stress wave difference between stress at front and back interfaces, nor-
malised by their mean for a) kaolin clay, b) aluminium, c) medium sand.
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Table 4.2: Confinement modes applicable in the function SHPB_processing.py.

Confinement

None Unconfined SHPB tests contain no calculation of radial stresses
or strains.

Ring SHPB tests conducted with a confining ring are processed based
on thick-walled pipe theory described in Section 4.2.4. Radial
pulse detection follows a similar method as incident and trans-
mitted pulses. Lateral stresses and strains are calculated based on
circumferential strain in confining ring.

Reservoir SHPB tests conducted with the partial lateral confined reser-
voir fitted with pressure gauge are processed. Wave propagation
through reservoir fluid is taken into account to derive lateral stress
at sample surface. Refer to Chapter 5 for further details of the-
ory and setup. Radial pulse detection follows a similar method as
incident and transmitted pulses. Lateral stresses and strains are
calculated based on changes in pressure measured with pressure
transducer.

However, even though stress equilibrium is not obtained, it is still possible to draw findings
and results from test data. It is vital to still be able to compare front and back stress data even
when the pulses are of starkly different magnitudes and lengths. In order to align the front
and back stresses, the addition of an alignment criteria allows for the pulses to be aligned
based on the shape of the curves regardless of difference in pulse lengths. The opportunity
to still visualise front and back stress data for stress-strain analysis enables the ability for
SHPB data to be used for characterisation of high-strain-rate behaviour.

4.3.4 Adjustment of stresses for confinement mechanism

The effects of confinement are especially pertinent to this research, as such it is crucial to
obtain valuable radial stress data if the confinement mechanism allows for it. There are
currently three input options for confinement: None, Ring, and Reservoir. The methods
to process each mode of confinement can be summarised in Table 4.2.

For tests with confining ring and reservoir, radial stresses and strains are calculated based
on gauge readings. By assuming the confining ring limits volumetric loss, the variation of
density and dry density can be estimated by considering the change in volume based on
the instantaneous sample strain-time history. However, changes in density during loading
cannot be calculated for tests on materials that result in significant sample extrusion such as
cohesive soils.
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4.3.5 Dispersion correction

According to one-dimensional wave theory, the longitudinal stress waves in the pressure bars
of an SHPB are traditionally presumed to only travel one-dimensionally along the pressure
bars at an elastic wave velocity, c0, thus readings at strain gauges are simply time shifted
based on the travel time of the stress wave to obtain stresses at the sample interfaces (Gray III,
2000). However, the Poisson’s ratio of the pressure bars actually has a significant impact
on the wave, inducing phases of expansion and contraction radially in accordance to the
compressive and tensile strains of the pressure bar as the wave travels through. The result
of this radial expansion and contraction is the distortion of the stress distribution across the
cross sectional area of the pressure bar (Kolsky, 1963).

Bancroft (1941) discovered that the stress wave actually travels at a certain phase velocity,
cω, which can be expressed by the function below:

(x− 1)2φ(ha)− (βx− 1)[x− φ(κ)] = 0 (4.9)

where
β = (1− 2ν) (4.10)

x =

(
cω
c0

)2

(1 + ν) (4.11)

h = γ(βx− 1)1/2 (4.12)

κ = γ(2x− 1)1/2 (4.13)

φ(y) = y
J0(y)

J1(y)
(4.14)

and where cω is the phase velocity, a is the bar radius, ν is the wave number given by 2π/λ,
λ is the wavelength, and Jn(y) is the Bessel function of the first kind of order n.

While standard practice as detailed from theASMhandbook states that using simple timeshift
on the gauge signals is sufficient, it may still hinder the accuracy of the results and result
in severe inaccuracies in data processing. These errors are especially prominent at higher
frequencies (a/λ > 0.5), Tyas and Watson (2001) developed a method to correct both the
amplitudes and phase angles of each frequency from the raw signal.
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Phase angle correction

Adjustment was made to the phase angle to correct for dispersion by determining the phase
velocity of each frequency component from Equation 4.2, and shifting each phase angle by
a factor, θ′

w, as described by:
θ
′
w = (

c0
cω

− 1)
ωz

c0
(4.15)

where ω is the angular frequency of the frequency component, and z is the correction dis-
tance as initially pioneered by Gorham (1983). The adjustment of phase angles was applied
to account for the dispersion of each frequency component over the distance between the
strain gauge and the end of the pressure bar.

Amplitude correction

Specific factors were applied to the amplitude of each frequency component. Tyas and
Watson (2001) proposed the factorsM1 andM2 to correct for the radial strain variation and
Young’s modulus respectively, and are defined in the following equations:

M1 =
2(1 + 1−βx

x−1 )

φ(ha) + 1−βx
x−1 φ(κa)

(4.16)

M2 = E(
cω
c0

)2 (4.17)

where E is the Young’s modulus. The application of the factors M1 and M2 to the ampli-
tude of the frequency components are detailed in the operation of the dispersion correction
function designed for data processing.

4.3.6 Function for dispersion correction

The algorithm dispersion.pywas developed as a method of applying the phase angle and
amplitude corrections as discussed, and is an optional subroutine of SHPB_processing.py.
While the use of simple timeshift is possible within SHPB_processing.py, the option to ap-
ply the preferable dispersion correctionmethod is included. The operation of dispersion.py
involves the mandatory subroutine of dispersion_factors.py, which is employed to de-
termine the suitable dispersion factors required for dispersion correction. The core capabili-
ties of the dispersion function consist of the following two aspects, and is primarily focused
on employing the fft function in python to adjust signal input.

Frequency domain conversion via fast Fourier Transform (FFT): By applying the FFT
algorithm from the Python numpy library and fft function, the input strain signal is con-
verted into a sum of sinusoidal waves with individual frequencies and amplitudes, known
as a frequency domain.
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Table 4.3: Definition of input arguments used in the function dispersion.py.

Input arguments

x Zero-padded strain signal in time domain.
fs Sampling frequency, Hz.
a Bar radius, m.
c0 One-dimensional wave velocity of pressure bar, m/s.
E Young’s modulus of the bar, GPa.
z Distance to correct over, positive in direction of wave propaga-

tion, m.

Correction bandwidth: FFT operates based on discrete frequency values based on the
sampling rate and length of the strain signal. The lowest readable frequency is determined
by the sampling rate, with higher frequencies being multiples of this fundamental frequency
up to the Nyquist frequency which is equal to half of the sampling rate, this prevents aliasing
by ensuring a minimum of two samples per period. Undersampling can lead to inaccurate
representation of signals, but frequency resolution can be enhanced by increasing sampling
duration or zero-padding the input signal.

The fft function generates an N-length frequency domain vector X(ω) from an N-length
time-domain vector x(t). Due to aliasing, the second half of X(ω) mirrors the complex
conjugate of the first half around theNyquist frequency. Thus, modifications are only needed
for the first N/2 + 1 bins in X(ω), which can then be reflected to complete the vector.

Low strain signals on the bar surface limit frequency modifications from 39 µHz to 94 kHz
for a 25 mm diameter stainless steel bar arrangement. After 94 kHz, a periodogram demon-
strates a sharp decrease in signal strength, indicating the need for a low-pass filter to elimi-
nate higher frequencies in order to correct for dispersion.

Operation of dispersion.py

After the locations of the incident, transmitted, and reflected pulses are determined from the
raw input signals, dispersion.py can be applied to determine the stress and strains at the
front and back interfaces of the sample and bar by calling the function in the form:

dispersion(x, fs, a, c0, E, z)

where the specified input arguments correspond to the variables defined in Table 4.3.

By applying this subroutine, the dispersion correction method detailed by Tyas and Watson
(2001) is applied to the current data set to obtain accurate axial stress and strains at sample
interfaces. The resultant output is in the form of x_strain and x_stress, which are the
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dispersion stress and strain signals, which can be fed back into SHPB_processing.py for
further processing.

The brief operational procedure of the function can be described as follows:

1. FFT is used to translate strain input into frequency domain signal.

2. Ideal low-pass filter is employed to remove frequency components greater than the
correction cut-off,M1.

3. For each of remaining components below the Nyquist frequency:

(a) dispersion_factors.py is called to determine required phase shift, and the
factorsM1 andM2.

(b) Dispersion corrected strain component is calculated by applying:

zϵ = M1Ae
i(θ−θ

′
w) (4.18)

where A is the original amplitude, θ is the original phase angle, and θ
′
w is the

derived phase angle correction.
(c) Dispersion corrected stress component is calculated by applying:

zσ = M1M2Ae
i(θ−θ

′
w) (4.19)

4. Complex conjugate of the adjusted stress and strains are used to define the frequency
components above the Nyquist frequency.

5. Frequency-domain signals are translated back to time domain signals using inverse
FFT to obtain output stress and strains, x_stress and x_strain.

Application of dispersion correction method in SHPB testing

To evaluate the functional application of the dispersion correction algorithm, three differ-
ent materials were processed by applying dispersion correction via dispersion.py. A
comparison between the axial stress signals processed by applying simple timeshift and dis-
persion correction can be illustrated in Figures 4.9a, 4.9b, and 4.9c, which correspond to
SHPB tests on kaolin clay, aluminium, and sand respectively.

The effect of applying the dispersion correction algorithm are immediately apparent. When
dispersion corrected are applied to the incident and reflected pulses, the reductions of specious
oscillations result in substantially more accurate processing of axial stress data.

Full description of the dispersion correction functionality within SHPB_processing.py,
the development of dispersion.py and associated subroutines, and the full application
overview of the dispersion correction code has been published as a journal paper (Van Ler-
berghe et al., 2024a). The paper has been included in Appendix A.3 for reference.
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Figure 4.9: Processed results of front stress dispersion correction and simple timeshift for
a) kaolin clay, b) aluminium, c) medium sand with confining ring.
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4.3.7 Data processing capabilities with other materials

While results on kaolin clay will be further discussed in detail in the following sections,
processed data for SHPB tests on aluminium and sand have been included to validate the
functionality and capabilities of the algorithm.

Tests on 12 mm samples of aluminium and 25 mm samples of medium sand were tested
using the SHPB apparatus detailed in Section 4.2. Input arguments used to process test data
using SHPB_processing.py for samples of aluminium, medium sand, and kaolin clay are
described in Table 4.4.

Figure 4.10 illustrates the ability to process raw SHPB strain gauge data to obtain stress
data at sample interfaces, this is useful in characterising the ability of the material to enable
the propagation of stress when subject to high-strain-rate loading. When confined tests are
conducted, radial stress calculations could be obtained as seen for tests on medium sand in
Figure 4.10b.

4.3.8 Discussion and summary of algorithm functionality

This script is capable of processing a variety of conditions relevant to SHPB testing includ-
ing different confinement, and material properties. The optimisation of the pulse detection
and the alignment process allow for SHPB data to be useful to characterise stress propaga-
tion behaviour under high-strain-rates, even when stress equilibrium is not obtained such in
conventional SHPB tests due to the mapping of the three pulses individually. Furthermore,
the addition of dispersion.py as a subroutine allows for strain signals to be corrected for
effects of dispersion as a result of the Poisson’s ratio of the pressure bar.

By evaluating tests with kaolin clay, aluminium, and medium sand, the capabilities of this
method to process SHPB test data is demonstrated. While the capability to apply the algo-
rithm on unconfined and confined tests have been discussed, the application of the function
on partial lateral confined testing will be further described in Chapter 5.

Even though the current iteration of the function has been comprehensively tested with stain-
less steel pressure bars, further testing on different SHPB setups should be investigated.
SHPB tests conducted with aluminium or polymer pressure bars was valuable in ensuring
the function is accurate in processing test data of bar materials with different Poisson’s ratio.
While the alignment of front and back stresses are crucial in circumventing the impedance
mismatch, there may still exist intrinsic limitations due to the lack of sufficient testing with
an even larger sample size of materials.
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Figure 4.10: Stress at sample interfaces for SHPB tests on a) aluminium, and b) medium
sand with confining ring.
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Table 4.4: Typical input arguments used in SHPB_processing.py for SHPB tests on dif-
ferent sample materials.

Aluminium input arguments

sample_data [5.000, 1.530, 1.530]
confinement ‘None’
signal_channels [1, 2]
signal_amp [1, 1]
disp_correction True
alignment ‘start’
speedtrap True

Medium sand input arguments

sample_data [4.726, 3.50, 3.50]
confinement ‘Ring’
signal_channels [1, 2, 3]
signal_amp [10, 10, 1]
disp_correction True
alignment ‘start’
speedtrap True

Kaolin clay input arguments (unconfined)

sample_data [5.377, 4.215, 3.031]
confinement ‘None’
signal_channels [3, 4]
signal_amp [10, 100]
disp_correction True
alignment 50
speedtrap True

Kaolin clay input arguments (confined)

sample_data [5.897, 4.109, 2.946]
confinement ‘Ring’
signal_channels [7, 8, 5]
signal_amp [10, 10, 5]
disp_correction True
alignment 50
speedtrap True
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Figure 4.11: Average strain rate variation during unconfined SHPB tests on kaolin clay at 8,
12, and 16 m/s, corresponding to an average peak strain rate of 1200, 1900, and 2700 s−1.

4.4 Unconfined testing of kaolin clay

Unconfined SHPB tests were conducted on kaolin clay to determine the factors that affect
high-strain-rate behaviour. The effect of moisture content and strain rate are the primary
components of unconfined testing. SHPB tests under free field conditions demonstrate high-
strain-rate behaviour when there are minimal lateral pressure acting on the material and is
crucial in gauging the holistic effect that confinement has on high-strain-rate behaviour.

As discussed in the initial test programme (Section 3.5), unconfined SHPB tests on kaolin
clay were conducted at a wide range of moisture contents and at various striker bar speeds.
Variations of striker bar speed correspond to various strain rate levels, prompting the char-
acterisation of strain rate dependent behaviour. The test programme was centred around
tests at 8, 12, and 16 m/s, which correspond to an average peak strain rate of 1200, 1900,
and 2700 s−1 for unconfined conditions. The typical strain rate variation corresponding to
the three striker bar speeds is shown in Figure 4.11. While striker speed is used as a basis
of comparison in this study, the strain rate at each striker speed is dependent on individual
setups, and different SHPB apparatus may yield varying strain rates at similar striker bar
speeds.
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4.4.1 Material properties

While the focus of the tests is to uncover the underlying effects of saturation ratio, the rela-
tionship between moisture content and degree of saturation are intrinsically linked. Based
on the equations discussed in Chapter 2, the saturation ratio and moisture content is propor-
tional at constant volume such that:

Sr = w × k (4.20)

where Sr and w are the saturation ratio and moisture contents, and k is a constant that
depends on the specific gravity and void ratio of the material. Assuming specific gravity
maintains constant due to the same soil being used, the range of moisture content levels
correspond to a spectrum of saturation ratio ranging from fully saturated, partially saturated,
and fully dry. For each SHPB test, the intrinsic material properties were investigated based
on measurements of weight, thickness, diameter, and mass. While a range of properties
was investigated, the key material properties that have been found to have a direct effect on
high-strain-rate behaviour are highlighted as the air-volume ratio and water-volume ratio.

As the moisture content levels are varied, the respective material composition changes are
pertinent to dictating material behaviour. As such, the air-volume ratio can be expressed as:

Air-volume ratio =
Vair

V
(4.21)

where Vair is the volumetric amount of air within the volume of voids, and the V is the total
volume of the sample. The water-volume ratio is described as the:

Water-volume ratio =
Vwater

V
(4.22)

where Vwater is the volume of moisture in the sample and is directly related to the saturation
ratio previously discussed. The analysis of material composition enhance the understanding
behind unique material behaviours at specific moisture content levels.

4.4.2 Experimental results

The initial conclusion upon conducting unconfined testing on kaolin clay is the absence of
a significant transmitted pulse reading. This indicates that while the stress wave propagates
through the sample specimen, rather than transmitting the stress wave fully axially, it can be
assumed that the vast majority of the stress wave propagated laterally. Hence the magnitude
of front and back stresses of the unconfined tests are shown to of notably different magni-
tudes. This also leads to a case where stress equilibrium was not conventionally obtained,
thus the method discussed in Section 4.3.3 was applied to evaluate stresses at the front, back
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Figure 4.12: Front and back stress for unconfined tests at 16 m/s on kaolin samples at 20%
moisture content.

and middle of the specimen. The front and back stresses for trials on kaolin clay at 16 m/s at
20% moisture content can be shown in Figure 4.12 to show the disparity between the front
and back stresses on the same axis.

From dynamic oedometer tests from quasi-static compression, it was found that saturated
kaolin clay experiences compaction behaviour similar to fluids. Based on those results,
similarities can be drawn to high-strain SHPB tests, where the material also tends to expand
laterally rather than axially. Thus the moisture within kaolin clay samples can be said to be
the primary governing factor behind stress propagation under dynamic loads.

Upon conducting tests at the same strain rate at different moisture content, front stress and
strain variation all followed similar patterns, typical front stress behaviour at the three dif-
ferent striker bar speeds is shown in Figure 4.13. While both front stress and back stress are
equally important in determining the stress experienced in the middle of the sample (sample
stress), front stresses at the same strain rate all yield near exact results, so the back stress
was the main governing factor in the stress experienced by the sample. Since the front stress
is derived from the the superposition of the incident and reflected pulses, the significantly
greater front stress indicates that the stress wave is propagating through into the sample,
rather than experiencing full reflection due to acoustic mismatch.
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Figure 4.13: Typical front stress variation for unconfined SHPB tests at 8, 12, and 16 m/s.

4.4.3 Phase behaviour in unconfined testing

The existence of four unique types of back stress behaviour began to emerge depending on
the moisture content level of the sample, indicating that certain intrinsic moisture content
boundaries exist that dictate stress propagation through a kaolin clay sample. While tests
are not fully conclusive of a specific relationship between moisture content and back stress
within each of the specific phases, the existence of these specific phases and the boundaries
that dictates patterns of stress propagation is pertinent in characterising high-strain-rate be-
haviour and has immediate implications in the stress dampening capabilities that kaolin clay
possesses. Each of the four back stress behaviour types within this study has been defined
as a “phase”, each of which are associated with the samples with specific moisture content
levels which consequently have direct effect on material composition.

Since moisture content is the direct factor leading to the existence of the unique phases,
the material composition is crucial in governing the value of each of the phase boundaries.
While the initial phase (phase 0) only applies to fully dried kaolin clay samples, the other
phases can be expressed in terms of its material and experimental properties corresponding
to the various levels of moisture content as seen in Figure 4.14. Consequently, it could be
observed that specific boundaries are correlated to specific material properties.
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Figure 4.14: Phase behaviour according to material properties for unconfined testing of
kaolin clay at 16 m/s (2700 s−1). Phase boundaries 2 and 3 are marked ‘B2’ and ‘B3’.

The boundary points between the unique phases have been determined based empirical ev-
idence and material analysis of each test sample as an interpretation of behaviour within
certain moisture content regimes. Consequently, relationships have been found that led to
the emergence of three phase boundaries, which are listed as follows:

• Boundary 1 (Phase 0-1): Since phase 0 applies to dried samples, the first phase
boundary is simply when the sample is partially saturated due to the initial presence
of water.

• Boundary 2 (Phase 1-2)): This boundary exists at the value of moisture content in
which the trend lines between air and water-volume ratio intersect.

• Boundary 3 (Phase 2-3): This boundary exists at the value at which the air-volume
ratio intersects the value of maximum experimental strain obtained from SHPB tests.

Figure 4.15 shows the unique back stresses that correspond to each of the four phases tested
at 16 m/s. While the tests are described based on the estimated moisture content for ease
of illustration, there is a inevitable deviation between the exact and estimated moisture con-
tents, however the existence of specific phase behaviour is still evident. The characteristics
of each of the four phases can be described as follows:

Phase 0: This phase corresponds to fully dried samples. For unconfined tests, this phase ex-
periences the highest amount of axial stress propagation, the peak back stresses experienced
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in this phase are the highest compared to the other phases. This corresponds with moisture
content being the key factor in encouraging lateral stress propagation as most stress is being
transmitted through the sample due to the lack of moisture. A characteristic of behaviour
within this phase is that back stress does not fully return to zero, this is due to the forced
consolidation of the sample after loading and is also the phase of which there is visually the
least extrusion. The greatest presence of air voids and resultant forced consolidation causes
the length of the stress wave to become elongated, leading to the value of back stress not
returning to zero until after the duration of the initial pulse length.

Phase 1: This phase corresponds to samples with a moisture content greater than 0% until
boundary 1, and are considered partially saturated. This phase is characterised by an initial
peak followed by a slow and gradual return to zero. The presence of moisture within samples
in this phase causes a considerable amount of sample extrusion, leading to the gradual return
to zero back stress. Since the volume of water is still less than the volume of the soil and
air, the gradual return to zero is attributed to the presence of air voids within the sample,
hence leading to a similar but lesser elongation effect as observed in phase 0 as the sample
experiences axial compression. While different moisture contents within this phase do not
exhibit a direct relationship between moisture content and back stress, the peak back stresses
in this phase are still generally greater than the latter two phases but still less than phase 0.

Phase 2: This phase corresponds to samples with moisture content between boundaries 1
and 2, and are considered partially saturated. While qualitatively, this phase resembles phase
1 due to the amount of extrusion, there is a distinct difference in shape after the back stress
reaches its peak, such that there is a more immediate return to zero compared to phase 1.
The peak back stress is generally lower than phase 0 and 1, but greater phase 3.

Phase 3: This phase corresponds to all samples with moisture contents greater than bound-
ary 3, and contains samples from partial to full saturation. Since this phase is associated with
the greatest proportion of moisture, the characteristics of this phase are heavily influenced
by the effects of moisture and hence the greatest amount of extrusion is observed, this is
consistent with the least stress being propagated onto the back interface of the specimen due
to the tendency for stress to propagate laterally instead.

4.4.4 Effect of strain rate

While the presence of moisture on kaolin clay is crucial in governing high-strain-rate be-
haviour, it is also crucial to investigate the effect that strain rate has on the respective phase
boundaries. Tests performed at the three striker bar speeds (8, 12, and 16 m/s) all show the
existence of the four distinct phases, albeit at increasing magnitudes due to greater striker
bar induced stresses.

The variation of sample stress was obtained by taking an average of the stresses at the front
and back of the sample. This was compared with the variation of strain as illustrated in
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Figure 4.16: Typical stress vs time variation from unconfined SHPB tests on saturated kaolin
clay at 8, 12, and 16 m/s
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Figure 4.17: Variation of stiffness with strain rate based on unconfined SHPB tests at three
striker bar speeds of 8, 12, 16 m/s, with trend line to show strain rate dependence.
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Figure 4.18: Typical strain-time history during unconfined SHPB tests on kaolin clay at 8,
12, and 16 m/s.

Figure 4.16. This emphasises the strain rate dependency of the material as increases in
strain rate as increases in strain rate correspond to non-linear increases in the ratio between
stress and strain, this is visualised in Figure 4.17 where stiffness is calculated based on
the ratio between the maximum axial stress and the respective sample strain at that value.
While moisture content has not been shown to have a distinct relationship with stiffness, the
exponential relationship that develops between strain rate and stiffness has been obtained by
performing exponential regression on the data points. Based on the exponential trend line,
the relationship between stiffness (MPa) and strain rate (s−1) can be defined by the equation:

Stiffness =
ln(Strain rate)

0.0025
− 2570.41 (4.23)

The coefficient of determination (r2 value) for the trend line is amounted to 0.75, this indi-
cates that the relationship between strain rate and stiffness as represented by the trend line
is considered to be highly correlated.

Consequently, the boundaries of the four phases can be similarly determined based on mate-
rial properties. The key difference is the increase in maximum experimental material strain
as striker speed is increased as seen in Figure 4.18, this has a direct effect on the value of
boundary 3. Since boundary 3 is the intersection between the final experimental strain and
the trend line for air-volume ratio, increases in experimental strain naturally corresponds
to boundary 3 reducing. Ultimately, this results in the moisture content range of phase 2
decreasing as strain rate is increased.

As observed in Figure 4.19, the phase boundaries at 8 and 12 m/s are still based directly on
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Figure 4.19: Phase behaviour according to material properties for unconfined testing of
kaolin clay at a) 8 m/s (1900 s−1) and b) 12 m/s (2700 s−1). Phase boundaries 2 and 3 are
marked ‘B2’ and ‘B3’.
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Figure 4.22: Strain rate variation during unconfined SHPB at 18, 20, and 22 m/s, corre-
sponding to an average peak strain rate of 2800, 3000, and 3300 s−1.

the material properties. While boundary 1 and 2 remain the same due no change in intrinsic
material composition, boundary 3 has reduced as a result of testing at higher strain rates and
hence highermaximummaterial strain. While themoisture content ranges of the phases have
seen change and the magnitude of back stress is proportionally higher at greater loads, the
pulse shape remains fairly consistent with phase behaviour previously described regardless
of strain rate variation. This can be observed in Figure 4.20 for the four phases tested at 8
m/s, and in Figure 4.21 for the four phases tested at 12 m/s. Evidently, the number of trials
obtained at 16 m/s in phase 2 are limited, thus prompting additional testing at even greater
strain rates to validate the reduction of boundary 3 due to strain rate.

Unconfined SHPB tests were conducted at 18, 20, and 22 m/s to verify the range for phase
2 behaviour gradually reducing at higher strain rates (Figure 4.22). These three striker bar
speeds correspond to an average peak strain rate of 2800, 3000, and 3300 s−1. As seen in
Figure 4.23, strain-time history at higher strain rates produced a maximum strain of val-
ues closer to 0.29. When considering the phase boundary is dependent on the maximum
experimental strain during loading, maximum experimental strains approaching 0.29 cor-
responds with the value of boundary 3 decreasing. Essentially indicating that the moisture
content range for phase 2 is gradually decreasing. However, a crucial physical limitation
is the inability to produce precise samples with exact moisture content levels within the in-
creasingly small phase 2 limits in order to determine if boundary 3 approaches but never
reaches boundary 2, or if phase 2 disappears at a certain strain rate.
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Figure 4.23: Typical strain-time history during unconfined SHPB tests on kaolin clay at 18,
20, and 22 m/s.

4.5 Confined testing of kaolin clay

Confined SHPB tests are conducted on kaolin clay to determine the factors that affect high-
strain-rate behaviour. The discovery of unique phase behaviour corresponding to changing
moisture content boundaries during unconfined testing is explored when kaolin clay is under
a rigid confinement mechanism instead. The addition of a confining ring was crucial in
mapping the effect of confinement by providing the basis of comparison between free field
and rigid confinement in the context of high-strain-rate behaviour.

Confined tests on kaolin clay were conducted based on the initial test programme set in Sec-
tion 3.5 at various moisture contents and striker bar speeds. Similar to unconfined tests, the
initial test programme is focused on three striker bar speeds of 18, 20, and 22 m/s, which
correspond to an average peak strain rate of 2600, 2800, and 3100 s−1, the strain rate vari-
ation for these three striker bar speeds under confined conditions are illustrated in Figure
4.24. Strain rates are expectedly different even at same striker bar speeds between confined
and unconfined tests due to the confining ring being a major factor in the rate the sample is
strained during loading.
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Figure 4.24: Average strain rate variation during confined SHPB tests on kaolin clay at 18,
20, and 22 m/s, corresponding to an average of 2500, 2800, and 3100 s−1.

4.5.1 Confined SHPB results

The existence of unique phases revealed from unconfined testing on kaolin clay remains the
primary focus of investigation, specifically on the influence of the rigid lateral confinement
on the moisture content effects in kaolin clay. Contrary to unconfined SHPB tests on kaolin
clay, a larger variation in themagnitude of back stress is observed in confined SHPB tests as a
result of moisture content. Notably, saturated kaolin clay samples exhibit much greater stress
propagation capabilities when under rigid confinement. In unconfined SHPB tests, saturated
kaolin clay encourages lateral extrusion and stress propagation, however the presence of the
confining ring acts as a barrier that prohibits lateral stress flow. When lateral movement is
being restricted, lateral stress is redirected in the axial direction towards the back end of the
sample, and in the form of sample extrusion on the edges of the confining ring.

The redirection of lateral stress when under rigid confinement means that SHPB tests on
saturated kaolin clay under confined conditions show a much greater disparity between front
and back stresses when compared to unconfined tests (Figure 4.25). As discussed in Section
4.3.3, the difference in pulse lengths between front and back stresses make it difficult to
designate an accurate alignment. Figure 4.25 has been aligned based on setting the peak of
the pulse peaks to be the same value. Although the normalised stress difference still show
the overall lack of stress equilibrium being obtained, there are now instances where the the
normalised stress difference actually reaches zero, as seen in Figure 4.26.
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Figure 4.25: Front, back, and radial stresses for confined tests at 18 m/s on saturated kaolin
samples at 41% moisture content.

Conducting confined SHPB tests with a confining ring also allow for radial stresses to be
calculated, this is crucial in understanding not only the effect that rigid confinement has on
axial stress propagation, but also the subsequent induced lateral stresses. The tendency for
axial stress to be redirected in the lateral direction is emphasised when radial stresses are
measured, evident from Figure 4.25 and the significant radial stresses being recorded.

As seen in Figure 4.25, the magnitudes of the radial and back stress pulses are relatively
similar. This aligns with the notion that the lateral stress is being redirected axially, hence
the lateral stress measured by the confining ring results in axial stress being transferred
towards the back of the specimen and onto the transmitted bar.

Similar to unconfined tests, sample stress was determined by taking the average at the front
and back interfaces of the specimen, but back stress was the main component that undergoes
drastic change. The typical front stresses for confined SHPB tests is shown in Figure 4.27.

4.5.2 Phase behaviour in confined SHPB testing

After conducting tests at a range of moisture content under confined SHPB conditions, the
unique phases discovered via unconfined testing still correlated to specific behaviour. How-
ever, the effects of rigid confinement are revealed with the addition of the confining ring,
where a comparatively much greater back stress is recorded in each phase due to the redi-
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Figure 4.26: Typical stress wave difference between front and back interfaces, normalised
by their mean for saturated kaolin clay.
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Figure 4.27: Typical front stress variation for confined SHPB tests at 18, 20, 22 m/s.
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Figure 4.28: Phase behaviour according to material properties for confined testing of kaolin
clay at 18 m/s (2500 s−1). Phase boundaries 2 and 3 are marked ‘B2’ and ‘B3’.

rection of lateral stresses. The phase boundaries described for unconfined SHPB tests are
similarly applicable for confined tests since the limits are based on intrinsic material compo-
sition and experimental properties. Boundaries 1 and 2 remain as constants, while boundary
3 continues to be variable as it is dependent on the maximum experimental strain at each
strain rate. The individual phases in confined testing dependent on material and experimen-
tal properties can be observed in Figure 4.28.

The key characteristic differences between phase behaviour in unconfined and confined tests
are described below. Soil saturation and boundary limit details are the same as phases in
unconfined testing so have been omitted (refer to Section 4.4.3 for details of individual
phase behaviour from unconfined testing). Figures 4.29 and 4.30 shows the back and radial
stresses at each of the four phases for confined tests at 18 m/s.

Phase 0: The magnitudes of back stresses recorded within this phase are significantly lower
compared to phases 2 and 3, which contrasts prior phenomena observed during unconfined
testing. This is attributed to the absence of moisture in the sample to redirect stress laterally
and the highest proportion of air voids in samples in this phase, forcing the sample to un-
dergo axial compaction during loading. The confining ring prevents lateral extrusion of the
soil, exacerbating the effect of compaction by essentially creating a cell that dynamically
compacts the dry soil. Subsequently, radial stresses are also the lowest in this phase because
the lack of moisture results in the least amount of stress being forced to propagate laterally
during the initial radial pulse.
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Phase 1: In this phase, the volume of water is less than the volume of soil and air, thus
the same effects of compaction was observed as in phase 0. The presence of moisture,
even in limited amounts, forces parts of the stress wave to redirect laterally, emphasising the
increased radial stresses observed in this phase. However, the low volume ofmoisturemeans
that samples within this phase still mostly exhibit compaction behaviour similar to phase 0
due to the large amount of air voids, evident from the considerably lower magnitudes of
back stress compared to the latter phases as the stress wave is being dampened by the effect
of compaction.

Phase 2: This phase was only prevalent during testing at 18 m/s, this is because the max-
imum experimental strains experienced during tests at 20 and 22 m/s exceeds 0.29, which
coincides with the upper limit for phase 1. Since the volume of water is much greater than
previous phases, the sample properties show aspects of saturated kaolin clay. However, the
magnitude of back stress is still a comparable amount less than the final phase which is akin
to performing dynamic tests on fluids. Radial stresses incurred in this phase are greater than
previous phases but still less than the final phase.

Phase 3: The final phase exists when there is an abundance of moisture and the sample is
fully saturated, hence the effects of moisture govern the majority of soil behaviour within
this phase. This is the phase that exhibits the greatest radial stresses as the tendency for
moisture to propagate laterally dictates the behaviour of the sample. Subsequently, the back
stresses are also the greatest in this phase as the rigid confining ring redirects lateral stresses
into the axial direction and onto the transmitted bar.

The effect of the confining ring in translating radial stress towards the transmitted bar is
similarly observed by comparing Figures 4.29 and 4.30. Where the magnitude of the radial
stress is always greater than the axial stress. This was still the case when there was mini-
mal axial stress transmission through the sample such as in phase 0 and 1, where majority
of stress was lost due to extrusion induced volume loss or consolidation of internal air voids.

4.5.3 Effect of strain rate

While the addition of the confining ring has a clear effect on the moisture content associated
boundaries, tests at other strain rates allow for the holistic effect of rigid confinement on
the factors that affect high-strain-rate behaviour to be investigated. When confined SHPB
tests at higher strain rates were conducted (striker velocities of 20 and 22 m/s), phase 2
behaviour was not observed in any SHPB tests. This is because boundary 3 is dependent
on the maximum experimental strains, while the maximum strains experienced in tests at
20 and 22 m/s that are extremely close or greater than 0.29 as seen in Figure 4.31. As the
moisture content range for phase 2 decreases, it becomes increasingly difficult to obtain
precise moisture contents that theoretically fit within phase 2 limits.
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Figure 4.31: Typical strain-time history during confined SHPB tests on kaolin clay at 12,
18, 20, and 22 m/s.
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By considering the material and experimental properties of the samples at 20 and 22 m/s,
the increase in experimental strain results in boundary 2 seemingly disappearing as seen in
Figure 4.32. While Figure 4.33 suggested that phase 2 behaviour was theoretically possible,
the practical attainment was extremely challenging due to the narrowmoisture content range,
which was determined to be less than 1% based on the average maximum experimental
strain values of 0.29. In the case of 22 m/s, the maximum experimental strain was 0.31,
this value theoretically exceeds the moisture content for boundary 2. Hence it can be said
that once strain rate reaches the point at which the intercept between the air-volume ratio
and air-volume ratio is equal to the maximum average strain rate, phase 2 disappears as the
theoretical boundary 3 becomes less than boundary 2.

Since phase 2 behaviour was not attainable at higher strain rates, the back and radial stresses
for each of the individual phases can be seen in Figures 4.33 and 4.34 for 20 m/s, and Fig-
ures 4.35 and 4.36 for 22 m/s. Similar to unconfined tests, sample stress-strain at the three
different strain rates is shown in Figure 4.37 to consider the effect of strain rate.

The effect of strain rate on the magnitude of radial stress pulses are comparatively minimal,
this is potentially attributed to the volume loss during confined tests. Unconfined tests have
proved that regardless of confinement, increases in strain rate leads to a greater back stress.
However, radial stress measurements have signified a much less distinguishable effect, this
may be due to a limit of confining ring used in the current setup that prompts volume loss
from extrusionwhen deformation of the ring becomes too great. In order to better understand
the effect of a rigid confinement in an idealistic environment without volume loss, numerical
modelling will be discussed in subsequent sections.

To supplement the effect of strain rate, further tests were completed at a lower strain rate in
order to validate the same behaviour still persists. Tests conducted at 12 m/s correspond to
an average strain rate of 1600 s−1 as seen in Figure 4.38.
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Figure 4.32: Phase behaviour according to material properties for confined testing of kaolin
clay at a) 20 m/s (2800 s−1) and b) 22 m/s (3100 s−1). Phase boundaries 2 and 3 are marked
‘B2’ and ‘B3’.
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Figure 4.33: Back stress from confined testing on kaolin clay at 20 m/s at moisture contents
corresponding to a) phase 0, b) phase 1, c) phase 3.
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Figure 4.34: Radial stress from confined testing on kaolin clay at 20 m/s at moisture contents
corresponding to a) phase 0, b) phase 1, c) phase 3.
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Figure 4.35: Back stress from confined testing on kaolin clay at 22 m/s at moisture contents
corresponding to a) phase 0, b) phase 1, c) phase 3.
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Figure 4.36: Radial stress from confined testing on kaolin clay at 22 m/s at moisture contents
corresponding to a) phase 0, b) phase 1, c) phase 3.
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Figure 4.37: Typical stress vs time variation from confined SHPB tests on saturated kaolin
clay at 8, 12, and 16 m/s
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Figure 4.38: Typical strain rate variation during confined SHPB tests on kaolin clay at 12
m/s, corresponding to an average of 1600 s−1.
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4.6 Discussion of SHPB testing

The presence of unique phase behaviours being dependent on saturation is crucial in the
practical application of cohesive soils with high water retention capabilities such as kaolin
clay. This behaviour is primarily dictated by the tendency for stress to propagate laterally
when subject to high-strain-rate axial loading. This leads to a unique scenario when rigid
lateral pressure is applied and lateral movement of the sample is restricted. The result leads
to the redirection of lateral stresses towards the axial direction, ultimately still leading to
the greatest amount of stress wave propagation through the sample. A brief summary of the
effects of each phase on the respective stress behaviour in unconfined and confined SHPB
conditions is expressed in Figure 4.39.

While the effect of moisture content is clearly significant in influencing high-strain-rate
behaviour in cohesive soils such as kaolin clay. It is also equally important to consider the
effect of confining pressure especially as it is evident that restriction of lateral movement
results in an increase of stress transmission as the lateral stress gets redirected axially.

The blast attenuation properties of kaolin clay is emphasised even when under confined con-
ditions, such that the back stress is still significantly less than the front stress. While it is
presumed that it is an intrinsic property for kaolin clay to translate axial stress laterally, the
recorded radial stresses are still considerably low. However, this can be attributed to exper-
imental limitations caused by volumetric loss due to extrusion. Similar to the behaviour of
fluids, the internal lateral pressure within the ring forces the sample to extrude from the edges
of ring when subject to extreme loading. Qualitative assessment from high-speed imaging
of confined SHPB experiments on kaolin clay show this behaviour as seen in Figure 4.40.
This is further backed up by numerical modelling in which a rigid confining ring that re-
stricted any sample extrusion created a scenario in which volumetric loss was restricted and
full lateral stress translation occurs, where there were comparable magnitudes of front and
back stresses. Refer to Chapter 6 for a comprehensive description of the development of the
numerical model and findings.

Phase 0
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Back stress
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as phase increases

increases
as phase increases

increases
as phase increases

Confined
Back stress

Confined
Radial stress

Phase 1 Phase 2 Phase 3

Figure 4.39: Summary of average stress magnitude within each moisture content phase of
kaolin clay, effect of moisture content within individual phases do not show clear relation-
ship.
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Figure 4.40: High-speed imagery of the instance after loading for confined SHPB test on
kaolin clay, showing sample extrusion from the edges of the ring upon impact.
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Figure 4.41: Typical circumferential strain history of confining ring, showing continual vari-
ation even after initial pulses.
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In addition to the presence of volumetric loss due to extrusion, physical limitations associ-
ated with the material of the confining ring mean that the resultant radial stress pulse ex-
periences multiple oscillations due to vibration upon impact. While the effect of vibration
was not as significant since the magnitude of the initial peak in the incident and reflected
pulses were the primary points of concern, the vibration of the steel confining ringmeant that
circumferential strain measured by the strain gauges on the confining ring were inevitably
affected by internal reflections of the initial stress pulse. Figure 4.41 shows an expanded
view of the radial stress history starting from the instance of impact, to illustrate the mag-
nitude of oscillations that develop over time even after the stress wave has passed through
the sample. Moreover, unavoidable contact between the confining ring and pressure bars
also lead to minor additions to circumferential strain measurements from the strain gauge,
these factors are key objectives that prompt the need for numerical modelling to aid in the
interpretation of confinement effects.

The initial conditions prior to the propagation of the stress wave was such that the confin-
ing ring provided a tight seal over the specimen and the pressure bars, preventing any gaps
for extrusion. The continual oscillations of expansion and contraction after the initial pulse
means that gaps exist that prompt the continuous extrusion of sample volume. An inherent
trade-off exists between tightness of the ring around the sample to provide full confinement,
and the ring’s hindrance of bar movement that affects the loading phase through the sample.
While high-speed imagery conducted was insufficient to provide the exact instance of ex-
trusion, initial circumferential strains of less than 0.0004 implies that while portions of the
sample are extruded on the initial loading, the stress wave still propagates into the sample.
However, this is subsequently addressed via numerical modelling, where the ability to cre-
ate a fully sealed confinement mechanism without hindering bar and loading phases allows
for the effect of confined high-strain-rate conditions to be better understood.

By considering the effects of a rigid confining ring, it becomes imperative to also determine
if radial pressure during unconfined conditions are consistent with the findings regarding
the translation of axial stresses. The ability for the partial laterally confined setup allows for
the sample to be contained in a state that replicates a free field environment but allow for
radial pressure to be recorded through changes in water pressure.

4.7 Summary

This chapter investigates high-strain rate behaviour of kaolin clay by conducting SHPB tests.
Detailed methodology of the apparatus and setup was discussed, along with the introduction
of the algorithm SHPB_processing.py to facilitate the signal processing of SHPB tests.
This was vital as preliminary tests reveal that the conventional condition of stress equilib-
rium could not be obtained from SHPB tests due to impedance mismatch. This leads to the
use of SHPB tests as a method of characterisation of stress wave propagation, and uncovered
the effects of high-strain-rate testing on cohesive soils.
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The effect of moisture is especially significant for cohesive soils, traditional free field un-
confined SHPB tests demonstrate the four unique boundaries within cohesive soil behaviour
corresponding to varying levels of moisture content. While results within each phase are not
conclusive, there is a clear trend that shows phases with lower saturation typically experience
lower axial stress propagation as a significant portion is translated into lateral stress and lost
through sample extrusion. The boundaries of which these phases are shown to be directly
correlated with intrinsic material properties and experimental conditions, notably air-volume
ratio, water-volume ratio, and maximum experimental strain. The first two properties dic-
tate the behaviour within each of the phases, with the volume of air affecting the degree
of consolidation, and volume of water dictating the tendency for lateral stress propagation.
The maximum experimental strain is directly related to the strain rate, this is supported by
tests at greater strain rates which show phase boundary 3 decrease accordingly.

By juxtaposing unconfined tests with SHPB tests with a rigid steel confining ring, the effects
of both confinement conditions are compared. Similarly, four unique types of behaviour
was observed corresponding to each of the four phases. However, the trend differed from
unconfined tests due to the restriction of lateral stress propagation. The addition of the
confining ring served to concentrate lateral stresses at the edge of the sample and ultimately
redirect the stress back towards the axial direction and onto the transmitter bar. This leads
to an increase in both back stress and radial stress as saturation within each phase increases.

However, experimental limitations prevent full characterisation of these confinementmodes,
hence numerical modelling is required to facilitate characterisation of cohesive soil be-
haviour.
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Chapter 5

Partial lateral confinement for evaluation of
confinement effects

5.1 Introduction

While the presence of a rigid confining ring has been shown to have an effect on the resultant
stress transmitted through a kaolin clay specimen, it is necessary to investigate whether this
effect is consistent when the confining pressure is reduced. It becomes critical for triaxial
behaviour under high-strain-rates to be evaluated when confining pressure is not limited.
Unconfined SHPB tests allow for free field high-strain-rate tests to be conducted, but does
not enable for radial stresses and lateral deformation to be precisely examined. This novel
avenue bridges the gap between conventional free field unconfined SHPB testing for solid
materials, and rigid confined SHPB testing typically used in soil testing.

Hence work is done to develop the setup initially pioneered by Barr et al. (2016) for test-
ing on cohesive soils. The development of the setup not only provides the ability to record
changes in lateral stress during standard free-field SHPB tests on soils, but also opens up the
possibility for other types of testing such as with fluids and bridges the gap between triaxial
behaviour from rigid confined and conventional unconfined conditions. The modified appa-
ratus, as initially developed by Barr et al. (2016), consists of the addition of a steel reservoir
that envelopes the pressure bars and soil sample. Prior to testing, the reservoir was filled
with water and changes in water pressure resulting from lateral deformation of the sample
during axial loading was used to monitor triaxial behaviour.

While the setup was conceptualised and preliminarily developed for sands and rubber sam-
ples, the setup has not been adapted for a wider range of material samples. Further de-
velopment of the apparatus and signal processing procedure for this study was crucial in
enabling the investigation of high-strain-rate triaxial behaviour. While the focus of equip-
ment development was focused on facilitating the application of the apparatus on cohesive
soils and fluids, the goal is to serve as a proof of the viability of this apparatus in wider
range of materials with unique behavioural tendencies, in addition to enhancing the holistic
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Figure 5.1: Schematic of the partial lateral confined SHPB apparatus.

understanding of cohesive soil behaviour under high-strain-rate conditions especially with
regards to confinement effects and triaxial behaviour.

In contrast to experiments where the hydrostatic pressure is applied before the axial load-
ing, the method discussed in this chapter allows the lateral confinement of the specimen to
develop during the deviatoric phase. As the sample is loaded axially, the inertia of the water
annulus resists radial deformation that occurs in response to the behaviour of the sample. A
pressure transducer in the wall of the reservoir allows radial stresses to be quantified. The
pressure transducer to used is the Kulite HKM—375–2500, calibrated by the manufacturer
to perform linearly to a pressure of 25MPa.

Kaolin clay samples are prepared in accordingly at a range of moisture contents for testing
with the modified SHPB setup. The aims of partial lateral confined testing on kaolin clay
was to:

• Demonstrate the capability of the modified SHPB apparatus for high-strain-rate test-
ing on cohesive soils.

• Compare radial behaviour of cohesive soils under modified SHPB apparatus with ex-
isting SHPB conditions to evaluate effects of confinement.

5.2 Partial lateral confined apparatus

5.2.1 Experimental setup

The modified SHPB is made up of a standard pressure bar arrangement which consists of a
striker, an incident and a transmitter bar, 25 mm in diameter, with a 350 mm, 2500 mm and
1500 mm length, respectively, as shown in Figure 5.1. In addition, as illustrated in Figure
5.2, a 600 mm long steel water reservoir is set on linear bearings and centred around the
specimen. A 0.05mm thick friable latex membrane enveloped over the sample and both the
incident and transmitter bars, and secured by small rubber o-rings (Figure 5.3), this is to
preserve to saturation level of the sample and to prevent water from the water annulus from
contaminating the sample prior to loading.
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Figure 5.2: Schematic of the partial lateral confined SHPB apparatus: water reservoir sec-
tion.

Figure 5.3: Image of the sample in between the reservoir support stands prior to the initiation
of testing with the partial lateral confined SHPB apparatus; sample is secured between the
pressure bars, enveloped by a latex membrane, and secured by small rubber o-rings.
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210 mm

Ball bearings with adjustable length

Steel reservoir

Figure 5.4: Simplified schematic of the reservoir support stand used for partial lateral con-
fined tests, water reservoir to be centred and secured between the ball bearings.

The reservoir length was designed so that the time required for a stress wave initiated at the
specimen surface to travel to and from the reservoir’s end exceeds the loading duration in
the specimen, guaranteeing that inward-travelling waves from the boundary do not interfere
with pressure measurements. This simplifies the seal between the reservoir and the pressure
bars, which are only needed to keep the water at atmospheric pressure.

5.2.2 Reservoir support stand

To facilitate the use of the water reservoir for partial lateral confined testing, new reservoir
support stands were designed that allowed for precise manual adjustment of the the reservoir
alignment, as well as accessible removal of the water reservoir before and after testing. The
ball bearings are loosely screwed onto the aluminium frame and capable of being manually
adjusted to ensure the reservoir is centred between the pressure bars and secure prior to
testing. Figure 5.4 shows a simplified design of the reservoir support stand, however detailed
design drawings can be found in Appendix F.2.

5.2.3 Partial lateral confined SHPB testing procedure

While the initiation process of partial lateral confined tests follow a similar procedure previ-
ously described for unconfined and confined SHPB tests, the fitting of the sample in prepa-
ration for testing was crucial to ensure sample measurements are accurately obtained and
the sample is properly secured prior to axial loading.
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The procedure to load the sample into the apparatus was as follows:

1. Reservoir support stand was secured onto the channel prior to installation of the water
reservoir and fitting of the sample. Incident bar was pushed all the way to the left and
movement of the bar was restricted prior to testing.

2. Linear bearing support closest to specimen interface on incident bar was moved to the
left.

3. Water reservoir was slotted in between the reservoir support stands and in between
the incident and transmitted pressure bars.

4. Water reservoir was slid to the left in the space of the vacated linear bearing support.

5. Small plastic o-rings were slid onto the incident and transmitted bars.

6. Half of latex membrane was slid onto the incident bar.

7. Sample was carefully placed in between the incident and transmitted pressure bars.

8. Latex membrane was carefully slid over to fully encompass the specimen and sealed
onto the pressure bars with the small o-rings.

9. Water reservoir was slid back and pressure port was aligned directly on top of the
specimen.

10. Linear bearing support was slid back towards its original position.

11. Ball bearings on reservoir support stand were manually adjusted to ensure the water
reservoir was centred on both the incident and transmitted pressure bars and secured
in place.

12. Large o-rings were used to seal the two open ends of the water reservoir.

13. The reservoir was slowly filled with water through the filling port and the pressure
transducer is secured onto the pressure port.

14. Measurement of the sample length is performed based on the distance between the
end of the transmitted bar and the final linear bearing support (Figure 5.5)

The test then proceeded like previous SHPB tests, loading was provided by initiating the gas
gun and firing the striker bar onto the incident bar at the desired striker bar velocity.
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Figure 5.5: Schematic of sample measurement process a) before and b) after installation
inside the reservoir.

5.2.4 Signal processing for partial lateral confined testing

Signal processing for partial lateral confined SHPB tests were similarly handled with the
SHPB_processing.py function, with the confinement mode set to ‘Reservoir’. While sig-
nal processing for axial stress and strains follow the same method, the signals obtained from
the pressure transducer does not require a Wheatstone bridge circuit as the transducer di-
rectly outputs a voltage that can be translated into the pressure experienced at the location
of the pressure port.

The transit time between the radial stresses through the water annulus has been taken account
by considering the time required to travel through the medium of fluid within the annulus.
Thus the time for the the stress pulse, ttransit, to travel through the reservoir annulus can be
given by:

ttransit =
lreservoir
vfluid

(5.1)

where lreservoir is the thickness of the reservoir annulus, and vfluid is the wave speed of the
fluid in the annulus. The radial stress directly obtained from processing pressure transducer
signal is then timeshifted by the transit time in order to acquire the radial stress experienced
at the surface of the specimen, with the assumption that the fluid wave speed for water is
1482 m/s.

5.3 Partial lateral confined testing of kaolin clay

Unconfined and confined SHPB tests have been fundamental in the understanding of high-
strain-rate behaviour of kaolin clay. While radial stresses under rigid confinement have
been investigated, the partial lateral confined SHPB apparatus allows radial stresses to be
measured yet the sample is still allowed to deform laterally during loading. Results from
high-strain-rate testing of kaolin clay with the partial lateral confined SHPB apparatus have
been documented and submitted for publication (Li et al., 2024a), the journal paper has been
included in Appendix A.6 for reference.
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As highlighted, the main objectives are to demonstrate the capabilities of the partial lateral
confined SHPB apparatus in assessing triaxial behaviour of cohesive soils under high-strain-
rate conditions, and to connect the findings between unconfined and confined SHPB testing
regarding the effects of confinement. As such, the test programme using the partial lateral
confined apparatus, is focused on testing at various saturation levels and striker speeds, as
discussed in Section 3.5. Although radial deformation is allowed to develop under this mod-
ified setup, the radial inertia caused by the development of hydrostatic pressure means the
lateral confining pressure is still greater than free field unconfined tests, hence a difference
in strain rate is expected.

Different moisture contents are tested to investigate the unique phase behaviour under high-
strain-rate loading. The majority of the test programme with the partial lateral confined
SHPB on kaolin clay is focused around tests at 16 m/s, which corresponds to an average
peak strain rate of 2500 s−1. Previous SHPB testing on kaolin clay revealed that the bound-
aries of the phases are reflective of the intrinsic properties of the material and maximum
experimental strains (Figure 5.7). Hence the moisture contents selected for testing are based
on verifying the existence of the same phases and validating prior knowledge about the ma-
terial properties of kaolin clay. Additional tests on saturated kaolin clays are conducted at
striker bar speeds of 12 and 20 m/s, which correspond to peak average strain rates of 1900
and 3000 s−1 (Figure 5.6). This is used to check the effect of strain rate and compare to ex-
isting results. Ultimately, by comparing the results from unconfined, confined, and partial
lateral confined tests, the holistic effect of confinement was evaluated.

Similar to existing SHPB testing, sample stress is determined by taking the average at the
front and back interfaces of the specimen, back stress is the main component that undergoes
drastic change. The typical front stresses for confined SHPB tests is shown in Figure 5.8.

5.3.1 Effects of moisture content

Axial data from experimental results on kaolin clay exhibit similarities to behaviour from
unconfined SHPB tests where a lesser magnitude of axial stress is recorded on the back of
the specimen, as seen in Figure 5.9. This is because when the sample is allowed to deform
laterally, cohesive soils such as kaolin clay tend to propagate stress laterally and result in the
lack of direct translation of axial stress on the initial transmitted pulse.

Axial effects

As such, the intrinsic phase behaviour previously investigated in both confined and uncon-
fined testing is assumed to exist. This has been validated as tests on saturated, partially
saturated, and dried samples are shown in Figure 5.10, where unique variations of back
stress are recorded within each individual moisture content phase. While there is no conclu-
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Figure 5.6: Typical strain rate variation during partial lateral confined SHPB tests on kaolin
clay at 12, 16, and 20 m/s, corresponding to an average peak strain rate of 1800, 2500, and
3000 s−1.
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Figure 5.7: Typical strain time history during partial lateral confined SHPB tests on kaolin
clay at 12, 16, and 20 m/s.
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Figure 5.8: Typical front stress variation for partial lateral confined SHPB tests at 12, 16,
and 20 m/s.

0 20 40 60 80 100 120 140 160 180
Relative time, s

0

50

100

150

200

250

St
re

ss
, M

Pa

Front stress
Back stress
Radial stress

Figure 5.9: Partial lateral confined SHPB test on kaolin clay at 16 m/s: front, back and radial
stresses.
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sive relationship between saturation and back stress within individual phases, the stress on
the back interface of the specimen generally increases as phase increases.

Phase 0: Axial stress during phase 0 still retains the same characteristic from unconfined
tests that back stress does not return to zero, this is attributed to energy being used to con-
solidate the dry sample by filling in the existing air gaps. Stress propagation through the
sample is the greatest in this phase due to lack of moisture to force lateral propagation.

Phase 1: Behaviour within this phase is similar to phase 0, except the presence of moisture
means that there is a lesser degree of consolidation due to a portion of the stress being
propagated laterally, hence the curve gradually returns to zero over the course of the pulse.

Phase 3: This phase exhibits the lowest amount of axial stress propagation, the high volume
of water in saturated samples induce lateral stress propagation, resulting in the least amount
of back stress being recorded.

While tests have not been conducted to explicitly determine the behaviour within phase 2,
the consistency between characteristics of the other phases indicate the same behaviour exist
in phase 2, however further tests should be performed in the future to validate the existence
of phase 2 boundaries.

Radial effects

A primary advantage of the modified SHPB setup is the ability to simultaneously charac-
terise lateral behaviour without a confining ring that restricts lateral deformation. This can
be evident from Figure 5.9, where even though axial behaviour resembles closely to uncon-
fined SHPB tests on kaolin clay, significant radial stress can be recorded. This allows for the
development of lateral stress to be monitored even while the sample is allowed to laterally
deform under the different saturation phases.

While the algorithm SHPB_processing.py was developed with capabilities to automati-
cally detect the radial pulses, the magnitudes of the radial stresses in certain tests were too
low. This meant that often noise would interfere with detection of the radial pulse. For
these instances, manual selection of the radial pulses was performed by approximation of
the starts of the pulse. While the noise recorded at lower radial stress levels deems radial
stress behaviour as inconclusive, the magnitude of the radial pulse can still be estimated and
used as a basis of comparison to tests that yielded higher radial stress.

Phase 0: As seen in Figure 5.11a, while a radial pulse is still marginally visible, the noise
recorded by the pressure transducer overlaps the majority of the stress pulse. The prime
characteristic of this phase is that the sample undergoes consolidation and significantly more
axial stress is able to translate through the sample, naturally this indicates that the magnitude
of the radial pulse is much lower due to a lesser degree of lateral propagation. Since the
noise recorded can reach up to 3 MPa, this means that up to 50% of the recorded radial
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Figure 5.10: Back stress from partial lateral confined testing on kaolin clay at 16 m/s at
moisture contents corresponding to a) phase 0, b) phase 1, c) phase 3.
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Figure 5.11: Radial stress from partial lateral confined testing on kaolin clay at 16 m/s at a)
phase 0, b) phase 1, and c) phase 3.
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pulse overlaps with equipment noise. Hence, other than the interpolation that radial stress
is at a minimum, it is not feasible to reach accurate conclusions from tests at low moisture
contents at this time.

Phase 1: The greater degree of saturation within the sample causes a portion of the stress to
propagate laterally. Hence the magnitude of the recorded radial stresses show a considerable
increase from phase 0 as seen in Figure 5.11b.

Phase 3: For saturated samples of kaolin clay, the capability of the apparatus to measure
radial stress is demonstrated. The high proportional volume of moisture in samples within
this phase mean that high-strain-rate loading tends to cause the sample to expand laterally.
This invokes the greatest magnitude of radial stress, evident from Figure 5.11c, where there
is a distinct radial stress pulse.

5.3.2 Effects of strain rate

In addition to tests at 16 m/s, tests on saturated kaolin clays are conducted at 12 and 20
m/s which correlate to average peak strain rates of 1800 and 3000 s−1 (Figure 5.6). Tests
at 16 m/s demonstrated that the inability of the current setup to detect lower radial stresses
indicate that results obtained at lower degrees of saturation may not be reliable due to the
significant amount of noise. However, as discussed in Chapter 4, while strain rate has an
effect on the magnitudes of the stresses obtained at each moisture content phase, the typical
behaviour and pulse shapes exhibited at each phase remained consistent. Thus, even though
samples with lower degrees of saturation are not explicitly tested at different strain rates with
the partial lateral confined apparatus, the behaviour can be extrapolated based on proven
material behaviour from existing testing.

The back stresses from tests conducted on saturated kaolin clay can be visualised in Fig-
ure 5.12. The back stresses are still characterised by much lower magnitudes, and a minor
negative correlation can be observed as strain rate is increased. Similarly, radial stress ex-
hibited the same effect as expected, the shape of the radial pulse remained the same but the
magnitude increases with strain rate as seen in Figure 5.13. Based on this, the stress-strain
relationship can be visualised in Figure 5.14.
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Figure 5.12: Typical back stress from partial lateral confined SHPB test on saturated kaolin
clay at 12, 16, and 20 m/s
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Figure 5.13: Typical radial stress from partial lateral confined SHPB test on saturated kaolin
clay at 12, 16, and 20 m/s
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Figure 5.14: Typical stress vs strain variation from partial lateral confined SHPB test on
saturated kaolin clay at 12, 16, and 20 m/s

5.4 High-strain-rate testing of water via partially lateral con-
fined apparatus

This section aims to cover the investigation of high-strain-rate effects of liquids, specifi-
cally water, through the employment of the modified SHPB with partial lateral confine-
ment. While this provides a novel element such that it opens the possibility to conduct
high-strain-rate testing on fluids, it also acts as a source of comparison between the high-
strain-rate behaviour between kaolin clay and water. Work covering the application of the
partial lateral confined SHPB on water has been submitted for publication (Li et al., 2024b),
the corresponding journal paper can be found in Appendix A.4.

5.4.1 Methodology and setup for water tests

The methodology to setup the modified SHPB apparatus for water is a simplified version
of the standard methodology for soil samples. Without the latex membrane and o-rings to
envelope the sample, a 5mmgap is left between the incident and transmitted bars in the space
where the sample was originally secured as seen in Figure 5.15. As water at atmospheric
pressure fills the water reservoir, the space in between the pressure bars was subsequently
filled with water and subjected to high-strain-rate compression during loading.
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Figure 5.15: Schematic of the partially lateral confined SHPB apparatus for water tests:
water reservoir section.
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Figure 5.16: Variation of strain rate during partially-confined SHPB experiments on water.

Partial lateral confined SHPB tests were then conducted in the same manner as previously
described. Tests were conducted at designated striker bar speeds of 16 and 20 m/s, and were
measured with the speed trap at the end of the gas gun barrel. From the tests conducted
at the two different speeds, a broad range of strain rate was captured, as shown in Figure
5.16, where the strain rate increases to an average peak of 2095 s−1 and 4844 s−1, over
approximately 150 µs. Under these high-strain-rate conditions, both the axial and radial
stresses of the specimen were measured.
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5.4.2 Results of water testing

Figure 5.17 display the typical stress difference between axial and radial stress, illustrating
the viability of the current configuration in assisting with the triaxial response of a liquid.
The time delay between the radial and axial stresses can be attributed to the effects of water’s
radial inertia, which is an avenue that can be investigated in the future.

Figure 5.18 shows the incident and reflected pulses, indicating that while a major portion of
the wave is reflected, a significant portion is shown to travel through the incident bar and
onto the water medium.

Tests were performed using the modified SHPB fitted with the partial lateral confinement
reservoir on water, at 16 m/s and 20 m/s. Figures 5.19 and 5.20 show similarities in terms of
response behaviour, with a logical increase in amplitude associated with higher test speeds.

Figures 5.19 and 5.20 depict the experimentally measured front, back and radial stresses.
The radial stress directly adjacent to the water in between the pressure bars was calculated
by taking into account the transit time of the radial stress wave through the water annulus (5.1
µs, assuming a wave speed in water of 1482 m/s). The recorded radial stress shows a radial
stress wave with peaks that align relatively well with front and back stresses, indicating
that the lateral response recorded with the pressure transducer is a direct result of the axial
loading from the SHPB test.

Looking at the Poisson’s ratio, experimentally at 16 m/s, the maximum front, back and
radial stress recorded are 180, 5 and 46 MPa, respectively, resulting in a Poisson’s ratio of
0.5 (Figure 5.19), when the axial stress ([180 + 5]/2 = 92.5 MPa) is divided by the radial
stress (46 MPa). Since the theoretical Poisson’s ratio for water is 0.5, this indicates that
the axial and radial stress data obtained by employing this modified SHPB setup exhibit a
degree of accuracy reflected in theory.

At higher striker speeds, the incident bar’s inertia and the partial lateral confinement water
reservoir has an impact on the front, back and radial stresses, as seen in Figure 5.20. This
also affects the Poisson’s ratio of the water specimen, progressively lowering its value. The
stress-strain variation from tests at both speeds on water is visualised in Figure 5.21.
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Figure 5.17: Typical response of a partial lateral confined SHPB test on water showing axial
and radial stress difference normalised by their mean.
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Figure 5.18: Typical behaviour of a partial lateral confined SHPB experimental test on water
at 16 m/s: incident and reflected pulses from the incident bar.
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Figure 5.19: Partial lateral confined SHPB test on water at 16 m/s: front, back and radial
stresses.
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Figure 5.20: Partial lateral confined SHPB test on water at 20 m/s: front, back and radial
stresses.
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Figure 5.21: Typical stress vs strain variation from partial lateral confined SHPB test on
water at 16 and 20 m/s.
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5.4.3 Discussion of high-strain-rate water testing

The capabilities of the modified SHPB with lateral confinement apparatus enables high-
strain-rate testing of water and the ability to investigate its axial and lateral response. This
fills a crucial gap in present research that previously restricted SHPB testing to non-fluid
materials.

Furthermore, the ability to conduct high-strain-rate testing on water opens up the possibility
to use this apparatus to compare the effect of saturation in other materials to the behaviour
of water itself. Hence this apparatus can be directly applied in the testing of soils in order
to better understand the effect of moisture content under high-strain-rate conditions. The
specific effect of soil factors such as particle size or density can be investigated further by
comparing high-strain and quasi-static triaxial tests on fully saturated soils.

In addition to being used as a comparison tool for material characterisation, the capability to
evaluate high-strain-rate behaviour of fluids opens up the possibility of using the apparatus to
investigate high-strain-rate effects of other fluid mediums and characterise their practicality
to withstand real life conditions that resemble high-strain-rate effects. The computational
function SHPB_processing.py includes adjustable parameters for certain input variables
specific to the type of fluid in the reservoir, so further work can be established regarding
testing other fluids with additional calibration of the function or apparatus.

5.5 Discussion of partial lateral confined testing of kaolin clay

Even though striker bar to strain rate ratios are setup-specific, the initial incident stress
should be similar at the same striker speeds, with identical striker bar configurations and
pressure bar setups. As previously highlighted during confined testing, the confining ring
affects the rate at which the sample is strained, even when the magnitude of stress from the
initial striker bar is the same. By comparing the strain rate variations with the exact same
initial incident stress (all at 12 m/s), the effects of confinement on sample strain rate can be
observed in Figure 5.22. It is evident that while there is a clear decrease in strain rate between
unconfined and confined test setups, there is only a minimal decrease between unconfined
and partial lateral confined conditions. This supports the capability for the modified appa-
ratus to emulate unconfined conditions, whilst still measuring radial stress transmission.

5.5.1 Comparison with water

Since saturated kaolin clay has demonstrated high-strain-rate behaviour similar to fluids, the
capability of the setup to test water was crucial in establishing the influence of moisture in
cohesive soil samples.
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Figure 5.22: Typical strain rate variation during SHPB tests for saturated kaolin clay under
unconfined, confined, and partial lateral confined conditions with average peak strain rates
of 1600, 1800, and 1900 s−1 respectively.
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Figure 5.23: Typical back and radial stresses from partial lateral confined SHPB tests on
water and saturated kaolin clay at 16 m/s.
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There is a notable similarity between experimental results of water and saturated kaolin clay
(Figure 5.23). The same effect is observed where axial stress from the incident bar fails to
propagate through the sample (or water medium) onto the interface of the transmitted bar.
Radial stress results also show a similar effect, where the magnitude of tests with kaolin
clay and water show stark similarities. This supports the claim that high-strain-rate tests on
kaolin clay is not dissimilar to testing on fluids.

When a rigidly contained volume of water endures axial compression, the water pressure
increases and a force is exerted on its surroundings. This is similar to kaolin clay under
high-strain-rate loading, where lateral pressure develops on the surface of a confinement
mechanism as a result of axial compression. Without lateral restriction, the kaolin clay sam-
ple naturally tends to extrude. However, a fully rigid confinement system creates an envi-
ronment similar to water where the build-up of internal pressure results in stress translating
back in the axial direction.

5.5.2 Comparison with unconfined and confined SHPB testing

To compare the effect of the partial lateral confined SHPB results with existing results, the
pulses from the three confinement modes are visualised in Figure 5.24. This highlights that
partial lateral confined testing serves as a medium between the two opposite confinement
modes and the effect that confinement has on high-strain-rate behaviour.

The magnitude of the back stress pulse greatly resemble unconfined tests, albeit to a slightly
greater magnitude. This is due to the fact that while the sample is largely allowed to deform
laterally, the water annulus and latex membrane still exerts minimal confining pressures.
These pressures contribute to the redirection effect observed in confined testing but to a
much lesser extent. However, magnitudes of unconfined and partial lateral confined tests are
still considerably less compared to confined testing. This demonstrates that the partial lateral
confinement mechanism still emulates an environment relatively similar to unconfined test
conditions, but allows for radial pressures to be measured.

Similarly, the radial stresses between confined and partial lateral confined conditions are
compared. The disparity in radial stress compared to confined tests can be attributed to
the concentration of stresses on a rigid ring. The replication of a free field environment
within the reservoir prompts lateral stresses to dissipate without being concentrated directly
on the surface of the specimen. However, the lack of a rigid restriction means that the stress
does not get redirected towards the transmitter bar like confined results, hence the lower
recorded back stress. This shows that the tendency for stress to propagate laterally is an
intrinsic property of cohesive soils such as kaolin clay, and that this effect is attributed to its
similarity in behaviour to water especially in a rigidly confined environment.
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Figure 5.24: Typical back and radial stress from unconfined, confined, and partial lateral
confined SHPB tests.

Triaxial stress state

Radial stress data obtained from partial lateral confined SHPB tests on kaolin allows for the
triaxial stress state to be evaluated. The difference between sample axial and radial stresses
for confined and partial lateral confined SHPB tests on kaolin clay is shown in Figures 5.25
and 5.26.

Moisture content evidently has the same effect regardless of confinement, such that each
phase typically experiences lower difference in axial and radial stresses. The concentration
of radial stresses experienced under confined conditions emphasises the triaxial stress state,
where in addition to the initial axial stress wave, the confinement mechanism serves to pro-
vide a confining pressure to restrict lateral deformation. This ultimately enables stress to
propagate through to the back of the sample, unlike what occurs in unconfined SHPB tests.

This is juxtaposed with partial lateral confined test conditions, where the confining pressure
is allowed to passively develop instead. The measured radial stresses correspond to the
confining pressure that develops as the sample is strained axially. Themagnitude of the stress
difference is much lower compared to when a rigid confining ring is present. Consequently,
this corresponds to a significantly reduced amount of stress that is able to propagate to the
back of the sample.
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Figure 5.25: Difference between axial and radial stresses from confined SHPB tests on
kaolin clay at varying moisture contents.
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Figure 5.26: Difference between axial and radial stresses from partial lateral confined SHPB
tests on kaolin clay at varying moisture contents.
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5.5.3 Setup limitations and future development

As highlighted previously, there still exists an inherent inability to accurately measure ra-
dial stresses if the magnitude is less than 10 MPa. While this problem was mitigated in
the pressure gauge strain gauges by adding an amplifier unit to the balance box containing
the Wheatstone bridge, a similar amplification method cannot be utilised with the current
pressure transducer setup. However, further developments to the setup may include the ad-
dition of pressure transducer that have built-in amplification functionalities, allowing for the
precise pressure measurement of lower radial pressures and reducing the influence of noise.
Ultimately, this should increase the reliability of results at lower radial stresses, such as that
of lower moisture content samples. While material behaviour can be extrapolated based on
existing testing, improved pressure transducer amplification will allow for the full satura-
tion range to be evaluated like in unconfined and confined testing with a higher degree of
precision.

Data processing limitations associated with noise from the pressure transducer can also be
mitigated by the use of more sophisticated pressure transducers. While the processing al-
gorithm has the capability to detect radial pulses, the sensitivity of the pressure transducer
means that slight changes in pressure affect the accuracy of the algorithm to always deter-
mine the precise starting points of the radial pulse, prompting the manual estimation of pulse
starts.

5.6 Discussion of confinement effects from partial lateral con-
fined testing

The effect of lateral confinement caused by the addition of the confining ring has been dis-
cussed in Section 4.6, where it is evident that rigid confinement from the confining ring
causes radial stress to redirect axially. Due to the ability of cohesive soils such as kaolin
clay to retain a larger proportion of moisture, the effect of moisture content is vital in dic-
tating material behaviour. When subject to high-strain-rate axial loading, moisture forces
the stress to propagate laterally, this typically creates volume loss as an after effect of the
loading. This is supported by partial lateral confined testing, where it is evident that when
under limited confinement conditions, lateral stress is at its greatest, and the opposite is true
for the recorded back stress. This can be summarised in Figure 5.27.
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Figure 5.27: Summary of average stress magnitude within each moisture content phase for
partial lateral confined SHPB tests on kaolin clay, effect of moisture content within individ-
ual phases do not show clear relationship.

When the results from the three confinement modes was compared, the effects of confine-
ment become more apparent. While a particular behaviour is observed within each mode
of confinement, the general behaviour can all be attributed to the presence of moisture and
the unique tendency for cohesive soil behaviour at high-strain-rates to be wholly dictated
by water. The similarity in behaviour with fluids mean that when cohesive soils are subject
to high-strain-rate axial loading under free field conditions, the material tends to propagate
stress laterally. However, when confining pressures are applied, the confining pressure has
a direct effect on resisting the propagation of lateral stress, thus causing the stress to be redi-
rected in the axial direction and towards the back interface of the sample.

5.7 Summary

This chapter demonstrates the capabilities of the partial lateral confined apparatus tomeasure
the development of lateral pressure during the deviatoric phase. The modified apparatus was
developed for use with the current SHPB setup.

Tests on kaolin clay illustrated that the partial lateral confined apparatus bridged the gap
between unconfined and confined testing, where the sample was allowed to deform laterally
but radial stress was still allowed to develop. Results show that radial stresses still began to
concentrate on the edge of the sample, resulting in a subsequent change in pressure in the wa-
ter annulus. While the intrinsic tendency for kaolin clay to propagate stress laterally occurs
regardless of confining pressure, partial lateral confined tests corroborates that confinement
creates an effect of radial stress concentration that subsequently leads to the redirection of
stresses. When under limited confined conditions, the radial stresses exhibited on the edge
of the sample are evidently lower than those recorded from fully confined SHPB tests, even
while axial stress propagation remains at a minimal magnitude. The inherent limitations
with physical testing was subsequently addressed with numerical modelling of the modified
setup in 6, with the aim to validate conclusions drawn.
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The fluid-like behaviour exhibited by kaolin clay from experimental tests prompted the adap-
tation of the partial lateral confined SHPB procedure to conduct impact tests on water. Com-
parison between stress propagation behaviour through water act as a basis of comparison to
kaolin clay. The results show a clear similarity, such that limited axial stress is propagated
onto the transmitted bar through the medium of water. An increase in radial pressure is
recorded corresponding with axial wave propagation into the water annulus. This similarity
demonstrates that moisture is the primary governing factor behind cohesive soil behaviour.

Comparisons between the three different confinement modes also allowed for the holistic
effect of confinement to be analysed, with increased confining pressure having a distinct
effect on the concentration of radial stress. However, in order to understand the internal
mechanisms and explain the effects of confinement, comprehensive numerical models are
required alongside experimental data.
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Chapter 6

Development of numericalmodelling techniques
for high-strain testing

6.1 Introduction

As highlighted in Chapter 4 and 5, it is not possible to obtain a comprehensive view from ex-
perimental testing alone due to the limitations associated with apparatus and the inability to
create a fully controlled physical environment. This prompts the development of numerical
models that aim to assist with the characterisation of high-strain-rate behaviour and validate
conclusions from experimental testing.

Numerical modelling has been conducted by use of LS-DYNA, an explicit simulation soft-
ware that utilises the finite element method (FEM) to conduct numerical analysis. The de-
velopment of numerical models was focused on simulating kaolin clay under SHPB testing
for unconfined and confined scenarios. In addition to emulating experimental results, evalu-
ation of modern numerical modelling techniques highlight the current limitations associated
with modelling high-strain-rate scenarios and cohesive soils. Validation of numerical mod-
elling techniques was conducted based on the ability of the numerical model in replicating
experimental conditions and behaviour.

While intrinsic limitations may limit the capability to develop fully accurate numerical mod-
els, the primary objective is to evaluate the extent of current numerical modelling techniques
and to assist in drawing conclusions regarding material behaviour. As such, numerical mod-
els were developed based on emulating the conditions from physical testing, this allows for
the combination of results from numerical and experimental conditions to provide more
comprehensive conclusions of constitutive behaviour.
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Table 6.1: Material properties of steel pressure bars and sample used in SHPB model in
LS-DYNA.

Steel pressure bars MAT_ELASTIC

Mass density, kgm−3 7666
Young’s modulus, Pa 1.680e+11

Poisson’s ratio 0.29

X

Y Stress readings obtained from strain gauge locations

Sample

Figure 6.1: Initial LS-DYNA SHPB unconfined model set up containing the incident bar
(blue), transmitted bar (green), striker bar (yellow), and sample (red).

6.2 Initial model setup and geometry

The initial approach for numerical modelling was centred around emulating traditional un-
confined and confined SHPB experimental conditions, numerical models generated prompts
for the internal mechanisms that occur during high-strain-rate loading of cohesive soils to
be better understood.

The initial model for unconfined SHPB tests was a 2-D axisymmetric model with all parts
modelled as Lagrangian shell solids is shown in Figure 6.1 based on the component dimen-
sions of the experimental setup. Striker, transmitter, and incident bar sections were modelled
as an elastic material model with the properties of steel as shown in Table 6.1. The mesh
files used to generate this initial model was generated using a MATLAB script developed
by Dr. Sam Rigby (personal communication, 2021). Dr. Rigby previously conducted sensi-
tivity studies to determine the suitable mesh adopted in the material model for the two steel
pressure bars and the sample as 2.5 mm and 0.625 mm respectively.

Due to the limited contact interfaces and for simplicity, an automatic contact model was
utilised to define element interaction (CONTACT_2D_AUTOMATIC_SINGLE_SURFACE). This
contact algorithm automatically detects interfaces between 2-D Lagrangian elements and
defines contact interactions based on material parameters and geometrical arrangement.

The striker bar was given an initial velocity of 16m/s, aligningwith the striker bar speed used
in tests. Since experimental results are obtained at a specified location from the specimen-
bar interface, data collected from the constitutive model reflect the same locations on the bar
surface to mirror strain gauge locations (1000mm away from incident bar-sample interface,
and 500m away from transmitted bar-sample interface).

Due to the material’s tendency to exhibit dynamic behaviour similar to water, the sample was
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initially modelled using the null material model (MAT_NULL) with the material properties of
water. This algorithm is a simplistic model used to define a void material without stiffness
and is typically used to simulate fluids such aswater or air. Since thismaterial model requires
an equation of state (EOS), the associated EOS for water based on existing literature was
applied. An EOS characterises the hydrostatic or bulk behaviour of a material by relating
its pressure, P , to density. The value of mass density was set to 1000 kgm−3. The EOS
implemented is based on the linear polynomial model type, which is characterised in LS-
DYNA by the equation:

P = C0 + C1µ+ C2µ
2 + C3µ

3 + (C4 + C5µ+ C6µ
2)E (6.1)

where C0, C1, C2, C3, C4, C5 and C6 are constants, µ = ρ/ρ0 − 1, ρ and ρ0 are the current
and initial densities of the fluid, andE is the specific internal energy of the fluid (Shin et al.,
1998). The parameters used to generate the EOS are designed based on existing research
used for modelling water in blast or high impact testing. However, this is used to verify
the geometrical setup based on its ability to qualitatively emulate experimental conditions,
the suitability of other material models for modelling kaolin clay has also been investigated.
The full LS-DYNA null material card and associated EOS is included in Appendix E.

Evidence of stress behaviour from experimental testing is reflected in the data obtained
from points on each pressure bar indicative of strain gauge locations (Figure 6.2). As seen
from Figure 6.3, a similar effect is observed in the numerical model as in experimental
testing, where a significant amount of sample is extruded. While a minor transmitted pulse
is notable, the majority of the stress wave does not propagate through to the transmitted bar.

This model is adapted for the confined case, where a steel ring is placed on the edge of the
sample as shown in Figure 6.4 and the same contact algorithm is applied between the ring
and other model parts. This replicates an experimental SHPB test under confined conditions.
However, the model fails to reach its assigned termination state due to a “negative volume
error”. The time frame immediately prior to failure is shown in Figure 6.5, which depicts the
state prior to sample extrusion from the edge of the steel ring. Since the pressure bars and
confining rings are modelled as elastic materials, they experience deformation when under
stress. The instance that ring is subject to the change in lateral stress from the sample, it
deforms and allows gaps for sample extrusion. The immense distortion of the mesh shape
as a result of extrusion prevents the model from accounting for all elements and results in
computational failure. Overcoming this computational error is a major topic of discussion
in subsequent sections.
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Figure 6.2: Axial stress recordedwith unconfined SHPBLS-DYNAmodel obtained at strain
gauge locations.

Figure 6.3: Final time state for initial unconfined SHPB model.
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Figure 6.4: Close up of initial confined SHPB model with confining ring (grey), with ele-
ment mesh visualised.

Figure 6.5: Final time state for confined SHPB model before computation fails due to neg-
ative volume error.
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6.3 Validation of material models

While the null material model was viable in testing the functionality of the model geometry,
it is not indicative of the material properties attributed to kaolin clay. Hence in order to
develop a model that best represents cohesive soil behaviour, investigation into the possible
material models in LS-DYNA has been conducted and applied based on known parameters
of kaolin clay. This was then evaluated against physical test data to evaluate the feasibility
of each material model.

The primary concern with kaolin clay is the inability to obtain a fully accurate equation of
state due to the strain rate dependence of the material. This limitation hinders the capability
to apply the majority of soil-based material cards. While the material models typically used
to simulate soil behaviour have also been investigated and their viability is discussed, nu-
merical modelling of kaolin clay was focused on the application and evaluation of material
models that do not require an EOS.

Various other material models typically used in literature to model fluid-like materials or
soils have also been investigated to determine their viability in simulating the behaviour
of kaolin clay. However, many have been neglected due to the inability to acquire certain
model parameters. Table 6.2 shows some of the other material models typically used to
model soils or cohesive behaviour, but have been deemed unfit to model kaolin clay under
high-strain-rates.

6.3.1 Elastic Plastic Hydro

The Elastic Plastic Hydro material model was implemented into the numerical model, it
combines the fluid-specific behaviour from the null material model but allows for certain
soil properties to be designated. Based on confined SHPB testing, the Poisson’s ratio is
found to approach 0.5 by comparing axial and lateral strain, indicating a stark similarity in
behaviour to water. Thus the model was initially set up with the same linear polynomial
EOS used for water (previously assigned to sample modelled as water) assuming it behaves
in a similar manner as water. The main configurable parameters of the Elastic Plastic Hydro
model were values of mass density and shear modulus. Table 6.3 shows the different varia-
tions of mass density that have been tested.

The results from all combinations of unconfined tests yielded a similar result when mod-
elled with MAT_ELASTIC_PLASTIC_HYDRO, with full sample extrusion as seen in Figure
6.6. Figure 6.7 shows the axial stress response, notably the minimal transmitter bar signal
recorded. This shows that both mass density and shear modulus have a minimal significant
effect on the results with this material model. Figure 6.6 shows the final state in which the
sample has fully extruded. This material model appears to best represent the sample such
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Table 6.2: LS-DYNA material models considered to represent cohesive soil behaviour.

Material model Viability

Soil and Foam Requires an EOS.
Pseudo Tensor Requires an EOS.
Geological Cap Requires hardening function, parameters cannot be ob-

tained for cohesive soils.
Hysteretic Soil Requires definition of a yield function, unsuitable for

cohesive soils.
FHWA Designed for road-based soils and requires viscoplastic

parameters.
Drucker-Prager Similar parameters to Mohr Coulomb but does not ac-

count for tensile behaviour within cohesive soils.
Cohesive Mixed Mode Cohesive model but not optimised for cohesive soils,

especially under high-strain-rates.
Cohesive Elastic/TH/General Not optimised for cohesive soil behaviour.
Arup Adhesive Models cohesion but designed for adhesive bonding be-

tween aluminium structures.
Null Designed for simple modelling of fluids, no intrinsic co-

hesion properties but suitable as point of reference.

Table 6.3: Variations of mass density and shear modulus that have been tested using the
MAT_ELASTIC_PLASTIC_HYDRO material card

Confinement Mass density, kg/m3 Shear modulus, Pa Pass/fail

Unconfined 1000 0 Pass
Unconfined 1000 4.00E+09 Pass
Unconfined 2500 4.00E+09 Pass
Confined 1000 0 Fail
Confined 1000 4.00E+09 Fail
Unconfined 1000 1.00E+10 Pass
Unconfined 1000 5.00E+10 Pass
Unconfined 1000 7.50E+10 Pass
Unconfined 3000 7.50E+10 Pass
Unconfined 5000 7.50E+10 Pass
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Figure 6.6: Final time state for initial unconfined SHPB model with sample modelled using
MAT_ELASTIC_PLASTIC_HYDRO.
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Figure 6.7: Axial stress recordedwith unconfined SHPBLS-DYNAmodel obtained at strain
gauge locations, with sample modelled using MAT_ELASTIC_PLASTIC_HYDRO.

that when subject to SHPB loading, it behaves similar to a fluid. This is expected as this
material model is typically used to model fluid-like materials, so even when soil parameters
were altered, the water-based equation of state dictates the behaviour of elements with this
material model.
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Table 6.4: Material parameters used for MAT_MOHR_COULOMB, units are based on unit con-
version system for current model.

Model parameters

Mass density, kg/m3 1730
Elastic shear modulus, Pa 1.264e+7

Poisson’s ratio 0.44
Angle of friction, rad 0.08075
Cohesion value, Pa 55759

6.3.2 Mohr-Coulomb

TheMohr-Coulomb material model was applied to the sample. This material model is tradi-
tionally used to model simple soil behaviour, and does not require an EOS. The parameters
that were used in this model is shown in Table 6.4, the rest were set to 0. These parameters
are the properties obtained during material characterisation of 600kPa consolidated kaolin
clay samples. The mass density of the sample is dependent on the moisture content of the
sample and is a variable that was subject to investigation. Since it is impossible to assign
a Poisson’s ratio value greater than 0.49 without compromising the computation, the Pois-
son’s ratio was initially set to a relatively close value of 0.44 to maintain functionality and
accuracy. The remaining parameters were determined from quasi-static testing, based on
experimental data obtained from conducting triaxial compression tests on samples of kaolin
clay (as discussed in Chapter 3).

The results from this material model for unconfined test was the best representation of phys-
ical testing since the numerical behaviour resembled SHPB tests on kaolin. The model even-
tually reached a point of failure, but not before sufficient data could be recorded to reflect
the behaviour of an unconfined SHPB experiment on kaolin as shown in Figures 6.8 and 6.9
showing the graphs and final time states respectively.

However, the key indicator is the resultant back stress from the application of this material
model. Figure 6.10 shows the transmitted pulse recorded with the MAT_MOHR_COULOMB
material model. The magnitude of the back stress pulse shows a similar magnitude to the
back stresses obtained from experimental testing. While the maintenance of back stress
after the initial stress peak was not visualised, a secondary pulse was observed that may be
an indication of similar behaviour occurring.

Even though the above model was acceptable for unconfined tests, the same “negative vol-
ume” error occurs when the model was applied to confined tests where the model crashes
before any data is able to be collected as shown in Figure 6.11. Evidently, there was po-
tentially axial stress data observed on the transmitter signal as there were signs of a rising
pulse at approximately 700 µs, but the model computation fails before sufficient data was
observed.
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Figure 6.8: Final time state for initial unconfined SHPB model with sample modelled using
MAT_MOHR_COULOMB.
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Figure 6.9: Axial stress recordedwith unconfined SHPBLS-DYNAmodel obtained at strain
gauge locations, with sample modelled using MAT_MOHR_COULOMB.
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Figure 6.10: Comparison between back stress from experimental and numerical model
for unconfined SHPB test on saturated kaolin clay, with sample modelled using
MAT_MOHR_COULOMB.

0 100 200 300 400 500 600 700
Time, s

600

400

200

0

200

400

600

St
re

ss
, M

Pa

Incident bar stress
Transmitted bar stress

Figure 6.11: Axial stress recorded with confined SHPB LS-DYNA model obtained at strain
gauge locations prior to failure due to negative volume error, with sample modelled using
MAT_MOHR_COULOMB.
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Figure 6.12: Close up of confined SHPB model with boundary constraint on nodes at edge
of sample.

6.4 Optimisation of model geometry

While the initial unconfined numerical model has been shown to be functional, data could
not be obtained from the confined model due to the immense mesh distortion associated
with the fluid-like behaviour of kaolin clay. This created a negative volume error and the
model computation automatically terminates before any data could be obtained. Hence the
development of model geometry was primarily focused on bypassing this error and subse-
quently obtaining a valid numerical model for confined SHPB tests on kaolin clay. Since
the Mohr-Coulomb material model has been chosen to be most appropriate to model kaolin
clay given the available material properties, it was the material model applied to subsequent
numerical models.

6.4.1 Constrained nodes

The first attempt to replicate a steel confining ring was the development of a boundary con-
straint along the nodes on the edge of the sample to prevent lateral displacement as seen in
Figure 6.12. All of the nodes on the edge of the sample were set as a boundary node set, the
implementation of a boundary constraint requires the designation of the degrees of freedom
to restrict. The aim is to prevent lateral displacement yet still allow translational movement
of the sample along the y-axis. Thus the degrees of freedom associated with translational
movement along the x-axis, and all three rotational axes were restricted.

However, the negative volume error still persisted even with the boundary constraint as-
signed. While the boundary on the edge of the sample may prevent immediate lateral ex-
trusion, the pressure bars still naturally experience deformation when stress passes through.
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Hence the sample is still unable to be fully constricted and the negative volume error oc-
curs at the instance that the sample extrudes through any gaps caused by deformation of the
pressure bars.

6.4.2 Transition to 3-D model

While an asymmetric 2-D model has the benefit of significantly reduced computation time,
the model is designed for simplicity, hence certain numerical techniques cannot be applied
to 2-D models. Thus the development of a 3-D model was necessary to proceed with the
evaluation of suitable numerical techniques, especially in overcoming the persisting negative
volume error.

The dimensions of the 3-Dmodel were similarly based on the experimental SHPB apparatus.
All of the striker, incident, transmitted bars and the sample weremodelled as 3-D Lagrangian
solids, rather than the initial 2-D shell elements. To create a cylindrical mesh, the LS-DYNA
Block Mesher was used to generate butterfly blocks with the appropriate dimensions and
mesh size. The input parameters expressed in Table 6.5 was applied to create the mesh used
in the 3-D numerical model, with the length of the cylinder and elements in axial direction
based on the individual lengths of each of the respective model parts. By ensuring the same
elementmesh size radially on all cylindrical elements like in Figure 6.13, the risk of improper
transfer of axial stress along each of the elements is minimised.

Finally contact interactions were specifically set for each interfaces. A node set is assigned
to each of the following surface interfaces: striker-incident bar, incident bar-sample, and
sample-transmitted bar. The CONTACT_SURFACE_TO_SURFACE algorithm was applied to as-
sign contact interaction between each of the node sets at the corresponding surface interfaces.
While CONTACT_AUTOMATIC_SURFACE_TO_SURFACEwould theoretically achieve the same
result, manual surface interface definition significantly reduces computational time. The full
contact card used to define contact interaction between Lagrangian surfaces is included in
Appendix E.

The unconfined 3-D numerical model was developed in order to enhance model functional-
ity. The state after normal termination is shown in Figure 6.14 along with the stress history
in Figure 6.15, both are reflective of physical behaviour from experimental testing. Evi-
dently, Figures 6.9 and 6.15 appear considerably similar, indicating little change between
the two models, this is unsurprising as the 2-D numerical model has been evaluated to be a
sufficient model under conditions where immense mesh distortion occur. However, the 3-D
model prompts the application of 3-D numerical techniques with LS-DYNA that facilitate
the modelling of confined SHPB conditions.

To generate the confining ring, the same Block Mesher was employed to generate a tubal
butterfly block mesh with the parameters in Table 6.6, the 3-Dmodel with the confining ring
is visualised in Figure 6.16. Since no restriction was included to prevent deformation of the
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Table 6.5: Input parameters to create cylindrical mesh

Block Mesher input parameters

Density of cylinder perimeter 10
Radius of cylinder 0.0125

Number of elements in radial direction 8

Figure 6.13: Top view of radial meshing of cylindrical elements in 3D SHPB model for:
incident, transmitter, striker bars, and sample.

Figure 6.14: Final time state for 3-D unconfined SHPB model.
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Figure 6.15: Axial stress recorded with 3-D unconfined SHPB LS-DYNA model obtained
at strain gauge location.

Figure 6.16: Initial 3-D confined SHPB model with confining ring.
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Table 6.6: Input parameters to create tubal ring mesh

Block Mesher input parameters

Density of cylinder perimeter 10
Outer radius of cylinder 0.0175
Inner radius of cylinder 0.0125

Number of elements in radial direction 3

Figure 6.17: Final time state for 3-D confined SHPB model before computation fails due to
negative volume error.

sample upon extrusion, the negative volume error still persisted. The drastic mesh distortion
is illustrated in Figure 6.17, where tiny gaps that develop causes the pressure built up within
the sample to immediately expand.

Sensitivity analysis for mesh size

Optimisation for numerical model mesh size was performed in the process of generating
the 3-D numerical model. The primary factors being monitored were the maximum stress
at a designated stress location, and the computation time. Table 6.7 shows variations of
density and radial elements inputs for the BlockMesher to generate cylindrical sections with
various mesh sizes, where density refers to the quantity of central cubic elements within the
cylindrical section and radial element refers to the quantity of elements from the radial edge
to the centre of the section.

It became evident that increasing the mesh size increased appeared to cause convergence of
stresses to an approximate value of 373.4 MPa. Hence the mesh size used in further numeri-
cal models was set to the values from Table 6.5, to balance accuracy without compromising
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Table 6.7: Cylindrical Block Mesher input variations used for mesh optimisation

Density Elements Recorded stress, MPa Computation time, min

10 6 374.0 4
10 8 374.4 6
10 10 374.4 12
10 12 374.5 22

6 8 374.3 9
8 8 374.4 8
12 8 374.4 9
14 8 374.4 10

significant computation time. Computation time are based on user-specific computer spec-
ifications so may vary for different users.

6.4.3 ALE air domain

The initial reasoning behind the transition towards a 3-D model was not only to improve ac-
curacy from the simplistic 2-D asymmetric model, but also to allow for numerical modelling
techniques to be applied in attempt to override the negative volume error. By generating an
ALE air domain surrounding the sample and bars, the aim was to create a containment sys-
tem that limited extrusion of the sample, restricting sample extrusion towards the confines
of the air domain. The issue was that ALE modelling is not fully compatible with 2-D
asymmetric shell elements, hence the transition to 3-D allows for ALE mesh to be properly
developed.

Figure 6.18: 3-D confined SHPB model with surrounding ALE air domain.

A 100 mm cubic box was generated with a mesh size of 2mm and modelled as an ALE
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Figure 6.19: Final time state for 3D model of confined SHPB test with ALE air domain
before computation fails due to negative volume error.

solid with the MAT_NULL material model. As discussed, this material model is a simplistic
algorithm to simulate fluids, the mass density in the material model was set to 1.225 kgm−3

to reflect atmospheric air. The full material card and EOS is found in Appendix E. The
generated ALE air domain can be visualised in Figure 6.18.

This method contained the extrusion of the sample within the confines of the ALE domain,
however the error is still triggered by the rapid change in mesh shape as shown in Figure
6.19. Hence even whilst the extruded mesh remains within the ALE domain, the sudden
shape change still causes the model to terminate before useful data could be obtained.

6.4.4 Merging interfaces

Since the “negative volume” was caused by the sudden mesh distortion during extrusion,
certain combinations of the duplicate nodes at particular interfaces were merged to restrict
volume loss. This would theoretically prevent any extrusion as it would create a scenario
where the ring and pressure bars are permanently connected by their interface.

As shown in Table 6.8, most combinations still led to “negative volume” being generated
as a result of the sudden extrusion of the sample. The final two combinations (combination
no. 4 and 5) resulted in some transmitter signal being recorded. When all interfaces were
fully merged, the model was able to run and there was no visible extrusion as seen in Figure
6.20. Furthermore, the transmitter signal was able to be obtained as shown in Figure 6.21.

To evaluate this model approach, the stress was compared at two points – at the ring and on
the transmitter bar. It can be seen in Figure 6.22 that the stress on the ring follows the same
trends as the stresses directly adjacent to the sample interface on the transmitter bar. This
indicates that the stiffness of the ring was being recorded rather than the sample itself, as
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Table 6.8: Combinations of node interfaces with duplicate nodes merged.

No. Duplicate nodes at merged at interface Effect Pass/fail

1 Sample-Transmitter Extrusion Fail
2 Sample-Incident Extrusion Fail
3 Sample-Ring Extrusion Fail
4 Sample-Incident and Sample-Transmitter Extrusion Fail
5 Sample-Incident, Sample-Transmitter, Sample-Ring No Extrusion Pass

Figure 6.20: Final time state for 3D model of confined SHPB test with all sample interfaces
merged before computation fails due to negative volume error.

the stress wave is propagating through the ring material instead, thus rendering this method
invalid.

6.4.5 Boundary constraint over 3-D sample

The use of a boundary constraint to prevent lateral displacement is revisited to reevaluate
this approach with regards to the updated 3-D model. The nodes surrounding the sample
were constrained on five of the six degrees of freedom, only the translational y-axis was left
unrestricted to allow axial movement of the sample. The model with boundary constraints
is shown in Figure 6.23. While the negative volume error persisted, it can be seen in Figure
6.24 that cause of the negative volume is from deformation of the pressure bars. As the
pressure bar deforms under stress, it creates gaps that allow the sample to extrude outside of
the boundary surface. As such, the fluid-like nature of kaolin clay may not be solvable by
traditional Lagrangian solid meshes.

161



CHAPTER 6. DEVELOPMENT OF NUMERICAL MODELLING TECHNIQUES FOR
HIGH-STRAIN TESTING

200 300 400 500 600 700 800 900 1000
Time, s

600

400

200

0

200

400

600
St

re
ss

, M
Pa

Incident bar stress
Transmitted bar stress

Figure 6.21: Axial stress recorded with confined SHPB LS-DYNA model with all sample
interfaces merged, obtained at strain gauge locations prior to failure due to negative volume
error.
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Figure 6.22: Axial stress recorded with confined SHPB LS-DYNA model with all sample
interfaces merged, obtained on the ring and on the bar directly adjacent to sample interface.
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Figure 6.23: 3-D confined SHPB model with confining ring, with boundary constraint on
nodes at edge of sample.

Figure 6.24: Final time state for 3D model of confined SHPB test with all sample interfaces
merged before computation fails due to negative volume error.
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Figure 6.25: Top view of SPH node generation of sample.

6.5 Smoothed Particle Hydrodynamics (SPH)

SPH modelling is an innovative meshless Lagrangian numerical technique typically used
to model materials that behave similar to fluid flows and continuum media, and is based
on interpolating individual particles rather than the usual mesh-based approach employed in
traditional Lagrangian solids. While the use of SPHmodelling in SHPB testing is extremely
limited, the dynamic loading associated with SHPB testing and the dynamic behaviour of
cohesive soils such as kaolin clay make the use of SPH modelling a valuable tool.

By nature, SPH does not consist of a solid mesh, making it ideal for problems that involve
extreme levels of deformation since connectivity between particles is generated during com-
putation and varies based on development of the model. Considering the tendencies for
kaolin clay to induce lateral deformation resulting in major volumetric loss, the application
of the SPH method would the most logical solution to the present negative volume error.

An SPHmodel was generated by transforming the existing solid mesh for the sample, main-
taining the same sample volume and material properties. The result was the sample being
represented by 1205 SPH nodes as shown in Figures 6.25 and 6.26. Since contacts are
no longer between the surfaces of solid meshes, contact interactions need to be redefined
for SPH nodes interaction. For this model, the CONTACT_AUTOMATIC_NODE_TO_SURFACE
contact algorithm was selected to represent the contacts between SPH nodes and each of
the incident and transmitter bar surfaces. The contact card implemented to define SPH and
Lagrangian solid surface interactions has been included in Appendix E.
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Figure 6.26: Unconfined SHPB model with sample modelled using SPH nodes.

Figure 6.27: Final time state for unconfined SHPB model with sample modelled using SPH
nodes.
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Figure 6.28: Axial stress recorded with unconfined SHPB LS-DYNA model with sample
modelled using SPH nodes.
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Figure 6.29: Comparison between back stress from experimental and numerical model for
unconfined SHPB test on saturated kaolin clay, with sample modelled as SPH nodes.
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Figure 6.30: Confined SHPB model with sample modelled as SPH nodes.

While the existing numerical model already provides a reasonably accurate representation
of unconfined SHPB tests, evaluation of the unconfined model to experimental results prior
to optimisation of the confined model guarantees that the base model is functional for all
confinement scenarios. Thus stress from the unconfined model with SPH nodes is shown in
Figures 6.28. The final time state of this model (Figure 6.27) is comparable with the high-
speed imagery of unconfined SHPB tests (Figure 6.33). When the back stresses between
experimental and numerical tests on saturated kaolin clay was considered, the magnitudes
of the pulses are extremely similar as shown in Figure 6.29, this indicates that the accuracy of
themodel has increasedwith the implementation of SPH nodes. Moreover, this also supports
the notion that cohesive soils like kaolin clay that exhibit large deformations under high-
strain-rate are more suited to being modelled as SPH nodes to facilitate sudden volumetric
changes without compromising mesh consistency.

The addition of the confining ring involved the redefining of contacts between the confining
ring and SPH nodes, once again the CONTACT_AUTOMATIC_NODE_TO_SURFACE contact al-
gorithmwas selected to simplify designation of contact interfaces, at the cost of computation
time. The confined SHPB model with the sample modelled as SPH is shown in Figure 6.30.

The use of SPH node modelling was successful in preventing the occurrence of the negative
volume error, but the restriction of lateral sample deformation created immense vibrational
movement and resulted in extreme deformation of the steel confining ring as seen in Fig-
ure 6.31. This vibrational effect was also observed in experimental testing as highlighted
in Chapter 4. However, since the numerical model creates a perfect seal that fully limits
sample volume loss, the reflections arising from vibrations are amplified, creating higher
magnitudes of noise compared to experimental results and effectively voiding reliable re-
sults. Large amounts of noise were found in the stresses on the incident and transmitted bar
(Figure 6.32), but the deformation of the confining ring resulted in unrealistic proportions
of radial stress developments (Figure 6.34).
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Figure 6.31: Final time state for confined SHPBmodel with sample modelled as SPH nodes,
illustrating extreme deformation of confining ring.
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Figure 6.32: Axial stress recorded with confined SHPB LS-DYNAmodel with sample mod-
elled as SPH nodes, large amounts of noise recorded.
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Figure 6.33: High-speed imagery of the instance after loading for unconfined SHPB test on
kaolin clay.
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Figure 6.34: Radial stress recorded on confining ring with confined SHPBLS-DYNAmodel
with sample modelled as SPH nodes.

6.5.1 Rigid confining ring

The solution to the negative volume error was the use of SPH nodes to model sample be-
haviour, however the extreme deformation of the confining ring still renders the results unre-
liable. Thus adjustments to the confining ring need to be made in order to limit deformation
of the confining ring. The material model MAT_RIGID allows for the degrees of freedom of
the material to be constrained. The material of the ring in the updated SPH model was then
changed to this material model with the following constraints: x and z translational, and x,
y, and z rotational. This prevented the ring from deforming, but still allowed for the ring to
translate vertically along the axis of the pressure bars.

This model successfully recorded the propagation of stress through the sample onto the
transmitter with limited noise interference (Figure 6.35). The stress directly adjacent to the
sample on the ring differs from the stress on the sample indicating that the ring’s stiffness
is not being measured. However, since the sample is restricted from experiencing lateral
deformation, stress propagation through the ring material is impeded. As a result, radial
stress cannot be recorded, and thus the validity of radial stress readings cannot be confirmed
by this model.

This emphasises that the current confined numerical model is still a reasonable depiction
of physical phenomena. Since the ring acts as a rigid boundary that fully prevents lateral
displacement and extrusion of the sample, there is now significant axial stress propagation
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Figure 6.35: Axial stress recorded with confined SHPB LS-DYNA model (SPH) with con-
fining ring modelled as rigid material.

through the sample even when the sample model material has been calibrated to accurately
depict the tendency to primarily propagate stress in the lateral direction when subject to
high-strain-rate loading. This is reflected in confined tests on kaolin clay and is the reason
that experimental back stresses experience much greater magnitudes compared to uncon-
fined conditions. As seen in Figure 6.36, there is still a disparity between the back stresses
on the numerical and experimental models. However, this aligns with the limitations of the
confining ring, where deformation of the ring and surrounding apparatus prompts significant
lateral extrusion and volumetric loss.

6.5.2 Modifications to rigid confining ring

While the rigid confining ring was able to confirm existing knowledge about cohesive soil
behaviour under high-strain-rate, it is still beneficial to develop a numerical model that al-
lows for radial stress to develop on the confining ring. This ensures that a numerical model
can be accurately used as a basis of comparison with experimental results in order to garner
conclusive insight on high-strain-rate behaviour.

Since MAT_RIGID prevents any stress from forming on the material, the addition of an elastic
element would, in theory, allow for the confining ring to maintain its ability to resist extreme
deformation but still allow radial stresses to propagate through a singular elastic element.
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Figure 6.36: Comparison between back stress from experimental and numerical model for
confined SHPB test on saturated kaolin clay, with confining ring modelled as a rigid ring in
the numerical model.

By merging the elastic and rigid parts of the confining ring, the vibrational movement of the
elastic elements should be reduced while still retaining the restrictive properties of the rigid
ring.

The initial approach consisted of minimising the amount of elastic elements as much as
possible, thus elements along the same radial axis on the confining ring (Figure 6.37) were
separated and assigned the same elastic steel material properties as the original confined
model. This created a potential scenario where stress could travel through the three elements
on the “column” to the edge of the confining ring (the location of the strain gauge on the
physical confining ring). However, the radial stresses recorded at elastic element on the
edge of the confining ring remained at zero, indicating the elements are still resisting the
propagation of radial stress. This is likely due to the close proximity it is with other rigid
elements. Since the nodes of the elastic elements are merged in nearly all directions with
the nodes of rigid elements, it is incapable for any deformation to occur since each elastic
element is essentially being fixed in place on all 8 edges.

Other modifications to the confining ring have been tested to limited success in simulating
an accurate radial stress pulse, a summary of the methods tested is shown in Table 6.9.
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Table 6.9: Summary of modifications to confining ring tested, and relevant findings

Modification Radial stress Findings

Fully elastic ringwith four
rigid “columns”

Yes Radial stresses were obtained, but the limited
rigid elements failed to contain the extreme vi-
bration and subsequent deformation, leading
to unrealistic radial stresses.

Fully rigid ring with four
elastic “columns”

No Same result as with only one “column”, where
rigid material restricted the elastic elements.

Fully rigid ring with 8
elastic “columns”

No Freedom of the elastic elements still remained
mostly restricted, but small levels of noise is
observed radially.

All inner radius elements
as elastic material

Yes This was successful in prompting the develop-
ment of some radial stress, all of the elements
in the inner radius only have four of their eight
nodes restricted but rigid elements

Only outer radius ele-
ments as rigid material

Yes This yielded the highest radial stress as stress
was still able to propagate radially but the
outer layer minimised noise from vibrational
movement.
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Figure 6.37: Confined SHPB model with one “column” of elements on confining ring mod-
elled as elastic material (pink) while rest of the ring is modelled as rigid (grey).

Figure 6.38: Top view of confining ring with outer radius made of rigid material (grey), and
two radial elemental layers made of elastic material (pink).

This indicated that a larger volume of elastic elements is required, such that the element of
which radial stresses are expected to propagate through are not directly adjacent to fully rigid
elements. The final combination was most successful in providing a balance of radial stress
propagation but limited vibrational noise. The mesh used in the final iteration of confining
ring modification is shown in Figure 6.38, with nodes at the rigid-elastic material boundaries
merged to ensure the entire ring acts like a single model part.

As seen in Figure 6.39, incident and transmitted stresses are present like when the ring was
fully rigid, yet when taking radial stress readings from the elastic element directly adjacent
to the sample (Figure 6.40), a considerable magnitude of radial stress was found.
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Figure 6.39: Axial stress from pressure bars and radial stress from confining ring, recorded
with confined SHPB LS-DYNAmodel (SPH) with half rigid and half elastic confining ring.
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Figure 6.40: Confined SHPB model with half rigid and half elastic material.
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Table 6.10: Summary of variations of striker bar speed and bulk densities with the uncon-
fined SHPB numerical model

Striker
speed, m/s

Moisture
content, %

Bulk den-
sity, kgm−3

Peak front
stress, MPa

Peak back
stress, MPa

Poisson’s
ratio

8 0 934 27.0 2.4 0.40-0.49
8 20 1087 27.0 2.4 0.40-0.49
8 41 1296 27.0 2.4 0.40-0.49

12 0 934 41.2 3.4 0.40-0.49
12 20 1087 41.2 3.4 0.40-0.49
12 41 1296 41.2 3.4 0.40-0.49

16 0 934 54.1 3.9 0.40-0.49
16 20 1087 54.1 3.9 0.40-0.49
16 41 1296 54.1 3.9 0.40-0.49

6.6 Comparison to experimental results

Comparison between experimental and numerical results have been discussed throughout
the process of model development. However, the focus has been on ensuring that the nu-
merical model was capable of reflecting physical behaviour. Both the final unconfined and
numerical model are contrasted against experimental results, depicting similarities and dif-
ferences to evaluate the limitations of numerical modelling in depicting physical behaviour
of cohesive soils under high-strain-rate conditions.

6.6.1 Unconfined model

In order to optimise the material to fit moisture content conditions, attempts were made to
alter the bulk density and Poisson’s ratio in the Mohr-Coulomb material card. Based on
the physical properties of kaolin clay at specific moisture contents, varying levels of bulk
density should correspond to respective moisture contents. Thus the bulk density input is
varied at 934, 1087, and 1296 which corresponds to moisture contents of 0, 20, and 41%
respectively. A summary of the tests at various bulk densities at all three of the experimental
striker bar speeds are shown in Table 6.10. In accordance with prior testing, the Poisson’s
ratio of kaolin clay is known to approach 0.5 when subject to high-strain-rate. However, as
expected the model computation fails when the Poisson’s ratio was defined as 0.5. Despite
testing variations of Poisson’s ratio from 0.40 to 0.49, attempts to change its values and as-
sess their impact on model behaviour yielded no discernible change.
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Figure 6.41: Comparison between back stress from experimental and numerical model for
unconfined SHPB tests on saturated kaolin clay.

As shown in Table 6.10, changing bulk density did not invoke any change in the front or
back stresses. This is a major limitation of the numerical model as this means varying levels
of moisture content do not result in any change, which does not align experimental results.
This can primarily be attributed to the incapability of the current material model in modelling
high-strain-rate flows, the Mohr-Coulomb material model is typically a simplified approach
and thus may not be ideal when modelling complex events. Moreover, further comprehen-
sive sensitivity analysis regarding the effect of these parameters are necessary in order to
facilitate changes in moisture content in the numerical model.

To accurately model a change in moisture content in the soil material, changes in stiffness
and strength are also required in addition to bulk density. However, it becomes an intrinsic
limitation of quasi-static testing such that the exact values for these properties cannot be
experimentally determined to facilitate depiction in numerical modelling.

Increasing the striker bar speed induces greater strain rates and effectively increased both
front and back stresses in the numerical model as expected. Figure 6.41 shows the direct
comparison between numerical and experimental back stresses from unconfined SHPB tests
on saturated kaolin clay. It was observed that the magnitude and shape of the back stress
pulse are extremely similar. The deviations in period or rise time can be attributed to differ-
ences between experimental and numerical conditions such as the limitations of the material
model, inability to accurately model cohesive behaviour, and the effect of inevitable errors
associated with the experimental process.
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Figure 6.42: Comparison between front stress from experimental and numerical model for
unconfined SHPB test on saturated kaolin clay.

At the same designated striker bar speed, the front stress (superposition of incident and
reflected pulses) is shown in Figure 6.42, where it is observed that the numerical front stress
remains close to zero for the entire duration of the pulse. This indicates that a significant
portion of the stress is reflected back from the sample interface on the incident bar (Figure
6.43). This is the opposite in experimental tests, even though the initial peak is similar, the
experimental front stress wave properly propagates through, evident from the non-zero front
stress before returning to zero.

The is attributed to the lack of a cohesion mechanism within the material model used to
describe the numerical sample, hence when the stress wave reaches the sample interface
it prompts the immediate displacement of the SPH particles. In reality, internal cohesive
properties act to adhere sample material and resist lateral deformation to some extent. This
also explains the lack of any change when moisture content was altered as limited stress
is actually able to transmit through. Thus while the numerical model can accurately depict
qualitative behaviour, the lack of cohesive properties to bind individual particles together
during high-strain-rate loading cause exact stress values to not be reliable.

6.6.2 Confined model

A similar analysis to unconfined tests was performed with the confinedmodel, where similar
attempts to vary moisture content via changes of bulk density were conducted (Table 6.11).
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Figure 6.43: Incident and reflected stresses from unconfined SHPB numerical model.

Expectedly, the results were the same as unconfined tests, where no evident changes in
results was observed when the bulk density and Poisson’s ratio were altered, underscoring
the inherent problem with the current material card and its ability to fully characterise high-
strain-rate behaviour of cohesive soils.

While changes in moisture content were not feasible, the base model was still able to capture
changes in strain rate. Since the confined model created an idealistic scenario of perfect con-
finement, the lateral displacement of sample volume was significantly minimised. With this
the translation of stresses from lateral to axial (onto the transmitted bar) is evident, where a
significant magnitude of lateral stresses are recorded on the confining ring as a product of
lateral displacement and impact from the SPH nodes (Figure 6.44). But simultaneously a
significant amount of back stress is recorded (Figure 6.45). The characteristic of the numer-
ical model to prevent extrusion and volumetric loss meant that all stress from the sample is
guaranteed to be propagated either laterally towards the confining ring or axially towards the
transmitter bar, naturally, this results in a much larger back and radial stress reading from
the numerical model compared to experimental data.

Finally, the effect of the confinement mechanism also promoted the transfer of stress into
the sample in the numerical model, this is evident from a higher magnitude of front stress
exhibited by the model (Figure 6.46). While the incident stress remains consistent due to
the same initial striker bar speed, the value of reflected stress is significantly lower (Fig-
ure 6.47). This scenario resembles cases of stress equilibrium, where there is a clear axial
stress propagation, hence traditional one-dimensional wave theory was applied to equate the
superposition of incident and reflected pulses with the back stress.
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Table 6.11: Summary of variations of striker bar speed and bulk densities with the confined
SHPB numerical model

Striker
speed,
m/s

Moisture
content,
%

Bulk
density,
kgm−3

Peak
front
stress,
MPa

Peak
back
stress,
MPa

Peak
radial
stress,
MPa

Poisson’s
ratio

18 0 934 329.0 289.2 509.0 0.40-0.49
18 20 1087 329.0 289.2 509.0 0.40-0.49
18 41 1296 329.0 289.2 509.0 0.40-0.49

20 0 934 365.2 322.2 624.0 0.40-0.49
20 20 1087 365.2 322.2 624.0 0.40-0.49
20 41 1296 365.2 322.2 624.0 0.40-0.49

22 0 934 407.6 369.2 674.0 0.40-0.49
22 20 1087 407.6 369.2 674.0 0.40-0.49
22 41 1296 407.6 369.2 674.0 0.40-0.49
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Figure 6.44: Comparison between radial stress from experimental and numerical model for
confined SHPB tests on saturated kaolin clay.
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Figure 6.45: Comparison between back stress from experimental and numerical model for
confined SHPB tests on saturated kaolin clay.
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Figure 6.46: Comparison between front stress from experimental and numerical model for
confined SHPB test on saturated kaolin clay.
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Figure 6.47: Incident and reflected stresses from confined SHPB numerical model.

Time =           0

3D Unconfined SHPB - Oswald Li 07/11/2022                               

Figure 6.48: LS-DYNA SHPB partial lateral confinement model set up containing the in-
cident bar (blue), transmitted bar (green), striker bar(yellow), and water reservoir (grey).
Sample and water annulus are modelled and inside the water reservoir.

6.7 Numerical modelling for partial lateral confined testing

The numerical modelling of the PLC arrangement was carried out using the explicit finite
element code in LS-DYNA, in order to compare numerical and experimental results as seen
in Figure 6.48, while radial signals can be obtained from experimental testing, they cannot be
fully interpreted without the use of numerical modelling. A more detailed representation of
the final sample and confinement reservoir are shown in Figure 6.49. The model is a further
development of the 3-D numerical model initially developed for the unconfined SHPB setup
but with the addition of the steel reservoir and water annulus sections. Refer to Appendix E
for input variables used in LS-DYNA keywords discussed in this section.
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Figure 6.49: LS-DYNA cross section zoom-in on the sample inside the partial lateral con-
finement SHPB set up containing the incident bar (blue), transmitted bar (green), water
reservoir (grey), water annulus within reservoir, and the sample (red).

6.7.1 Model material cards

The three pressure bars were modelled with a linear elastic material model (MAT_ELASTIC)
with a density, Young’s modulus, and Poisson’s ratio of ρ = 7850 kg m−3, E = 168 GPa, ν
= 0.29 respectively, these values are obtained based on existing knowledge about steel and
properties of the pressure bars used in the experimental apparatus.

The rigid material card (MAT_RIGID) was employed for the water reservoir, this restricts de-
formation of the water reservoir at any phase of the simulation. The water reservoir is made
of steel, hence the density, Young’s modulus, and Poisson’s ratio used as input parameters
remain the same as the steel pressure bars.

The null material model typically used for modelling of fluids as employed for the water
annulus. Since this material model required an EOS, the linear polynomial EOS discussed
in Section 6.2 is implemented, with the parameters for the EOS based on work previously
done by Shin et al. (1998).

Finally, the sample is modelled based on previous validation of suitable material models as
discussed in Section 6.3. Due to the inability to characterise certain parameters required for
other material models, the Mohr-Coloumb material model has been designated to represent
kaolin clay within the sample.

6.7.2 Model setup

Similar to the 3-D model previously developed for unconfined SHPB tests, the numeri-
cal model consists of striker, incident, and transmitted bars modelled as solid Lagrangian
meshes. The interfaces between the three pressure bars were manually picked and surface-
to-surface contact algorithm was selected. The sample was modelled using SPH node mod-
elling, with contact interactions between other Lagrangian model parts and the sample as-
signed automatically via the CONTACT_AUTOMATIC_NODE_TO_SURFACE contact algorithm.
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Figure 6.50: LS-DYNA cross section zoom-in on the sample inside the partial lateral con-
finement SHPB set up with water annulus (brown) modelled as SPH.

The water reservoir was modelled as a solid Lagrangian mesh, but a rigid material was
used to represent the reservoir. This assumes that the fluid pressures generated within the
reservoir were not significant enough to induce deformation of the water reservoir. This
simplifies the computational process, and prevents movement of the steel reservoir during
loading. The large rubber o-rings used to seal the water reservoir have also been replaced
with a boundary constraint, preventing any elements within the water annulus from exiting,
thus creating an idealistic seal. The same kaolin clay sample was situated in between the
incident and transmitted bars, and has been modelled as SPH nodes.

While it is possible to model both the water and kaolin clay sample as SPH nodes, there are
inherent limitations regarding the method SPH particles are computed that prevent accurate
modelling between two different SPH “fluids”. This is demonstrated bymodel iterations that
depict the water annulus and sample as separate SPH node parts (Figure 6.50). However,
the methods used to define contact interactions between two different SPH “fluids” with
varying densities often result in computational errors in delineating boundaries between the
two SPH components. This is attributed to the method of which densities are modelled over
quantities of SPH particles (Ihmsen et al., 2011). While methods discussed in Xu and Wang
(2014) to improve contact SPH to SPH have been tested to variable degrees of accuracy,
results show greater reliability when the water annulus is modelled as a solid Lagrangian
mesh as deformation of the annulus during simulation remains minimal.

The final water annulus, modelled as a solid Lagrangian mesh, is shown in Figure 6.49 to
facilitate efficiency during computation and the ability to change sample model in future
developments of the numerical model. Automatic surface-to-surface contact interaction is
specified between the water annulus part and all of the adjacent parts, including the incident
bar, transmitted bar, water reservoir, and the sample.

6.7.3 Results of numerical model

The final state after the model reached completion is shown in Figure 6.51, the qualitative
behaviour exhibited by the SPH nodes are similar to experimental results. The sample ex-
trudes laterally and the large concentration of sample form a loop over the pressure bars, the
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Figure 6.51: Final time state of partial lateral confined SHPB numerical model on saturated
kaolin clay.

Figure 6.52: Image of kaolin clay sample forming a loop within latex membrane after partial
lateral confined SHPB test.

same behaviour occurs during physical experiments, where a loop of kaolin clay is formed
within the latex membrane after testing (Figure 6.52).

The inability to account for cohesion is still present in this numerical model. Figure 6.53
shows that the superposition of the incident and reflected pulses yielded a near zero front
stress, indicating that both incident and reflected pulses are near equal (Figure 6.54). Similar
to unconfined and confined SHPB models, while the consideration of cohesive properties
can implemented by defining cohesion values in the material model or contact interactions
between SPH particles, the methods currently incorporated into LS-DYNA have not been
designed for cases with extreme deformation and so still results in considerable inaccuracy.

Figure 6.55 shows the difference in back stress between experimental results and the nu-
merical model. While qualitative behaviour show the same results, the back stress from
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Figure 6.53: Comparison between front stress from experimental and numerical model for
partial lateral confined SHPB test on saturated kaolin clay.
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Figure 6.54: Incident and reflected stresses from partial lateral confined SHPB numerical
model.

186



CHAPTER 6. DEVELOPMENT OF NUMERICAL MODELLING TECHNIQUES FOR
HIGH-STRAIN TESTING

0 20 40 60 80 100 120 140 160 180
Relative time, s

0.0

2.5

5.0

7.5

10.0

12.5

15.0

17.5

20.0

B
ac

k 
st

re
ss

, M
Pa

Numerical
Experimental

Figure 6.55: Comparison between back stress from experimental and numerical model for
partial lateral confined SHPB test on saturated kaolin clay.

the numerical model is nearly twice as high as experimental results. While this can be at-
tributed to the lack of cohesion modelling capabilities, the numerical model is not limited
by the rubber o-rings to create a sealed environment within the water annulus. The ability
of the boundary constraints in the numerical model to prevent the leakage of water without
interfering with the movement of the pressure bars creates a perfect condition where both
axial and radial stresses can develop within the reservoir. This is the idealistic environment
when the apparatus was conceptualised, where the sample is initially confined by water un-
der atmospheric pressure but axial loading causes lateral confining pressure. In actuality,
multiple factors affect the development of lateral confining pressure, notably the movement
of the o-rings when stress wave passes through the pressure bars created leakage and caused
disruption of the internal water pressure.

Figure 6.56 shows the difference in radial stress between the numerical model and typical
experimental results. Evidently, while a similar peak and pulse pattern can be inferred, the
numerical model experienced significantly lower lateral stresses. This is primarily a result
of the lack of the capability to model cohesion properties, resulting a much higher reflected
pulse in the model. In turn, this culminates in a much lower portion of stress that actually
gets transmitted through the sample both radially and axially.

The inability to depict cohesive properties is again highlighted as the primary limitation of
the numerical model, leading to the difference between experimental and numerical results.
Furthermore, the effect of moisture content is unable to be replicated within the numerical
model due to the ineffectiveness of altering values of Poisson’s ratio and bulk density to
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Figure 6.56: Comparison between radial stress from experimental and numerical model for
partial lateral confined SHPB test on saturated kaolin clay.

match material properties at varying moisture contents. Indicating that while the model is
able to visualise changes in strain rate and general behaviour, further development is nec-
essary to prompt reliable modelling of cohesive soils under high-strain-rate. Overall, while
the limitations associated with numerically modelling cohesive soils still exist, development
of the numerical model still promotes a greater understanding of high-strain-rate behaviour.

6.7.4 Validation of pressure reading

In addition to timeshifting the pressure readings to account for thewidth of thewater annulus,
the numerical model is used to validate that the pressure transducer readings on the wall of
the water reservoir is an effective indication to the radial pressure at the edge of the sample.
To accomplish this, the pressure of the water element next to the steel wall is compared with
the element directly adjacent to the sample. Tests have been conducted with the numerical
model via altering the width of the water annulus to determine the ideal width of the reservoir
according to Table 6.12. It was observed that a thicker fluid annulus increases the disparity in
pressure between specimen surface and reservoir wall as the delay in development of radial
pressure causes recorded pressures to be an inaccurate representation of sample stresses. A
reservoir with a 40 mm inner diameter was found to be optimal based on variation of water
pressure from the numerical model (Figure 6.57), where the shape of the pulses depicting
water pressure at the specimen surface and reservoir walls show a near perfect match (r2 =
0.94), this validates the inner diameter of the reservoir used in the experimental setup.
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Table 6.12: Variations of water reservoir inner diameter tested with LS-DYNA model.

Inner diameter, mm r2 value

35 0.93
40 0.94
45 0.85
75 0.38
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Figure 6.57: Comparison between recorded pressure at specific elements adjacent to reser-
voir wall and sample surface.
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6.8 Internal sample stresses from numerical model

The development of numerical models that reflect results from SHPB testing facilitates the
investigation of internal material behaviour and the mechanisms that lead to the specific
material behaviour observed from existing experimental data. Ultimately, the combination
of experimental and numerical results prompts the evaluation of confinement effects in co-
hesive soils when subject to high-strain-rate loading.

6.8.1 Unconfined and confined conditions

In addition to strain gauge locations corresponding to the experimental setup, the benefit of
the numerical model is the ability to record stresses at other locations. From comparisons
with experimental testing, the current numerical models is capable of reflecting the physical
effects of high-strain-rate loading on kaolin clay with reasonable accuracy, albeit with spe-
cific limitations. This means that in addition to the measurements of radial stresses from the
location of the confining ring, the internal lateral stresses and propagation of stress from the
centre of the sample can be monitored by recording the variation of stress at each individual
SPH node. The internal stress distribution on three of the five sample node layers have been
identified and used for analysis, the layers correspond to the central, front (incident-sample
interface), and back (sample-transmitted interface) layers as shown in Figure 6.58.

Figure 6.59 shows the maximum stresses from all of the SPH nodes in the z-axis within the
central layer of the sample in an unconfined SHPB test, with z-displacement of zero indi-
cating the centre of the sample. While LS-DYNA is incapable of obtaining circumferential
stresses along a polar coordinate system, the stresses along the z-axis reflect the propagation
of lateral stresses from the centre to the edge of the sample. Furthermore, the stresses of the
sample nodes along the x-axis yielded a near exact same when the same distribution was
determined, indicating rotational symmetry along the axis of axial loading (y-axis).

As expected, the centre of the sample experiences the least maximum lateral stress given
that it is theoretically the point of greatest axial stress. The distribution illustrates a gradual
increase of lateral stress from the centre towards near the outermost radius of SPH nodes.
The outermost radius is noteworthy as it demonstrates that the initial propagation of stress
from the centre triggers an effect that begins to displace the outermost nodes, hence when
the maximum stress wave reaches the edge of the sample, most of the nodes are already
displaced resulting in a drastic juxtaposition of stresses.

Similarly, similar internal stress distribution is obtained for the SPH nodes in the confined
SHPB model as illustrated in Figure 6.60. The same gradual increase in maximum lateral
stress can be observed from the centre to the edge of the sample. However, due to the
presence of a rigid confinement to prevent extrusion of the outer nodes, the stress wave
fully propagates through to the edge of the sample. The magnitude of this initial internal
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Figure 6.58: Locations of central, back, and front layers of sample used for measurement of
internal radial stress.

wave is observed to be of a similar magnitude to its unconfined counterpart, even without
the presence of any confinement mechanism.

By considering only the nodes at x=0, the variation of z-stress over time can be visualised
in the heatmap to show variation over time. Figure 6.61b shows the distribution over time
for the central layer under unconfined conditions. When the axial stress wave reaches the
front interface of the sample at approximately 550 µs, lateral stress is observed to gradually
increase outwards from the centre of the sample. As discussed, the maximum lateral stress
does not reach the outermost nodes because the nodes have been fully extruded by the time
the maximum pulse reaches the edge.

In addition to the central layer, the same distribution of stresses along the z-axis are obtained
for the front and back layers to illustrate the variation of lateral stresses over time (Figures
6.61a and 6.61c). The magnitude of stresses within the back layer are the greatest, this
is due to the direct adjacency to the transmitter pulse, which effectively creates a barrier
that promotes lateral stress propagation. Contrastingly, the front layer experiences the least
lateral stress as the proximity to the incident bar promotes the greatest axial stress..

The heatmap for confined tests reveal internal reflection and subsequent superposition of the
stress wave as shown in Figure 6.62. The initial wave starting from the centre to the edge of
the sample is followed by an inward travelling wave (approximately 600 – 650 µs), before
the wave travels outward again and reaches a peak lateral stress (700 µs). This demonstrates
that the rigid boundary prevents the dissipation of stress and prompts the reflection of the
stress wave, when the stress wave begins to overlap, the pulse superimposes and hence
a much greater magnitude of lateral stress is observed. Ultimately, the superposition of
internal radial waves creates the concentration of radial stress, this concentrated stress is
eventually redirected axially as a result of pressure build-up within the idealistically sealed
confining ring.
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Figure 6.59: Internal sample radial stress from central layer of unconfined SHPB numerical
model.

Figure 6.60: Internal sample radial stress from central layer of confined SHPB numerical
model.
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When comparing Figures 6.62a and 6.62c, the presence of the confining ring affected be-
haviour at the front and back layers of the sample. The magnitude of maximum stress at
the back layer is lower than front layer, which contrasts with conditions when sample extru-
sion was unrestricted. However, since the maximum lateral stress is observed in the second
wave and is a direct effect of internal reflection, the maximum stress from the initial wave
remains similar to unconfined tests, indicating that the tendency for stress waves to redirect
laterally is unaffected by confinement, but confinement serves to urge wave superposition.
The eventual build-up of lateral pressure results in the stress wave being redirected onto the
back interface axially.

Overall, this corroborates the notion that confinement does not directly influence the initial
internal radial stress propagation within the sample. Instead, it acts as a redirection mecha-
nism, where the addition of confining pressure to resist lateral deformation once the radial
pulse reaches the edge of sample causes stress to reflect and superimpose, ultimately lead-
ing to the concentration of lateral pressure near the edge of the sample. This pressure is
eventually redirected towards the axial direction, giving the effect of increased axial stress
propagation as a consequence of confinement. Furthermore, the evidence of internal stress
wave behaviour within the numerical model demonstrate the capabilitiy of the numerical
model to reproduce experimental conditions. With the numerical model providing insight
in explaining the internal effects of confinement as observed from physical results.

6.8.2 Partial lateral confined condition

The same method was applied to investigate radial stresses distribution within the sample
during loading in a PLC SHPB test. The heatmap for internal radial stresses within the
sample is shown in Figure 6.63 with the water annulus modelled as water at 1000 kg/m3.
It was observed that while the maximum stresses are similar to unconfined tests, a second
pulse develops as a result of confining pressure developing as the sample deforms laterally.

In order to examine the effects of confinement in promoting the amplification of radial stress
via wave reflection, the density of the “water” was modified in the PLC numerical model to
alter the effective inertia of the reservoir annulus. Figure 6.64b shows the heatmap when the
fluid density was set to 1 kg/m3, which theoretically resembles a fluid medium with limited
resistance like free-field SHPB tests. Evidently, the subsequent reflected wave disappears,
coinciding with preconceived behaviour from unconfined SHPB tests.

Contrarily, the density of water was increased to create an effect of greater confinement as the
energy required to displace elements of the water annulus were now comparatively greater.
Multiple model iterations were developed at various densities to assess the maximum ve-
locity of adjacent fluid elements during lateral deformation of the sample, as summarised in
Table 6.13.

While the initial pulse remained the same regardless of density, the magnitude of the sub-
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Figure 6.61: Heatmap describing internal radial stress variation over time from unconfined
SHPB numerical model for a) front layer, b) central layer, and c) back layer.
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Figure 6.62: Heatmap describing internal radial stress variation over time from confined
SHPB numerical model for a) front layer, b) central layer, and c) back layer.
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Figure 6.63: Heatmap describing internal radial stress distribution from numerical model of
PLC SHPB tests, with water modelled as 1000 kg/m3.

Table 6.13: Summary of numerical model iterations and required energy to displace confin-
ing elements.

Material Density, kg/m3 Mass, kg Peak radial velocity, m/s Kinetic energy, J

Steel 7850 3.42×10−5 0.0822 1.16×10−7

Water 1 1.98×10−8 28.90 8.26×10−6

Water 1000 1.98×10−5 8.08 6.45×10−4

Water 5000 9.88×10−5 2.81 3.90×10−4

Water 1×107 0.20 8.37×10−3 6.92×10−6

Water 2×107 0.40 4.73×10−3 4.42×10−6

Water 6×107 1.19 1.70×10−3 1.71×10−6

Water 1×108 1.98 1.01×10−3 1.01×10−6

Water 9×108 17.79 1.23×10−4 1.35×10−7

Water 1×109 19.77 1.15×10−4 1.31×10−7

Water 1.1×109 21.71 1.06×10−4 1.22×10−7

Water 2.5×109 49.4 6.57×10−5 1.07×10−7
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Figure 6.64: Heatmaps describing internal radial stress distribution from numerical models
of a) unconfined SHPB and b) PLC SHPB with equivalent water annulus density (1 kg/m3).
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Figure 6.65: Heatmaps describing internal radial stress distribution from numerical models
of a) confined SHPB and b) PLC SHPB with equivalent water annulus density (1.1×109
kg/m3).
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sequent pulse increases as the density of the fluid annulus increases. This corroborates the
notion that increasing confinement encourages pulse reflection and the build-up of internal
lateral stress.

To compare the confinement conditions with the numerical model with a steel confining
ring, the corresponding energy required to displace a fluid element with a defined volume
from rest, E, is derived for each density, ρ, to reveal a power-law relationship expressed by:

E = 0.3542ρ−0.727 (6.2)

The r2 value for Equation 6.2 was determined to be 0.951, indicating an excellent relation-
ship.

As such, the density of the modelled fluid with an equivalent energy to the elastic steel con-
fining ring is determined to be 1.1×109 kg/m3. The heatmaps illustrating the PLC numerical
model with a fluid annulus modelled with this density can be compared to the results from
the confined model in Figure 6.65.

Evidently, the lateral stresses found in the second pulse exhibit similarities in peak stress.
Intrinsic differences between material behaviour explain the difference between the two
models, notably the difference in compressibility between the water modelled as a null ma-
terial and steel modelled as an elastic material, resulting in the pulse with a steel confining
ring maintaining its peak magnitude for a longer duration as the stress wave travels within
elastic steel ring elements.

This emphasises the effects of confinement in cohesive soils when subject to high-strain-
rate loading, where the confining pressure prompts the internal reflection of radial stress
and culminates in the concentration of radial stress in eventual internal radial waves. This
intensification of radial stress ultimately results in the axial redirection of amplified radial
stress.

6.9 Discussion of numerical modelling

The development of numerical models to depict cohesive soil behaviour under high-strain-
rate conditions is crucial in the understanding of intrinsic dynamic properties. The ability of
SPH node modelling to override scenarios in which materials exhibit sudden volume change
or extreme deformation makes it the ideal numerical method to model behaviour of cohesive
soils that exhibit fluid-like properties. However, there are still inevitable disparities between
the idealised numerical model and physical testing, emphasising the necessity to couple the
use of numerical modelling with experimental testing to provide a comprehensive analysis
of physical phenomena.
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6.9.1 Limitations and recommendations

The use of the numerical model has been pivotal in facilitating the understanding of internal
mechanisms that occur during experimental testing, but there are still intrinsic limitations
associated with modern numerical modelling techniques that prevent it from fully emulating
the behaviour of cohesive soils under high-strain-rate.

The obvious limitation is the lack of fully suitable material to represent kaolin clay. The
Mohr-Coulomb model was chosen as it was a simplified soil model that did not require a
compression curve, hence the material input parameters could be estimated based on quasi-
static testing. The strain rate dependence of kaolin clay, and its intrinsic inability towithstand
multi-axial compression without instant extrusion results in the difficulty to define a fully
functional EOS that represents cohesive soil behaviour. While LS-DYNA has a wide range
of material models available to model soil or cohesion behaviour, most require an EOS.

Another key limitation is the incapability to alter the moisture content with the material
model currently selected. As discussed, attempts have been made to develop kaolin clay
samples with varying levels of moisture content by altering density parameters within the
material model. However, the efforts proved futile as it resulted in little to no change in the
resultant axial and radial stresses. This meant that even though certain intrinsic properties
were able to be characterised with numerical modelling, the phase behaviour highlighted
through experimental testing could not be properly evaluated with the numerical model.
This is directly correlated to the lack of fully suitable material model, but also highlights in
lack of current techniques to model cohesive soils under high-strain-rates.

While the conception of SPH node modelling has long existed, there have been significantly
less development in the use of SPH particles to depict soils. This meant that current mod-
elling techniques lack the capabilities to model unique soil properties. The cohesive prop-
erties of kaolin clay is a primary deficiency, where numerical models are unable to fully
characterise the tendency for soil particles to stick together. Whilst some material models
in LS-DYNA account for cohesion, they are still unable to fully characterise the behaviour
cohesive soil particles under high-strain-rate loading, or they require a compression curve
to be fully utilised.

While MAT_MOHR_COULOMB or other geological cap material models contain a cohesion
value or other methods to define internal particle adhesion, they are not designed for high-
velocity impacts. This is especially the case for LS-DYNA and SPH model calculation, the
internal adhesive forces are typically defined over a specific surface. However, the value
for cohesion defined to this surface becomes considerably difficult to estimate if the inter-
face experiences extreme distortion (Profizi et al., 2016). This emphasises that while future
work should be done to further evaluate the available techniques to apply internal adhe-
sion to SPH particles, the built-in methods to apply cohesive properties values may not be
practical for high-strain-rate applications. This implies that future development is required
regarding the definition of cohesive properties between individual SPH particles in order to
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obtain a numerical model that more accurately reflects real-life phenomena.

Lastly, physical limitations lead to the existing disparity between numerical models and
experimental testing. As highlighted in the previous sections, the capability for numerical
models to create an idealistic scenario inevitably led to deviations with physical testing.
Namely, the ability to create fully rigid elements that withstand any form of displacement
is unrealistic. However, this was fundamental to the development of the confining ring
in the numerical model since it prevented mass vibrations. The lack of lateral translation
meant that the confining ring was able to provide a near perfect seal during the first instance
of stress wave propagation. Contrarily the confining ring in physical testing experiences
significant amounts of lateral extrusion and volumetric loss upon stress wave propagation,
of which is not observed in the numerical model, ultimately leading to the experimental
results producing a much lower output stress than the numerical model.

With exception to unavoidable experimental differences, numerical modelling was able to
provide a clear basis of comparison and facilitate the understanding of cohesive soil be-
haviour. Most other limitations are characteristics of cohesive soils that current numeri-
cal modelling techniques fail to consider. The development of an advanced material model
catered to the behaviour of cohesive soils would be paramount in future advancements within
this subject area. Nevertheless, the fluid-like behaviour exhibited by cohesive soils under
high-strain-rates make numerical modelling via the employment of SPH particles a prime
subject for future development.

6.10 Effects of confinement in cohesive soils

The development of a numerical model alongside experimental data allows for the internal
mechanisms during high-strain-rate loading to be characterised, especially due to the influ-
ence of confinement. This is evident by utilising internal stress distribution patterns from
numerical modelling as a tool to explain experimental results.

Even though experimental results have provided an idea of the effect of confinement, appa-
ratus limitations prevent the full characterisation of confinement effects without numerical
modelling. In the case of confined setups, the limitations of the confining ring not being
fully rigid and movements due to vibration or loading result in inaccuracies between ideal-
istic and realistic setups. From numerical models on confined SHPB tests, a fully rigid ring
demonstrates the ability to fully translate lateral stress into axial stress at the back of the
specimen interface by creating a condition that prevents volume loss, which was compared
to the behaviour of water under axial compression. This similarity also prompted the testing
of water using the partial lateral confined apparatus, revealing results that indicate notable
similarities in behaviour between saturated cohesive soils and water.

The development of the numerical model for partial lateral confined SHPB tests demonstrate
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a similar phenomena that compensates for specific limitations from experimental testing. A
prime instance of this is the ability to create perfect boundary conditions. Large rubber
o-rings are utilised to seal the water reservoir and ideally create a condition of controlled
pressure within the water annulus, yet still allow for the pressure bars to move and prop-
agate stress during loading. The subsequent effect of loading typically involves the water
seal being broken immediately, invoked by lateral movement of the rubber o-rings by the
sudden pressure change and movement of the pressure bars. While the effect may not be
as noticeable given only the initial radial pulse is of primary concern, numerical modelling
allows for an idealistic scenario where the pressure in the water annulus was fully controlled
without hindering the stress propagation through the pressure bars.

While the same material limitations exist between the unconfined, confined, and partial
lateral confined SHPB numerical models, the juxtaposition between the three confinement
modes allows for the effects of confining pressure to be magnified by developing idealistic
situations for each of the three different cases.

Figure 6.66 shows the difference in back stress experienced by the numerical model under
unconfined and partial lateral confined conditions. The back stress under confined condi-
tions is significantly greater than both confined and unconfined cases due to the immense
pressure that develops within a condition where no volume loss is permitted by forcibly pre-
venting any sample extrusion. The ability for the partial lateral confined sample to deform
laterally is evident due to its similarity to unconfined cases, the lack of rigid confinement
to redirect stress back towards the axial direction like results in a significantly lesser back
stress unlike confined cases.

The radial effects of confinement can be visualised in Figure 6.67 depicting the radial stresses
obtained from the confining ring and the water pressure directly adjacent to the sample. Evi-
dently, a significant disparity is observed as the model for the confining ring acts as a perfect
seal, and forces all lateral stress to be concentrated on the ring through the build-up of in-
ternal pressure. This indicates that the confinement mechanism directly affects the axial
transmission as internal radial stresses of the specimen are wrapped and redirected towards
the back interface according to the degree of confinement. Hence why a system with lim-
ited confinement such as the partial lateral confined depicts low measured radial stresses
and equally low axial back stresses.

While there are obvious physical differences between the three confinement modes, the par-
tial lateral confined approach was considered a combination of the unconfined and confined
cases. Hence the similarities to each of the extreme confinement conditions are a reliable
basis of comparison to gauge the effects of confinement.

Numerical modelling has demonstrated that under the same material and test conditions, co-
hesive soils have proven to have an equal tendency to propagate stress in the lateral direction
regardless of initial confining pressure. However, the addition of confining pressure restricts
lateral deformation of the sample and causes the concentration of lateral stress to develop
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Figure 6.66: Comparison between back stress from numerical model for unconfined, partial
lateral confined SHPB test on saturated kaolin clay.
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Figure 6.67: Comparison between radial stress from numerical model for confined, and
partial lateral confined SHPB test on saturated kaolin clay.
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at the edge of the sample. The eventual build-up of lateral pressure causes the subsequent
redirection of stress back towards the axial direction and prompting a perceived increase in
axial stress propagation.

The use of the partial lateral confined apparatus for experimental testing, and the subse-
quent development of the numerical model was crucial in the understanding of confinement
behaviour. Since the partial lateral confined reservoir creates an intermediate condition be-
tween the confined and unconfined cases, the lateral pressure from the water annulus creates
an environment of partial pressure that differs from the atmospheric air pressure under un-
confined conditions. By comparing the three confinement modes, the effect confinement in
prompting the redirection of lateral stress is much better visualised.

Hence the overall blast attenuation ability of kaolin clay can be characterised by its ability to
behave akin to a fluids when under high-strain-rate conditions, with a tendency to propagate
stresses in the lateral direction and minimise wave propagation through the material axially
if placed under conditions where stress is permitted to dissipate radially. This also under-
scores the importance of volume loss in minimising axial stress propagation, as volume loss
is inherently linked to the degree to which lateral deformation is restricted. Numerical mod-
els of confined systems with an theoretical perfect seal restricts sample extrusion and thus
forces the build-up of lateral pressure and enhances propagation of axial stress through the
material.

6.11 Summary

This chapter discusses the development of numerical models to simulate high-strain-rate
SHPB results for kaolin clay. Material models were selected to best represent the fluid-
like behaviour exhibited by cohesive soils, in addition to the implementation of relevant
geotechnical variables. An initial axisymmetric model was developed with the capability to
depict unconfined SHPB behaviour with kaolin clay to a reasonable degree of accuracywhen
modelled with the Mohr-Coulomb material model. However, the immense mesh distortion
induced by the instantaneous sample extrusion during confined SHPB tests caused themodel
computation to terminate prior to recording any useful stress data.

Various numerical modelling techniques were considered to overcome the apparent “nega-
tive volume error”, with the adoption of SPH node modelling proving most effective. Mod-
elling of SPH nodes was designed to simulate fluids that experience large amounts of defor-
mation and volume change, making it an ideal approach to simulate high-strain-rate cohesive
soil behaviour. Physically confined testing typically resulted in lateral extrusion from the
edges of the confining ring. However, in the modelled scenario, the presence of a confining
ring restricts lateral extrusion, amplifying the vibrational effect of the steel elements caused
by the sample’s lateral deformation. Ultimately, this led to a combination of rigid and elas-
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tic elements to develop a confining ring that restricts translational movement but was still
capable of recording stress data.

Comparison between numerical and experimental results show that the numerical model
was capable of depicting high-strain-rate behaviour to some extent. While behaviour for
saturated kaolin clay samples show a reasonable degree of accuracy, the key limitation is
the inability to model cohesive properties within the current material model. This prevents
individual SPH particles from adhering, and is a crucial component of cohesive soil be-
haviour. Nonetheless, the numerical model was able to verify the tendencies for kaolin clay
to propagate stress laterally when subject to high-strain-rate loading, and for the confining
ring to act a boundary and redirect lateral stress towards the back end of the specimen.

Furthermore, the development of numerical models also prompted the investigation of in-
ternal stress propagation within the sample. Distribution of stresses within the sample show
that the initial radial wave from the centre of the sample outwards are unaffected by con-
finement. But that the addition of confinement prevents sample volume loss and facilitates
the superposition of internal radial stress waves, culminating in the concentration of lateral
stresses at the edge of the specimen. Ultimately, this proves that even with limitations in
designing models for cohesive soil behaviour, the combination of experimental and numer-
ical results assist in drawing valuable conclusions to indicate high-strain-rate behaviour of
cohesive soils.

Finally, the combination of numerical modelling and experimental data allows for conclu-
sions regarding high-strain-rate behaviour of cohesive soils under various confinement con-
ditions to be validated. While experimental results revealed the tendency for lateral stress
propagation during loading and the significance of moisture in dictating stress propaga-
tion behaviour, numerical modelling provided insight in how this behaviour is affected by
confinement mechanisms by demonstrating the existence of internal reflection within the
sample volume. The degree of confinement applied to the sample can then be said to be
directly related to the proportion of internal stress reflection. The internal reflection ulti-
mately accumulates as lateral pressure and is eventually redirected back towards the axial
direction, leading to conditions of rigid confinement recording highest levels of axial stress
propagation through the sample.
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Chapter 7

Summary and conclusions

7.1 Summary

This thesis aimed to evaluate the strain rate dependence of cohesive soils through investiga-
tion of kaolin clay with SHPB experimentation. The variation of confinement prompted the
characterisation of cohesive soil behaviour under the effects of varying confining pressure

Full material characterisation and preliminary testing under quasi-static conditions formed
the basis of experimental testing, initiating the evaluation of kaolin clay under varying strain
rates. Oedometer tests on saturated kaolin clay revealed the resemblance of stress behaviour
to fluids when subject to dynamic loading, prompting the further investigation of the effect
of moisture and its overall influence on stress propagation through the cohesive soils.

High-strain-rate tests were conducted on kaolin clay under both unconfined and confined
conditions. The inherent impedance mismatch between incident and transmitted signals
meant the development of a unique data processing algorithm, SHPB_processing.py, was
necessary to properly evaluate experimental results. The existence of unique phase bound-
aries correlated to material-specific parameters and experimental conditions was discovered
when cohesive soils were subjected to high-strain-rate loading and can be summarised in
Figure 7.1. Moisture is found to be the primary dictating factor in the determination of each
phase. While confined testing revealed the same unique phase boundaries, the addition of
the confining ring created a redirection effect to translate lateral stress back towards the axial
direction and to the back sample interface.

While confined and unconfined experimental testing provided a view on high-strain-rate
behaviour of cohesive soils under the two confinement conditions, the adoption of the partial
lateral confined SHPB allowed for the behaviour in between traditional free field unconfined
and rigid confined testing to be characterised in order to better understand the effects of
confinement. The partial lateral confinementmechanism enabled the understanding of radial
stress development when the sample was allowed to deform laterally. Experimental results
revealed the conclusion that moisture within cohesive soils encourages radial deformation

205



CHAPTER 7. SUMMARY AND CONCLUSIONS

and lateral stress propagation irregardless of confinement, but the degree of confinement
affects the concentration of radial stress on the edge of the sample. In addition to tests on
kaolin clay, the partial lateral confined apparatus was employed to conduct impact tests of
water, revealing results that greatly resemble saturated kaolin clay data and supporting the
significance of moisture in governing high-strain-rate behaviour of cohesive soils.

However, inherent limitations with the physical setup led to the inability to develop a com-
prehensive characterisation of confinement effects and the holistic characterisation of co-
hesive soils under high-strain-rate loading. Hence modern numerical modelling techniques
was evaluated using the FEM software LS-DYNA.Variousmaterial models were considered
to replicate kaolin clay, but the inability to obtain an accurate EOS and take into account
cohesive properties meant no material model was fully equipped to accurately reflect the be-
haviour of cohesive soils. The extreme deformation and sudden volume changes induced by
high-strain-rate loading meant that the “negative volume error” was a critical problem dur-
ing numerical modelling. Different methods were considered but the use of SPH node mod-
elling to simulate cohesive soils was optimal due to its capability to tackle conditions with
extreme deformation and its inherent ability to simulate fluid-like behaviour. The model
demonstrated the capability to reproduce experimental conditions to a reasonable degree
of accuracy, while still considering the inevitable numerical limitations. The development
of the numerical model allowed for the internal sample stresses to be investigated, which
revealed the presence of internal stress wave reflection as a result of confinement. While
numerical accuracy is inevitably hindered by inherent limitations, the combination of nu-
merical and experimental results were crucial in understanding the mechanisms that lead to
the empirical behaviour exhibited by cohesive soils under high-strain-rates. Notably, the
effect of confinement can be characterised by the build-up of internal lateral pressure which
leads to the eventual redirection of stress towards the back end of the sample
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Figure 7.1: General phase behaviour exhibited by kaolin clay under high-strain-rate, gov-
erned by material properties.

7.2 Conclusions

7.2.1 Quasi-static testing and material characterisation

• Dynamic oedometer testing demonstrated that cohesive soils, and particularly kaolin
clay, exhibited results that resemble the behaviour of fluids.

• The thorough material characterisation of kaolin clay not only ensured the repro-
ducibility of the work presented in this thesis, but also enhanced the understanding
of intrinsic material properties and contributed to the development of numerical mod-
els.

7.2.2 Confinement effects

For unconfined SHPB tests on kaolin clay:

• Minimal axial stress propagation through kaolin clay when subject to high-strain-rate
loading, as evident from low magnitudes of back stresses recorded, even though su-
perposition of incident and reflected pulses show that axial stress wave is propagating
through into the sample from the incident pressure bar.
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• Large proportion of material volume is lost in the form of lateral extrusion, prompting
the indication that stress is propagating in the radial direction when subject to high-
strain-rate axial loading.

For confined SHPB tests on kaolin clay:

• Rigid confinement results in a significantly greater recorded back stress when com-
pared to unconfined results.

• Significant radial stresses were observed by measuring the circumferential strain of
the steel confining ring during lateral deformation of the sample.

• Increased back stress from confining tests is attributed to the redirection of radial
stresses as a result of the confining ring, the rigid boundary enhanced the concentration
of radial stresses on the edge of the sample boundary and translated radial stresses
towards the direction of the transmitted bar (back stress).

For partial lateral confined SHPB tests on kaolin clay:

• Modified apparatus has been developed to demonstrate its capability to characterise
cohesive soils.

• Low back stress occurs due to the sample’s ability to deform laterally with minimal
restriction from confinement, indicating similarities with unconfined tests. However,
the water pressure still minimally redirects lateral stresses, resulting in slightly higher
back stress.

• Radial stresses at the sample surface obtained from processing pressure transducer
results reveal lateral stress propagation during deviatoric phase.

• The capability for the sample to deform laterally reduces the concentration of radial
stresses at the edge of the sample, leading an overall lesser radial stress recorded than
compared to confined tests.

• Experimental results demonstrate the partial lateral confined SHPB apparatus as a
medium between unconfined and confined tests such that minimal initial confining
pressure is provided by the apparatus yet radial stresses can be measured through
changes in water pressure.
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7.2.3 Phase behaviour and influence of moisture

Based on evidence of axial stress propagation from SHPB testing:

• Cohesive soils under high-strain-rate conditions tended to propagate stress laterally
rather than transmit stress axially through the sample, this effect has been demon-
strated to be heavily influenced by the content of water within the material.

• Unique phase behaviours were discovered within specific moisture content ranges,
with boundaries dependent on the air-volume, water-volume ratio, and maximum ex-
perimental strain.

• Behaviour within each phase was closely related to the content of water within the ma-
terial, highlighting the importance of moisture in dictating high-strain-rate behaviour
of cohesive soils.

Impact of confinement on moisture content effects:

• Distinct radial stresses were observed within the samemoisture content phases in both
confined and partial lateral confined testing, showcasing the influence of moisture in
promoting lateral stress propagation and the subsequent effect on the recorded radial
stresses.

• The magnitude of radial stresses are significantly less compared to rigidly confined
tests, this is attributed to the concentration of radial stresses directly on the surface of
the sample due to the prevention of lateral deformation and limited opportunity for
volume loss due to extrusion.

From partial lateral confined SHPB tests on water:

• The similarity between cohesive soils and water is demonstrated by adapting the par-
tial lateral confined SHPB apparatus for water, revealing similarities in behaviour
between saturated kaolin clay and water

• The significance of moisture in dictating the general behaviour of saturated cohesive
soils is highlighted, and explains the apparent fluid-like behaviour.

7.2.4 Strain rate effects

• Experimental testing at higher strain rates yielded greater magnitudes of axial and
radial stresses.
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• Unique phases at various moisture contents still exists at higher strain rates, however
the boundary between the second and third phases decreases as strain rate increases
due to a greater maximum experimental strain.

• The effects of moisture content and confinement were consistent for strain rates tested
within magnitudes of 103 s−1, although the back and radial stress pulses naturally
exhibited higher magnitudes when strain rate was increased, the general behaviour
remained unchanged.

7.2.5 Numerical modelling

• Inability to obtain an accurate equation of state to model cohesive soil behaviour make
the selection of material models difficult, MAT_MOHR_COULOMB was selected as it best
represents the available parameters deduced from experimental testing.

• The fluid-like behaviour exhibited by cohesive soils is best represented by the use of
SPHmodelling due to the tendency of the material to experience extreme deformation
and sudden volume changes.

• Current material model fails to account for cohesion properties leading to a greater
portion of stress being reflected at the sample-incident bar interface, this hinders the
reliability of model results.

• Numerical models with LS-DYNA were able to replicate high-strain-rate behaviour
of saturated kaolin clay to a reasonable accuracy, however phase behaviour associated
to kaolin clay at varying degrees of saturation failed to be fully captured.

• Internal sample radial stress behaviour was found to be similar regardless of confine-
ment, indicating the intrinsic tendency for the material to propagate stress laterally.

• Addition of confinement mechanisms such as the partial lateral confinement and con-
fining rings created a concentration of radial stresses at the edge of the sample, that
ultimately leads to the redirection of radial stress axially based on the varying degree
of confining pressure.

7.3 Future research

The findings outlined above have identified various areas that could be further explored
through additional research. Such research would greatly enhance the understanding of the
underlying mechanisms involved in cohesive soil behaviour, but would also improve the
practical application of modern high-strain-rate material characterisation techniques.
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7.3.1 Dependence on material properties

Although a large spectrum of moisture contents have been conducted under unconfined,
confined, and partial lateral confined conditions to reveal the significance of moisture in
dictating high-strain-rate behaviour of cohesive soils. Even though saturated kaolin clay
(phase 3) has demonstrated stark similarities to water, the existence of air voids in par-
tially saturated or fully dry samples reveal that internal air voids also has an effect on soil
behaviour. Phase 0 and phase 1 behaviour demonstrate the elimination of air voids within
fully dried and partially saturated samples. While these intrinsic material properties resulted
in the development of specific phases, the exact relationship between the material proper-
ties and soil behaviours within the phases are inconclusive, hence further work is required
to derive stress-strain behaviour within specific phases.

Phase 2 behaviour is characterised by its variable upper boundary being dependent on the
maximum experimental strain, tests with increasing strain rates are conducted, the upper
limit tends to approach the lower limit resulting in an increasingly small phase 2 range.
While phase 2 has been expected to disappear at these higher strain rates, its possible that
physical limitations associated with producing kaolin clay samples with uniformly exact
moisture content hinder the capability to obtain experimental data at the smaller phase 2
windows. Further work may be done to develop methods to characterise phase 2 behaviour
at even higher strain rates when the moisture content range for phase 2 is expected to be
small.

7.3.2 Numerical modelling of cohesive soils

As discussed in Chapter 6, one of the key limitations in the current numerical modelling tech-
niques is the inability for soil material models to properly account for the effect of suction.
This is especially important when considering cohesive soils, where the existence of water is
a major dictating factor in soil behaviour especially in high-strain-rate scenarios. The intrin-
sic cohesion between particles create an internal suction force that prevents the immediate
detachment of individual particles. While some LS-DYNA material models contain the
ability to input a parameter for cohesion, those material models are not optimised for cohe-
sive soils due to the difficulty in populating an equation of state at high-strain-rates. Hence,
the development of an updated material model that can be optimised for soil behaviour yet
also accounts for the effect of water and cohesion would be of paramount importance in the
development of an effective model to depict high-strain-rate cohesive soil behaviour.

In addition, the current numerical model fails to depict the unique phase behaviours observed
at different moisture contents. Despite modifications made to the current material model by
varying values of bulk density and Poisson’s ratio, attempts to change the moisture content
were to no avail, with all numerical models yielding near exact same behaviour. Future work
regarding the optimisation of soil material model properties especially with regards to SPH
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modelling of high-strain-rate cohesive soils would be highly beneficial in developing more
accurate numerical modelling simulations.

Finally, more work regarding internal wave reflection should be investigated with the nu-
merical model, especially to optimise the partial lateral confined model. Developments that
enable the variation of confining pressure would allow for the effects of confinement on the
degree of internal reflection to be quantified.

7.3.3 Partial lateral confined apparatus

The application of the partial lateral confined apparatus on cohesive soils in Chapter 5
demonstrated the capability of the setup in obtaining valuable results for saturated kaolin
clay, the inability to amplify the pressure transducer signal hinders the apparatus’ capability
to monitor low radial pressures. Further work is required to either design a signal amplifi-
cation system or replace the pressure transducer with a more advanced and precise model.

The inaccuracies regarding pressure transducer readings at low radial pressures mean that
conducting tests at lower moisture contents have yielded varying outcomes. While improve-
ments to instrumentation is required, the full characterisation of the moisture content spec-
trum would enhance the current understanding of radial stress development when cohesive
soils are placed in a condition where lateral pressure is allowed to freely develop during
axial loading.

The ability to investigate the high-strain-rate effects of fluids, specifically water, prompts
an opportunity to investigate the behaviours of other fluids under similar conditions. This
could include fluids with shear thickening capabilities, of which their strain rate dependence
could be a crucial aspect of exploration.

7.3.4 Signal processing

The development of SHPB_processing.py has been highly effective in processing SHPB
test data especially when cases of stress equilibrium are not obtained. While the pulse align-
ment function for incident and back stress has undergone multiple optimisations, the align-
ment of front and back stress pulses still occasionally require manual adjustment especially
when both pulses are drastically different in shape. Further development of the algorithm is
required to optimise the pulse alignment system.

Since the algorithm has been designed with the capability to process high-strain-rate test
data under conditions without stress equilibrium, the algorithm is theoretically capable of
being adapted to tackle a greater range of high-strain-rate or impact test setups, but would
require further calibration and optimisation based on test parameters and conditions.
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Chapter A

Published work

A.1 Introduction

This appendix includes copies of published work, including papers submitted to academic
journals and presented at international conferences.
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A.2 Characterisation of cohesive soils under high-strain-rate via
split-Hopkinson pressure bar

Li, K. S. O., Clarke, S. D. & Barr, A. D. (2024). Characterisation of cohesive soils under
high-strain-rate via split-Hopkinson pressure bar. BSSM 17th International Conference on
Advances in Experimental Mechanics (2023).

Work was presented at BSSM 17th International Conference on Advances in Experimental
Mechanics. Extended abstract for conference presentation is included for reference.
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Abstract: 

This paper presents the difficulties associated with high-strain rate testing on cohesive soils using the split 
Hopkinson pressure bar apparatus. Experimental testing reveals the intrinsic properties of cohesive soils like 
kaolin clay when subject to high-strain rate. Numerical approaches to modelling this behaviour is adopted 
using modern FEM techniques such as LS-DYNA. Various geometric techniques and material models have 
been investigated to determine the most suitable methods to simulate the high-strain effect on kaolin clay via 
split-Hopkinson pressure bar.  

Introduction: 

The response of soils when subject to extreme loading is vital in developing constitutive models that can be 
employed to evaluate the effect of blast and fragmentation. While characterisation of soils such as sands and 
gravel have been extensively investigated, there exists a gap in research in high-strain rate effects in 
cohesive soils [1]. Cohesive soils such as kaolin clay are found all over the world and are typically classified 
as being fine-grained, and easily subject to deformation. This paper focuses on the investigation of the 
behaviour of kaolin clay when subject to split Hopkinson pressure bar (SHPB) tests, the effect will be 
analysed and the properties of kaolin clay under high-strain rate loading will be properly characterised. This 
will be coupled with numerical modelling to investigate the existing approaches to modelling SHPB testing 
and kaolin clay under high-strain rates.  

 

            (a) Unconfined SHPB test result      (b) Confined SHPB test result        (c) Partially confined SHPB test result 

Figure 1: Stress over time of unconfined, confined, partially confined SHPB test on kaolin clay.  

Experimentation: 

The split Hopkinson pressure bar (SHPB) is typically used to investigate material response at high-strain 
rates of up to 104s-1 [2].  Experimental tests from unconfined SHPB tests reveal that upon impact, stress is 
transferred laterally rather than being propagated onto the transmitter bar as seen in Figure 1. The results 
show that it is an intrinsic property of kaolin to expand laterally rather than axially when subject to high-strain 
rate, this can be seen in Figure 2 which shows the moment the kaolin sample is ejected laterally from a 
SHPB test. This is due to the loading being taken via the pore water rather than the soil skeleton and hence 
behaving like a fluid when subject to compression. 

Various forms of confinement methods were employed in SHPB tests to determine the effect under different 
scenarios. A ring confinement to prevent any lateral deformation, and a partially confined confinement 
method was utilised where a water reservoir was used to envelop the sample. 



   

(a) Unconfined SHPB               (b) Confined SHPB 

Figure 2: Images from high-speed camera of SHPB tests on kaolin clay samples. 

Numerical modelling: 

The difficulties with accurately modelling the SHPB tests on kaolin clay are intrinsically linked to the fluid-like 
properties exhibited by kaolin clay when subject to high-strain rates as revealed from experimental testing. 
Numerous material models have been employed in existing research to model soil behaviour using LS-
DYNA such as Soil and Foam, Pseudo-tensor etc. [3]. Subsequently, the Mohr-Coulomb material model was 
found to be the most appropriate due to the accessibility of the relevant parameters via triaxial testing and 
the material model not requiring an associated equation of state. 

Various geometric techniques were tested and adapted to validate the Mohr-Coulomb model in modelling 
high-strain behaviour of kaolin clay in SHPB testing. Modelling the ring confinement setup proved difficult as 
the kaolin clay behaves like fluids upon impact, causing the sample to deform laterally and extrude from the 
ring confinement. Techniques such as use of arbitrary Lagrangian-Eulerian (ALE) elements, and smoothed 
particle hydrodynamics (SPH) methods to model the sample were tested (seen in Figure 3).  

 

(a) Model in generated in LS-DYNA           (b) Results from LS-DYNA model  

Figure 3: LS-DYNA model displaying sample confined SHPB model and stress results recorded from the model. 

Conclusion: 

The characterisation of kaolin clay when subject to high-strain rates have been presented through SHPB 
experiments and further investigated by developing numerical models capable of simulating the behaviour 
under those conditions. The experimental tests reveal that kaolin clay tends to deform laterally when subject 
to immense loading, with behaviour comparable to fluids when placed under similar conditions. Subsequent 
numerical modelling using LS-DYNA was performed to validate the experimental results and to further 
investigate the effect on kaolin clay. 
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A.3 An open-source algorithm for correcting stress wave disper-
sion in split-Hopkinson pressure bar experiments

Van Lerberghe, A., Li, K. S. O., Barr, A. D., & Clarke, S. D. (2024). An open-source al-
gorithm for correcting stress wave dispersion in split-Hopkinson pressure bar experiments.
Submitted for publication in Experimental Mechanics

Work detailing the dispersion correction capabilities and the implementation of the signal
processing algorithm was submitted for publication to Experimental Mechanics. Journal
paper is included as reference.
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An Open-Source Algorithm for Correcting Stress Wave
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Abstract: Stress wave dispersion can result in the loss or distortion of critical high-frequency
data during high-strain-rate material tests or blast loading experiments. The purpose of this
work is to demonstrate the benefits of correcting stress wave dispersion in split-Hopkinson
pressure bar experiments under various testing situations. To do this, an innovative
computational algorithm, SHPB_Processing.py, is created. Following the operational run
through of SHPB_Processing.py’s capabilities, it is used to process test data acquired
from split-Hopkinson pressure bar tests on aluminium, sand and kaolin clay samples,
under various testing conditions. When comparing dispersion corrected and simple time
shifting data obtained from SHPB experiments, accounting for dispersion removes spurious
oscillations and improves the inferred measurement at the front of the specimen. The
precision of the stress and strain results gathered from its application emphasises its
importance through the striking contrast between its application and omission. This has a
significant impact on the validity, accuracy and quality of the results. As a result, in the
future, this tool can be utilised for any strain rate testing situation with cylindrical bars that
necessitates dispersion correction, confinement, or stress equilibrium analysis.

Keywords: signal processing; dispersion correction; high-strain-rate testing; stress waves;
split-Hopkinson pressure bar; material applications; open-source algorithm

1. Introduction
Traditionally, a Hopkinson pressure bar (HPB) is used to quantify a transitory pulse

generated by the impact of near-field blast events or bullets. The split-Hopkinson pressure
bar (SHPB), also known as the Kolsky bar, has been widely utilised to measure dynamic
material properties such as stress–strain and strain rate–strain curves of versatile materials
at a strain rate ranging from 102 to 104 s−1. The shape of the elastic wave in SHPB and HPB
distorts as it travels; this phenomenon is referred to as dispersion [1].

From the standpoint of medium particle motion, the physical origin of dispersion is
inertia in the lateral motion associated with the axial disturbance. From the standpoint
of wave propagation, a high-frequency wave component that constitutes the total elastic
wave is slower than a lower-frequency wave component [2].

The wave profile is typically assessed at the interim axial position of the bar, using
strain gauges. In the case of the HPB, the front surface of the bar is the location of interest
where an impact pulse enters the bar, whereas in the case of the SHPB, the specimen
location is of interest. Consequently, the measured wave profiles in HPB and SHPB must
be corrected to obtain the wave profiles at the locations of interest, a procedure known as
dispersion correction [1,3].

Sensors 2025, 25, 281 https://doi.org/10.3390/s25010281
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The one-dimensional wave theory assumes that all longitudinal waves in the bar travel
at a constant velocity, c0. It also assumes that transverse cross sections of the bar remain
flat and that stresses are uniformly distributed across these sections. However, as the
wave moves along the bar, it causes radial expansion and contraction due to axial strains,
influenced by the bar’s Poisson’s ratio. This radial motion disturbs the stress distribution
across the bar’s cross section, resulting in the distortion of plane sections [2].

The effect of this deviation from the idealised conditions is evident in the three-
dimensional wave equations developed by Pochhammer [4] and Chree [5], which were later
applied by Bancroft [6] to longitudinal waves in a cylindrical bar. Instead of propagating
uniformly at a velocity c0, longitudinal waves were shown to propagate at a specific velocity
cω , which depends on the wavelength, the bar’s diameter, the one-dimensional wave speed,
and Poisson’s ratio as described in Equation (1):

(x − 1)2 φ(ha)− (βx − 1)[x − φ(κa)] = 0 (1)

where

β = (1 − 2ν)/(1 − ν)

x = (cω/c0)
2(1 + ν)

h = γ(βx − 1)
1
2

κ = γ(2x − 1)
1
2

φ(y) = yJ0(y)/J1(y)

and where cω is the phase velocity, c0 is the one-dimensional elastic wave velocity, a is the
bar radius, ν is the Poisson’s ratio, γ is the wave number, 2π/λ, λ is the wave length, and
Jn( ) is the Bessel function of the first kind, of the order n.

This equation has an infinite number of solutions, each corresponding to a specific
propagation mode in the bar, with the first modes illustrated in Figure 1. This implies
that low-frequency waves propagate at a velocity approximately equal to c0, but the phase
velocity decreases as the frequency increases, particularly when the wavelength approaches
the bar’s diameter.

The complex waveforms generated during an SHPB experiment encompass a broad
range of frequency components. Due to this frequency dependence, stress disperses as
it travels along the bar. This phenomenon is illustrated in Figure 2, which shows the
dispersion of a trapezoidal wave in a stainless-steel pressure bar. The dispersion of the
stress pulse is accompanied by frequency-dependent variations in stress and strain across
the bar’s cross section [7]. As shown in Figure 3, when the frequency of the forcing
function increases, the strains recorded on the bar surface become smaller compared to
those measured at the bar’s axis. These effects on phase velocity and amplitude mean that
a strain signal recorded at the surface of the bar may not accurately represent the mean
strain and stress at the bar face in contact with the specimen, some distance away.

Standard practice, as discussed by Gray III [8] in the ASM handbook, assumes that
simply time shifting all the signals collected from SHPB testing is a suitable strategy;
however, this method can result in severe errors and inaccuracies.

Previous work by Shin [1,3,9] developed dispersion-related MATLAB and Excel scripts
to process SHPB test data. These algorithms focused on phase velocity corrections but
not amplitude correction. While useful for many applications, experiments with high-
frequency components, or a large diameter, will experience significant stress and strain
variation over the bar cross section, making amplitude correction desirable for accurately
evaluating specimen behaviour [10].
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The current work seeks to develop an algorithm capable of solving the issues associ-
ated with dispersion in SHPB experiments. To accomplish this, the key theory of dispersion
correction, stress wave equilibrium and confinement analysis in SHPB experiments is
addressed first. Then, the aforementioned tool, SHPB_Processing.py, is presented with
all its functionalities and subroutines. Finally, it is applied to SHPB test data collected,
demonstrating its practical importance.
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Figure 1. Relationship of phase velocity to wavelength for the first 3 modes of propagation of a
longitudinal wave in a stainless-steel cylindrical bar for ν = 0.29 [7].
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Figure 2. Dispersion of a trapezoidal wave in a cylindrical stainless-steel pressure bar, with recordings
at 2 m increments [7].
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2. Dispersion Correction in SHPB Experiments
At higher frequencies (a/λ > 0.05), the errors mentioned above become considerable,

but they can be addressed using the method outlined by Tyas and Pope [10], where
corrections are applied to the amplitudes and phase angles of each frequency component
of the signal.

2.1. Phase Angle Correction

The first correction made to the SHPB signals is the adjustment of the phase angle
to account for the dispersion of each frequency component over the distance between
the strain gauge and the bar end. This is accomplished, according to Gorham [12] and
Follansbee and Frantz [13], by computing the phase velocity cω, of each component using
Bancroft’s [6] equation (Equation (1)) and then applying a phase shift, θ′ω as portrayed in
Equation (2):

θ′ω =

(
c0

cω
− 1

)
ωz
c0

(2)

where ω is the component’s angular frequency, and z is the distance over which the
correction is performed, positive in the direction of wave propagation.

Barr et al. [14] conducted tests to understand how energy is distributed between
higher modes of propagation, concluding that the frequency content in common SHPB
experiments only requires consideration of the first mode of propagation.

2.2. Amplitude Correction

The second correction to the SHPB signals involves applying factors to the amplitude
of the frequency components. Tyas and Watson [11] established the factors M1 and M2

to account for the radial variation of strain and Young’s modulus, respectively, derived
from Davies’ [15] investigation of these radial effects. Using these factors, the strain
measurement obtained on the bar’s surface can be utilised to calculate the mean axial
stress and strain acting over the entire cross section. In a SHPB experiment, phase angle
(dispersion) correction transforms a bar surface measurement at the strain gauge to a bar
surface measurement at the specimen interface; the amplitude correction transforms this
bar surface measurement into the mean strain and stress experienced across the face of
the specimen.

The factors are defined in Equations (3) and (4) as follows:

M1 =
2
(

1 + 1−βx
x−1

)
φ(ha) + 1−βx

x−1 φ(κa)
(3)

M2 = E
(

cω

c0

)2
(4)

where details of the variables in Equations (3) and (4) are the same as in Equation (1), with
E being the Young’s modulus.

Figure 4 shows the fluctuation in M1 and M2 with normalised wavelength for
a stainless-steel bar with a Poisson’s ratio of 0.29. Due to the discontinuity in M1 at
a/λ = 0.375, which corresponds to the point where the strain recorded on the surface
of the bar falls to zero, the reciprocal of M1 is displayed; at even higher frequencies, the
recorded strain has the opposite sign to the mean cross-sectional response. As the adjust-
ments applied at a/λ = 0.375 require multiplying a low-magnitude signal by a very large
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correction factor, noise in the signal is likely to affect the accuracy of the result significantly.
This effectively establishes an upper limit on the frequency range that can be corrected:
according to Tyas and Watson [11], the approach can be used at normalised wavelengths
below a/λ ≈ 0.3.
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Figure 4. Variation in factors M1 and M2 in a cylindrical stainless-steel bar for ν = 0.29 [7].

3. SHPB_Processing.py
SHPB_Processing.py is an open-source Python algorithm for high-strain-rate SHPB

signal processing. This function includes a subroutine titled dispersion.py that is opti-
mised to process raw signal strain data using dispersion correction (Section 4).

This function, SHPB_Processing.py, is designed to take strain gauge input data from
high-strain-rate SHPB tests and, by specifying the additional input variables defined in
Table 1, determine the axial and radial (if confinement specified) stress developments of
the sample, its strain and strain rate history variations through impact, and other related
parameters derived from these output variables.

The following command line is necessary to run this algorithm:

SHPB_Processing (csv_path, sample_data, confinement, signal_channels,
signal_amp, disp_correction, alignment, speedtrap)

The optimal approach to running this function is detailed below, with Figure 5 depict-
ing this as a concise flowchart:

1. Calculate stress wave speed and gauge factors of the cylindrical bars used for SHPB
testing using the gauge_factor.py script, available on GitHub and ORDA [16].

2. Use phase_velocity.py to calculate the dispersion factors required to perform the
dispersion correction of the collected SHPB signals using dispersion.py based on
the material properties of the cylindrical bar used for SHPB testing. The algorithm
phase_velocity.py is available on GitHub and ORDA.

3. The algorithm SHPB_Processing.py is ready to be run, with dispersion.py, to ef-
fectively process the SHPB test data with dispersion correction, based on the input
parameters chosen. The results are returned in a designated processed data folder.
Dispersion.py is available on GitHub and ORDA.

The full source code for SHPB_Processing.py is available on GitHub and ORDA [17].
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Figure 5. Flowchart illustrating the steps to run SHPB_Processing.py efficiently.

Table 1. Input and output variables used in SHPB_Processing.py.

Inputs Description

csv_path File directory containing CSV file with raw test data.
sample_data Array containing the initial length, mass, and dry mass of the sample, i.e., [initial length, mass,

dry mass].
confinement Confinement mechanism applied, i.e., ‘None’, ‘Ring’, or ‘Reservoir’.
signal_channels Oscilloscope channel numbers used to record raw data,

i.e., [in_bar_gauge_channel, out_bar_gauge_channel, ring_gauge_channel or reser-
voir_gauge_channel].

signal_amp Strain gauge amplification applied to strain gauge measurement,
i.e., [in_bar_gauge_amp, out_bar_gauge_amp, ring_gauge_amp].

disp_correction Apply dispersion correction or simple time shift processing for signal data,
i.e., “True” for dispersion correction using dispersion.py.

alignment Specify alignment mode for aligning stress waves at sample interfaces,
i.e., ‘start’ aligns the start of incident and transmitted pulse, ‘end’ aligns the end, and ‘mid’
aligns the median time of the pulse. Integer/float values greater than 1 align the peaks of
the incident and transmitted pulse to specific times. Float values between 0 and 1 align the
incident and transmitted pulse on a specific fraction of the max value.

speedtrap Specify speed trap data to determine striker bar velocity, i.e ‘True’ for speed trap velocity
calculation.

Outputs Description

Processed data folder Folder with all the CSV processed data files, and test log for history monitoring.

The function’s operation can be summarised as follows:

1. The oscilloscope data from SHPB strain gauges are read.
2. The striker bar velocity is determined based on the raw speed trap data.
3. The raw data file is prepared for correction and confinement analysis via pulse detec-

tion and signal reformatting.
4. The correction (‘True’ for dispersion correction, or ‘False’ for simple time shift) and

confinement (‘None’, ‘Ring’ or ‘Reservoir’) requirements are applied on the strain
data collected based on the input specifications.

5. The incident, reflected, and transmitted pulses are detected using the trigger and
wave speed propagation in the bars used during SHPB testing.

6. The pulse end is marked when the sample strain reaches its maximum.
7. The dispersion-corrected stresses and strains for each wave are calculated using

dispersion.py, the details of which are present below. For simple time shifting,
simple signal restructuring is conducted.

8. The axial stresses and strains in the specimen are calculated using the incident, re-
flected, and transmitted wave signals.

9. Based on the strain gauge strain, the sample strain is determined from the displace-
ment of the pressure bars.
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10. Based on the confinement type selected, ‘None’, ‘Ring’, or ‘Reservoir’, the following
will happen:

(a) For a SHPB test with ‘None’ as the confinement type, no radial stresses or
strains are calculated for the specimen.

(b) For a SHPB test with ‘Ring’ as the confinement type, using thick-walled pipe
theory, the radial stress and strain in the specimen are calculated from the
circumferential strain in the ring.

(c) For a SHPB test with ‘Reservoir’ as the confinement type, pressure data col-
lected from the gauge in the reservoir are used to calculate the specimen’s
radial stress and strain.

11. The specimen density and dry density are calculated for the ‘Ring’ and ‘Reservoir’
confinement types.

12. All results are saved as csv files into the Processed data folder, along with the test log.

4. Dispersion.py
4.1. A Python Function for Dispersion Correction

Dispersion.py is an open-source Python algorithm that has been developed to auto-
mate the application of phase-angle and amplitude corrections to SHPB signals as part of
the main processing of SHPB_Processing.py. This substitutes basic time shifting of signals
with manipulation of individual frequency components. The capabilities of this function
are described in this section, with the complete source code for dispersion.py and its
accompanying subroutine available on GitHub and ORDA [18].

4.2. Frequency Domain in Python

The fast Fourier transform (FFT) is an algorithm used to convert a signal into the
frequency domain. This technique portrays a signal as the sum of a sequence of sinusoidal
waves of varying frequencies and amplitudes. FFT is implemented in Python using the
numpy library and fft function, which takes any regularly sampled signal and returns
amplitude and phase information with frequency as a matrix of complex vectors of the
form z = zr + izi. At a given frequency, amplitude A (Equation (5)) and phase angle θ

(Equation (6)) of the Fourier component are calculated as

A =
√

z2
r + z2

i (5)

θ = tan−1
(

zi
zr

)
(6)

These relationships are illustrated in Figure 6a, where z and its complex conjugate z̄
are represented in the complex plane, and in Figure 6b, where these values are utilised to
represent the amplitude and phase angle of a specific sinusoid.

The Fourier component can be reconstituted using the relationship in Equation (7)
once suitable corrections have been applied to the amplitude and phase angle as
seen below:

z = A cos(θ) + iA sin(θ) = Aeiθ (7)
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Figure 6. A Fourier component z in the complex plane with (a) relationship to amplitude and phase
angle and (b) description of a sinusoid [7].

4.3. Correction Bandwidth

The FFT is an algorithm to efficiently compute the discrete Fourier transform (DFT)
of a signal. The DFT calculates frequency components at a finite number of values, which
depend on the original signal’s sampling rate and length. If a signal is sampled N times
at a frequency f, the lowest readable frequency is equal to f/N, describing a single wave
occupying the sampling window (Figure 7a). Higher frequencies are multiples of the
fundamental frequency, all the way up to the highest readable frequency, or Nyquist
frequency, which equates to f /2 (Figure 7b). This limit is set because at least two samples are
necessary for each period to prevent aliasing as shown in Figure 7c. Due to undersampling,
two different sinusoids can be fitted to the sample data. The oscilloscope’s sample rate
(f /2 = 500 kHz in the current tests) limits the highest readable frequency, although the
frequency resolution can be improved by raising N, either by increasing the recording
duration, or by zero-padding the input signal.

The fft function will generate an N-length frequency domain vector X(ω), given an
N-length time-domain vector x(t). As a result of the aliasing explained above, the second
half of X(ω) is the complex conjugate of the first half, reflected about the Nyquist frequency
as seen in Figure 8. This means that modifications only need to be individually applied to
the first N/2 + 1 bins in X(ω), which may then be reflected to complete the vector.

As stated in Section 2.2, the very low strain signals measured on the surface of the bar
at wavelengths below a/λ ≈ 0.3 impose an additional frequency limit. For example, for a
25 mm diameter stainless-steel bar, adjustments can only be successfully made between
39 µHz and 94 kHz in the current SHPB setup. Figure 9 depicts a frequency domain
portrayal of a typical experimental incident pulse in the form of a modified periodogram.
Power is measured in logarithmic units, with a charge of 10 dB denoting an order of
magnitude shift in the power of the signal. The periodogram, as explained above, indicates
that the power of the signal recorded on the surface of the bar rapidly decreases to zero
between 94 kHz and 110 kHz. Since dispersion correction can only be implemented at
frequencies below 94 kHz, for this setup, the signal is sent through a low-pass filter to
remove the higher frequencies.
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Figure 7. Frequency limitations in the FFT: (a) minimum readable frequency, where a single wave-
length occupies the full sampling window, (b) maximum readable frequency, with only two samples
per period, and (c) aliasing at higher frequencies, where multiple sinusoids can fit the same data [7].
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Figure 8. Composition of the frequency domain vector produced by fft in Python. The highest
readable frequency is the Nyquist frequency, N/2. The second half of the vector represents the
complex conjugate of the values in the first half [7].
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FFT [7].

In Figure 10, the power at these frequencies is orders of magnitude smaller, and so
little information is lost during filtering.
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4.4. Operation of dispersion.py

When the option for dispersion correction is selected in SHPB_Processing.py, the
open-source Python algorithm dispersion.py is called as a subroutine during the process-
ing of the SHPB signals collected from testing.

The function dispersion.py was created to automate the application of phase angle
and amplitude correction factors generated by dispersion_factors.py, to SHPB pressure
bar signals obtained from the experiments, manipulating the frequency components and
correcting the effects of dispersion over a specified propagation length.

The programme dispersion_factors.py is a mandatory subroutine of dispersion.py.
After isolating the incident, reflected, and transmitted waves, dispersion.py is used to
infer the stress and strain at the bar–specimen interface for each wave using the following
command, which includes the input and output variables defined in Table 2. Values for
ν may be found from mill specification sheets, and c0 from the strain measurements of a
low-frequency content wave oscillating in a bar of a known length. Alternatively, these can
be calculated using an iterative method, such as that developed in Shin [1].

The following command line is necessary to run this algorithm:

dispersion (x, fs, a, c0, E, z)

Table 2. Input and output variables used in dispersion.py.

Inputs Description

x Zero-padded strain signal in time domain (1xN numeric).
fs Sampling frequency, Hz.
a Bar radius, m.
c0 One-dimensional wave velocity of the bar, m/s.
E Young’s modulus of the bar, GPa.
z Distance to apply correction over, positive in direction of

propagation, m.

Outputs Description

x_strain Dispersion-corrected strain signal.
x_stress Dispersion-corrected stress signal, MPa

This subroutine adapts Tyas and Pope’s [10] dispersion correction approach to ensure
that the inferred axial stress and strain data accurately depict the specimen behaviour.
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The function’s operation can be summarised as follows:

1. FFT is used to convert the strain signal to a frequency domain signal.
2. The frequency components above the M1 correction cut-off are removed using an

ideal low-pass filter.
3. Below the Nyquist frequency, for each of the remaining components, the follow-

ing hold:

(a) The disperion_factors.py function is used to calculate the required phase
shift as well as the factors M1 and M2. To reduce the computation time, this
method employs a pre-calculated, normalised look-up table generated by
phase_velocity.py.

(b) The amplitude correction factor M1 and the phase angle correction θ′ω are used
to rebuild a dispersion-corrected strain component using the exponential form
of the Fourier series shown in Equation (7) as shown below in Equation (8):

zε = M1 Aei(θ−θ′ω) (8)

where A is the original amplitude of the component, and θ is the original
phase angle.

(c) A dispersion-corrected stress component is similarly reconstructed using
factors M1 and M2, as well as phase angle correction θ′ω as illustrated
in Equation (9) below:

zσ = M1M2 Aei(θ−θ′ω) (9)

4. Frequency components above the Nyquist frequency are formed by taking the complex
conjugate of these adjusted stress and strain components.

5. The frequency domain stress and strain signals are transformed back to the time
domain using inverse FFT ifft() from the numpy library and returned as output
variables x_strain and x_stress.

These corrected pressure bar stresses and strains are used in SHPB_Processing.py to
infer the behaviour of the SHPB specimen.

4.5. Operation of dispersion_factors.py

The Python algorithm, dispersion_factors.py, is a subroutine of the programme
dispersion.py. The dispersion factors utilised in this script are calculated using the
algorithm phase_velocity.py, with a Poisson’s ratio of 0.29, which is based on the property
of the Hopkinson bars used for testing in this case.

Afterwards, dispersion_factors.py loads the four dispersion factor files, m1, m2,
norm_freqs and v_ratios, before calculating the amplitude and phase angle corrections
required to account for the dispersion at a specific frequency.

The following command line is necessary to run this algorithm, with details of the
input and output variables outlined in Table 3:

dispersion_factors (f, a, c0, z)

The corrected angle_mod and m1 and m2 factors are then used in dispersion.py to
apply the appropriate signal phase shift to obtain the adjusted strain and stress. It was
inspired by a MATLAB script created by Barr [19].
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Table 3. Input and output variables used in dispersion_factors.py.

Inputs Description

f Frequency, Hz.
a Bar radius, m.
c0 One-dimensional wave velocity of the bar, m/s.
z Distance to apply correction over, m.

Outputs Description

angle_mod Phase angle correction, rad.
m1 Correction for variation in response across bar cross section.
m2 Correction for variation in ratio of axial stress and axial strain

(dynamic Young’s modulus).

4.6. Operation of phase_velocity.py

Phase_velocity.py, is an independent open-source function available on GitHub
and ORDA [20]. Its objective is to find the first root of Bancroft’s equation [6] using the
bisection method, for a defined Poisson’s ratio, and over a defined range of normalised
wavelength (d/L). The result is normalised phase velocity cp/c0, which corresponds to the
first mode of propagation for longitudinal waves in an elastic cylindrical bar.

Normalised wavelengths are also converted to normalised frequency, f a/c0. Nor-
malised phase velocities are then used to calculate Tyas and Wilson’s [11] factors M1 and
M1, which account for wavelength-dependent radial variations in the strain and Young’s
modulus, respectively.

The following command line is necessary to run this algorithm, with details of the
input and output variables outlined in Table 4:

phase_velocity (nu, l_ratios)

Table 4. Input and output variables used in phase_velocity.py.

Inputs Description

nu Poisson’s ratio of bar material used for SHPB tests.
l_ratios Normalised wavelength range to calculate the first root of

Bancroft’s(1941) equation [6].

Outputs Description

dispersion_factors Folder which includes 4 .pickle files containing the dispersion
factors m1, m2, norm_freqs and v_ratios.

The factors m1, m2, norm_freqs and v_ratios are then used in dispersion_factors.py
and dispersion.py by association to carry out the dispersion correction of the acquired
SHPB signals as a functionality of the main processing script SHPB_Processing.py. It was
inspired by a MATLAB script created by Barr [21].

5. Practical Applications
5.1. SHPB Testing

A split-Hopkinson pressure bar apparatus consisting of two stainless-steel pressure
bars, incident and transmitted bars, was utilised for testing (Figure 11). The gauge locations
on the incident and transmitter bars required to process the data were placed at a distance
of 1000 mm and 500 mm, respectively, from the sample front and back interfaces. On
each bar, a pair of Kyowa KSP-2-120-E4 semiconductor strain gauges was used to record
the signals.
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Figure 11. Schematic diagram of the SHPB setup for testing.

5.2. Kaolin Clay

A 25 mm kaolin clay sample was tested using a SHPB apparatus configuration detailed
in Section 5.1 under unconfined conditions. The sample had an initial length of 5.357 mm,
a mass of 4.466 g and a dry mass of 3.167 g. The raw signal data for the incident and
transmitter bars were recorded on channels 7 and 8. The incident and transmitter bars were
amplified by a factor of 10 and 100, respectively. Dispersion correction was applied. The
signals were aligned at the start, and the speed of the striker bar was measured. The data
were processed using SHPB_Processing.py with the following command line:

SHPB_Processing (csv file, [5.357, 4.466, 3.167], ‘None’, [7, 8, 5],
[10, 100, 1], True, ‘start’, True)

5.3. Sand

A 25 mm medium sand sample was tested using a SHPB apparatus configuration
detailed in Section 5.1 under confined conditions. The sample had an initial length of
4.726 mm, a mass of 3.50 g and a dry mass of 3.50 g. The raw signal data for the incident
and transmitter bars were recorded on channels 1 and 2. The raw signal for the confining
ring was measured on channel 3. The incident and transmitter bars were amplified by a
factor of 10. Dispersion correction was applied. The signals were aligned at the start, and
the speed of the striker bar fired by the gas gun was measured. The data were processed
using SHPB_Processing.py with the following command line:

SHPB_Processing (csv file, [4.726, 3.50, 3.50], ‘Ring’, [1, 2, 3],
[10, 10, 1], True, ‘start’, True)

5.4. Aluminium

A 12 mm aluminium sample was tested using the SHPB apparatus configuration
detailed in Section 5.1 under unconfined conditions. The sample had an initial length
of 5.000 mm, a mass of 1.530 g and a dry mass of 1.530 g. The raw signal data of the
incident bars were recorded on channels 1 and 2. The incident and transmitter bars were
amplified by a factor of 1. Dispersion correction was applied. The signals were aligned at
the start, and the speed of the striker bar was not measured. The data were processed using
SHPB_Processing.py with the following command line:

SHPB_Processing (csv file, [5.000, 1.530, 1.530], ‘None’, [1, 2],
[1, 1], True, ‘start’, True)

5.5. Comparative Analysis of the SHPB Tested Scenarios

With all three SHPB tests processed with the algorithm SHPB_Processing.py, its
capabilities are evident since different materials with distinctly different behaviours were
run successfully. In each case, the dispersion correction adds 1000 mm of wave propagation
to the incident wave, and removes 1000 mm of wave propagation from the reflected wave,
taking the frequency dependence of phase velocity into account as described above.
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As the specimen front stress is calculated by the superposition of the incident and
reflected waves, the inferred front stress is greatly improved as a result: Figures 12–14
highlight the benefits of dispersion correction vs. simple time shifting analysis.
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Figure 12. Dispersion vs. time shift analysis of front stress in unconfined SHPB test on kaolin clay.
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Figure 13. Cont.
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Figure 13. Processed results of the unconfined SHPB test on aluminium with (a) dispersion correction
of the incident and reflected pulses, (b) simple time shifting of the incident and reflected pulses, and
(c) dispersion correction vs. simple time shifting of the front stress.
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Figure 14. Dispersion vs. time shift analysis of front stress in confined SHPB test on sand.

For example, in Figure 13, the measured incident and reflected waves exhibit signifi-
cant initial oscillations caused by dispersion associated with the rapid stress rise. Disper-
sion correction (Figure 13a), applied to account for the 1000 mm of travel from the strain
gauge to the specimen, ensures that the changing shape of these oscillations is properly
accounted for, resulting in their cancellation in the calculation of the specimen front stress
(Figure 13c). In contrast, simple time shifting of the signals (Figure 13b) does not account
for these changes in shape and position, leading to spurious oscillations in the inferred
specimen front stress. This demonstrates that dispersion correction provides more accu-
rate axial stress data and a clearer understanding of specimen behaviour. The additional
processing time required for dispersion correction is minimal, approximately 5 s.

5.6. Stress Wave Equilibrium

The stress difference between the front and back stress normalised by their mean was
plotted for all cases, as shown in Figure 15a–c, to demonstrate that even if stress waves
do not achieve equilibrium, SHPB_Processing.py still runs successfully and produces
accurate results.
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Figure 15. Stress wave difference between front and back stresses, normalised by their mean, for
(a) an unconfined SHPB test on kaolin clay, (b) a confined SHPB test on medium sand, and (c) an
unconfined SHPB test on aluminium.
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In the ideal circumstance, where stress equilibrium is achieved during SHPB testing,
the lengths of the pulses detected at the specimen’s front and back bar interfaces (i.e., front
and back stresses) will be the same. However, there are instances, more commonly in
cases where the stress wave does not fully propagate through the specimen, causing a
considerable portion to propagate laterally.

Stress equilibrium during a SHPB test can be represented by Equation (10), provided
that the deformation of the specimen is uniform and that the axial propagation of the stress
wave has been taken into account:

εi(t) = εr(t) + εt(t) (10)

The ability in SHPB_Processing.py to set an alignment to manage the front and back
stresses means this function is able to account for cases where stress equilibrium may not be
fully obtained but an estimation of the axial stress can still be determined, though with the
caveat that it should be coupled with further experimental testing or numerical modelling
in order to be utilised for material characterisation.

6. Discussion
The algorithm SHPB_Processing.py is the main function which performs data pro-

cessing of the signals obtained from the SHPB tests. It is composed of subroutine
dispersion.py, which carries out the dispersion correction of the signals acquired from the
experiments. Another function titled dispersion_factors.py is used in this subroutine.

The programme dispersion_factors.py reformats the dispersion correction factors
computed by phase_velocity.py. These factors are determined using the Poisson’s ratio
of the cylindrical bar used during SHPB experiments. They can easily be obtained for any
material. This function and associated subroutines can be used independently.

As seen in the section of this paper devoted to the script, it has a broad range of
capabilities, including confinement, signal amplification, dispersion correction or simple
time shifting, signal alignment, striker speed measurement, test log monitoring and data
saving. Furthermore, because the input and output signals in the Hopkinson pressure bars
are mapped independently, the script runs effectively regardless of whether stress wave
equilibrium is attained or not. Since the code focuses on SHPB data processing, as the name
suggests, it makes the procedure more efficient.

The script’s practical applications were evaluated using SHPB tests with aluminium,
kaolin clay and sand samples. An unconfined aluminium sample, an unconfined kaolin
clay sample, and a confined medium sand sample were tested with a SHPB apparatus.
Most of the script’s functionalities were employed to examine these SHPB experiments,
most notably, dispersion.py, which contrasted dispersion corrected and simple time shift
results, demonstrating the importance of this script for reliable data analysis.

As demonstrated in the current work, practical applications of SHPB_Processing.py
on aluminium, kaolin clay and sand sample data collected from SHPB tests were carried
out to illustrate its efficiency, accuracy and broad range of application.

Two of the algorithm’s three confinement possibilities were tested, confined and
unconfined SHPB experiments, as seen in the practical application section. A SHPB test
using a partial lateral confinement apparatus would be extremely valuable for testing data
processing quality. This programme has the advantage of working under various testing
conditions, regardless of whether stress wave equilibrium is attained during SHPB testing.

The code was run on a SHPB setup with stainless-steel pressure bars (Poisson’s ratio
of 0.29). Yet, SHPB testing with aluminium or polymer bars, which also require dispersion
correction, would be extremely valuable to study the script’s performance.
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7. Conclusions
The essential theory behind dispersion correction and its importance for SHPB experi-

ments were thoroughly investigated. To address this, an invaluable computational tool was
created, SHPB_Processing.py, with independent subroutines to complement the script’s
already extensive array of functionalities. Practical applications of this function on SHPB
tests conducted on aluminium, kaolin clay, and sand samples demonstrate the improved
quality of the results, illustrating the immense potential of this open-source algorithm for
future applications.

In conclusion, this study underscores the pivotal role of split-Hopkinson pressure
bar (SHPB) testing in advancing geotechnical research. By addressing wave dispersion
effects and integrating a robust correction algorithm, the proposed approach significantly
enhances the accuracy and reliability of stress analysis in soils and other materials. These
findings emphasise the value of SHPB testing in understanding dynamic material behaviour,
offering crucial insights for geotechnical applications.

8. Code Availability
The algorithms developed in this paper are open-source and accessible on GitHub and

ORDA at the following links:

• gauge_factor.py: GitHub and ORDA
• phase_velocity.py: GitHub and ORDA
• SHPB_Processing.py: GitHub and ORDA
• dispersion.py & dispersion_factors.py: GitHub and ORDA
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Abstract
Background For the first time, the high-strain-rate behaviour of water is investigated experimentally and validated to LS-
DYNA numerical simulations, using Smooth Particle Hydrodynamics (SPH).
Objective This paper presents the application of a modified split-Hopkinson pressure bar (SHPB) fitted with a partial lateral
confinement apparatus on a water specimen.
Method The lateral confinement is provided by awater reservoir surrounding the specimen. A pressure transducer is installed
in the reservoir wall to measure lateral stresses, and a dispersion correction algorithm, SHPB_Processing.py, is utilised
to obtain accurate measurements of axial and radial stresses and strains.
Results Experimental results underscore the capability of the modified apparatus to assess triaxial behaviour of water under
high-strain rates. Comparisons with numerical modelling reveal that cohesion between water particles is non-existent, high-
lighting an intrinsic limitation in numerical modelling.
Conclusion These results highlight the capability to perform characterisation of fluids under high-strain rates. While limita-
tions in numerical modelling still exist, numerical modelling and experimental testing using the modified apparatus can be
applied to characterise fluid behaviour in the future.

Keywords High-strain-rate testing · Split-Hopkinson pressure bar · Partial lateral confinement · LS-DYNA · SPH ·Water

Introduction

The split Hopkinson pressure bar (SHPB) is a common tool
used for characterising the behaviour of materials under high
strain-rate conditions, ranging from 102 s−1 to 104 s−1. Soils
testing employing the SHPB are commonly performed by
confining a soil specimen in a rigid tube or ring, limiting
lateral displacement. These uniaxial strain experiments are
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effective for characterising soil compaction response at dif-
ferent strain rates [1–3], as well as comparing soils with
different moisture contents [3, 4], initial densities [5, 6] and
particle size distributions [7], but have never been used to
characterise the behaviour of liquids.

Several authors have developed methods that allow lateral
confinement to alter throughout a SHPB test to generate a tri-
axial stress state. Pierce andCharlie [8] used a steel tube lined
with a membrane to investigate the wave speed of partially
saturated sands, at varying confining stresses of 0 kPa and
310 kPa. While the steel tube prevented lateral strains from
developing, water pressure applied between the tube and
membrane provided additional confining stress, which was
also transmitted along the pressure bars via a piston assembly
on the transmitter bar. Bailly et al. [9] employed brass con-
fining rings to imitate approximately elastic (near perfectly
plastic) behaviour at high strain rates. The material speci-
men would initially be laterally confined within the rings
and deform in uniaxial strain until the radial stress reached
the yield point in the ring, at which point the specimen would
begin to laterally deform at a quasi-constant confining stress.
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Other authors have modified the traditional triaxial cell
(CTC) for high-strain-rate testing.Christensen et al. [10] used
a large pressure vessel to conduct triaxial tests on sandstone
to confining stresses of 207MPa. The specimen and pressure
bars were enclosed in the pressure vessel, which had a hole
at one end to facilitate loading of the incident bar, which was
secured with a collar. Frew et al. [11] improved the triaxial
SHPB further by incorporating pressure vessels around both
the specimen and transmitter bar ends, allowing hydrostatic
loading to be followed by a high strain rate deviatoric phase.
This modified apparatus was utilised by Martin et al. [12] to
test the shear response of sand at confining stresses between
25 MPa and 150 MPa, as well as strain rates of 500 s-1 and
1000 s-1.

Barr et al. [13] pioneered a modified SHPB experiment
setup involving a partial lateral confinement reservoir that
allows a confining stress to build passively during high-
strain-rate axial loading. This method combines aspects of
unconfined SHPB experiments (usually with a thin mem-
brane) and fully confined SHPB experiments (often with
a steel ring) to provide a more comprehensive picture of
soil behaviour during high-strain-rate events. This is espe-
cially pertinent to blast and impact events, as research into
the strain rate dependent behaviour of soils exhibited during
high-strain-rates prompts its application in buried explosive
scenarios.

The current work seeks to utilise the SHPB set up
pioneered by Barr et al. [13] to investigate high-strain-
rate effects of liquids, specifically water. This paper will
investigate the high-strain-rate effects of water through the
employment of the modified SHPB with partial lateral con-
finement.

Experimental Setup

The modified SHPB is made up of a standard pressure bar
arrangement which consists of a striker, an incident and a
transmitter bar, 25 mm in diameter, with a 350 mm, 2500
mm and 1500 mm length, respectively, as shown in Fig. 1. In
addition, as illustrated in Fig. 2, a 600 mm long steel water

reservoir is set on linear bearings and centred around the
specimen. When the pressure bars are in place, the annular
gap present throughout the length of the reservoir is filled
with water at atmospheric pressure, as depicted in Fig. 2.

The sample tested is water, therefore the entire reservoir
is filled with water, and the radial stress response, σr , is mea-
sured by a pressure transducer mounted on the reservoir’s
wall. While a rubber confinement method could also be used
to restrict fluid in between the pressure bars, it would pre-
vent radial pressure from being monitored. The axial stress
response, σa , is measured with Kyowa KSP-2-120-E4 semi-
conductor strain gauges on the pressure bars, set up in pairs
for the Wheatstone bridge arrangement.

The reservoir lengthwas designed so that the time required
for a stress wave initiated at the specimen surface to travel
to and from the reservoir’s end exceeds the loading duration
in the specimen, guaranteeing that inward-travelling waves
from the boundary do not interfere with pressure measure-
ments [13]. This simplifies the seal between the reservoir and
the pressure bars, which are only needed to keep the water at
atmospheric pressure.

Sample Methodology

The application of this testing method was carried out on
water to illustrate the capacity of the partially-confinedSHPB
and to validate that the chosen design results in reliable fluid
pressuremeasurements. The water density tested was 1.0Mg
m−3. Preparation of the sample was as follows:

1. Supports were installed on the channel around the inci-
dent and transmitter bars of the SHPB setup, prior to
installing the steel reservoir providing lateral confine-
ment for the sample.

2. The incident bar was placed into position, approximately
5 mm from the transmitter bar, this was measured as the
change in length between the end of the transmitter bar
and the final support. It was checked again before all
supports were bolted down, and the test launched.

Fig. 1 Schematic of the partially confined SHPB apparatus: Bar and reservoir configuration
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Fig. 2 Schematic of the partially confined SHPB apparatus: water reservoir section with axial/radial axis convention

3. The water reservoir is translated into the centre of the
setup, and the pressure port is aligned with the centre of
the specimen.

4. The incident bar’s linear bearing, closest to the steel reser-
voir, is re-adjusted to its initial test position and bolted
back down.

5. O-rings were inserted on either side of thewater reservoir
to seal its ends.

6. The reservoir was filled with water using a filling port
and sealed by fitting the pressure transducer and filling
port bolt. The transducer used in the experiment was a
Kulite HKM-375-2500, calibrated by the manufacturer
to perform linearly to a pressure of 25 MPa.

7. Measurement of the length between the two Hopkinson
pressure bars was done one last time between the end of
the transmitter bar and the final support (Fig. 3).

The method was carried out in the same manner as a stan-
dard SHPB experiment. Loading was done by striking the
incident bar with a stainless-steel striker bar fired from a gas
gun, at varying velocities. Tests were conducted at 16 m/s
and 20 m/s, where speeds were recorded using a speed trap
placed at the exit of the gas gun barrel.

Signals from the pressure bar strain gauges and pressure
transducer were recorded using a TiePie Handyscope four-
channel digital oscilloscope using 14-bit A-D resolution and
a sample frequency of 1MHz,with a record length of 131.072
kSa.

From these tests, conducted at two different speeds, a
broad range of strain rate was captured, as shown in Fig. 4,
where the strain rate increases to 2095 s−1 and4844 s−1, over
approximately 150 μs. Under these high-strain-rate condi-
tions, both the axial and radial stresses of the specimen were
measured.

Signal processing

When processing signals from SHPB experiments, it is fre-
quently believed that longitudinal stresswaves in the pressure
bars travel one-dimensionally at a common velocity c0, and
hence measurements recorded at strain gauges are frequently
simply translated to the end of the bar using a suitable time
delay [14]. In actuality, stress waves travel at a certain phase
velocity, cp, which is a function of frequency, bar diame-
ter, one-dimensional wave speed and Poisson’s ratio [15], as
illustrated in Fig. 5 [3].

As the frequency of a wave grows, the phase velocity
drops, resulting in signal dispersion as it propagates down
the bar. The dispersion of the stress pulse is accompanied by
a frequency-dependent variation in stress and strain across
the bar cross-section, so a signal recorded on the surface of
the bar at some distance from the specimen will not accu-
rately reflect the stresses the specimen was subjected to, and
therefore cannot be used to accurately determine specimen
response.

The pressure bar signals were processed using an open-
source Python algorithm, SHPB_Processing.py, with
specific functionalities for partial lateral confinement testing
using SHPB setups [16]. It uses an implementation of Tyas
and Pope’s dispersion-correction approach via a subroutine
titleddispersion.py, to verify that the inferredmeasures
of axial stress and strain appropriately depict the specimen
behaviour [17]. In this script themethod utilised is as follows:

1. Fast Fourier transform (FFT) is used to transfer the time-
domain strain signal to the frequency domain.

2. To account for the dispersion over the distance between
the strain gauge and the bar end, the phase angle of each

Fig. 3 Schematic of sample
measurements process before
and after installation inside
reservoir
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Fig. 4 Variation of strain rate during partially-confined SHPB experi-
ments on water

frequency component is corrected using the relationship
illustrated in Fig. 5.

3. The amplitude of each frequency component is corrected
using the factors M1 andM2, which account for the fluc-
tuation of strain and Young’s modulus over the bar cross
section, respectively. These are derived from Davies’
analysis of the radial effects in a cylindrical pressure bar
[18].

4. Using the inverse FFT, the signal is then converted back
into the time domain.

The dispersion adjustment is especially crucial in deter-
mining the stress transmitted into the specimen from the
incident bar since it is determined from the sum of the
incident and reflected waves, both of which contain consid-
erable high-frequency components.

The incident and reflected stress waves measured at the
incident bar strain gauge are assumed to maintain their
shape as they are translated along the time axis using simple
timeshifting whereas in the corrected method the dispersion
associated with 1000 mm travel in the bar is added to the
incident wave and removed from the reflected wave.

Fig. 5 Phase velocity frequency relationship for the first mode of prop-
agation of a longitudinal wave [3]

Fig. 6 Partially confined SHPB test on water: front stress computed
using dispersion correction and simple timeshifting

Figure 6 shows how the dispersion-corrected approach
minimises the amplitude of the stress wave and eliminates an
initial fluctuation in stress, which would have led to incor-
rect inferences about the specimen’s behaviour. In this case,
dispersion effects are minimal.

Numerical Modelling

Model Setup

The numerical modelisation of the arrangement in Fig. 7
was carried out using the explicit finite element code in LS-
DYNA [19], in order to compare numerical and experimental
results. A more detailed representation of the water sample
and confinement reservoir are shown inFig. 8. Themodelwas
created in 3D,where the striker bar (yellow inFig. 7), incident
bar (blue in Fig. 7) transmitter bar (green in Fig. 7) and steel
reservoir (grey in Fig. 7) were modelled as Lagrangian solid
mesh. SPH node modelisation was used to model the water
sample (red in Fig. 8) [20–23].

For simplicity, the steel reservoir is modelled as a rigid
steel boundary material, assuming that the fluid pressures
generated will not be large enough to cause significant radial
strains in the reservoir. The rubber rings were replaced with
a boundary constraint to prevent the water from exiting the
reservoir from the ends.

Automatic nodes-to-surface contactwere selected for con-
tact representation between the water sample made with
SPH nodes and the lagrangian members of the incident and
transmitter bars. Automatic nodes-to-surface contact was
also utilised between thewater sample and the steel reservoir.
Manual surface-to-surface contact adjustments were made
between lagrangian members in the model, such as between
the striker and incident bars, and between the incident and
transmitter bars.
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Fig. 7 LS-DYNA SHPB partial lateral confinement model set up

Model material cards

The three steel pressure (striker, incident and transmitter) bars
were modelled as linear elastic materials (*MAT_ELASTIC)
with a density, Young’s modulus and Poisson’s ratio of ρ =
7850 kg m−3, E = 168 GPa, ν = 0.29 respectively based on
existing known properties of steel.

For all analyses, to match the experimental tests con-
ducted, the striker bar was given an initial impact velocity
of 16 m/s or 20 m/s similar to match the speeds tested
experimentally. The steel reservoir was modelled as rigid
(*MAT_RIGID), with a density, Young’s modulus and Pois-
son’s ratio of ρ = 7850 kg m−3, E = 168 GPa, ν =
0.29 respectively. The SPH water sample that encompassed
the water annulus and the gap between the pressure bars
was modelled using the linear polynomial equation of state
(EOS):

P = C0 + C1μ + C2μ
2 + C3μ

3

+(C4 + C5μ + C6μ
2)E

(1)

whereC0,C1,C2,C3,C4,C5 andC6 are constants,μ = ρ/ρ0
- 1, ρ and ρ0 are the current and initial densities of the fluid,
and E is the specific internal energy of the fluid. Table 1,
displays the properties used to apply the null material card
(*MAT_NULL), which only requires density input, and equa-
tion of state parameters utilised in this work for water. The
constants for the equation of state were based on previous
work by Shin [20], which studied the use of numerical mod-
elling to simulate shock wave effects in water. To assign the
initial pressure of the water to be equal to atmospheric pres-
sure (101kPa), the specific internal energy, E0, was found
by applying eq. (1) with the constants from Table 1 to be
205.36kPa.

Results

Figure 9 display the typical stress difference between axial
and radial stress, illustrating the viability of the current con-
figuration in assisting with the triaxial response of a liquid.
The near zero stress difference indicates the translation of

axial stress into radial stress when subject to loading, a prop-
erty that aligns with the Poisson’s ratio of water.

Figures 10 and 11 show that the experimental and numeri-
cal incident pulses have the same amplitude at the samegauge
locations, but the reflected pulses are very different.

Tests were performed using themodified SHPBfittedwith
the partial lateral confinement reservoir on water, at 16 m/s
and 20 m/s. Figures 12 and 14 show similarities in terms
of response behaviour, with a logical increase in amplitude
associated with its higher test speed.

Figures 12 and 14 depict the experimentally measured
front, back and radial stresses. The radial stress directly adja-
cent to the water in between the pressure bars was calculated
by taking into account the transit timeof the radial stresswave
through the water annulus (5.1 μs, assuming a wave speed
in water of 1482 m/s). The recorded radial stress shows a
radial stress wave with peaks that align relatively well with
front and back stresses, indicating that the lateral response
recorded with the pressure transducer is a direct result of the
axial loading from the SHPB test.

Looking at the Poisson’s ratio, experimentally at 16 m/s,
the maximum front, back and radial stress recorded are 180,
5 and 46 MPa, respectively, resulting in a Poisson’s ratio of
0.5 (Fig. 12), when the axial stress ([180 + 5]/2 = 92.5 MPa)
is divided by the radial stress (46 MPa). Since the theoretical
Poisson’s ratio for water is 0.5, this indicates that the axial
and radial stress data obtained by employing this modified
SHPB setup exhibit a degree of accuracy reflected in theory.

At higher striker speeds, the incident bar’s inertia and the
partial lateral confinement steel reservoir will have an impact
on the front, back and radial stresses, as seen in Fig. 14.
This will have an effect on the Poisson’s ratio of the water
specimen, progressively lowering its value.

The back stress values differ by 60-80 %, radial stress
values differ by 11-13 %, and the front stress values differ
by 76-105 %, when comparing numerical and experimental
stresses at 16 m/s and 20 m/s (Figs. 12, 13, 14, and 15).

While there is evidently a distinct disparity between the
stress magnitudes from experimental and numerical results,
numerical modelling is used in conjunction with experimen-
tal results to provide commentary on the viability of the
apparatus in investigating stress behaviour of water. As such,
qualitative and quantitative comparison between numerical

Fig. 8 LS-DYNA cross section zoom-in on the sample inside the partial lateral confinement SHPB set up
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Table 1 Material model and equation of state (EOS) parameters for water (SI units) [20]

MAT_NULL
1000

EOS_LINEAR_POLYNOMIAL

C0 C1 C2 C3 C4 C5 C6 E9

0.0 2.190E9 9.224E9 8.767E9 0.4934 1.3937 0.0 205.36E3

Fig. 9 Typical response of a partially confined SHPB test on water
showing axial and radial stress difference normalised by their mean

Fig. 10 Typical behaviour of a partially confined SHPB experimental
test on water at 16 m/s: incident and reflected pulses from the incident
bar

Fig. 11 Typical behaviour of a partially confined SHPB LS-DYNA
model onwater at 16m/s: incident and reflected pulses from the incident
bar

Fig. 12 Partially confined SHPB test on water at 16 m/s: front, back
and radial stresses

Fig. 13 Partially confined SHPB LS-DYNAmodel on water at 16 m/s:
front, back and radial stresses

Fig. 14 Partially confined SHPB test on water at 20 m/s: front, back
and radial stresses
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Fig. 15 Partially confined SHPB LS-DYNAmodel on water at 20 m/s:
front, back and radial stresses

and experimental results still exhibit similarities in terms of
stress propagation tendencies through the fluid medium.

Discussion

The capabilities of the modified SHPB with the imple-
mentation of the lateral confinement apparatus allow for
high-strain-rate testingonwater to explore its axial and lateral
responses. The results collected from the experimental tests
and numericalmodel inLS-DYNA, revealed a significant dif-
ference in front stress, leading to a considerable lower axial
stress. This is due to the numerical model’s lack of cohesion
between SPH particles when modelling a fluid like water, as
evidenced by the two key arguments below:

1. The water sample in the modified SHPB with the lateral
confinement apparatus,wasmodelled inLS-DYNAusing
SPH. This was done in the samemanner as other projects
that have modelled water for blast and high impact tests
[21]. They used*MAT_NULL and theEOS linear polyno-
mial, as shown in Table 1. However, *MAT_NULL only
uses the initial density of the fluid. It does not include any
cohesion parameters, which is a fundamental property of
fluids. Water itself is a highly cohesive material. Conse-
quently, omitting this will have a considerable impact on
the numerical results.

2. Whencomparingmodelling andexperimental test results,
the radial stress is within 10-13 % of the experimental
values obtained, however, the back and front stresses are
more than 60-80 % and 75-105 % away, respectively,
from what it should be, experimentally. The radial stress
is measured with a pressure transducer, while the front
and back stresses are measured at the strain gauge loca-
tion on the incident and transmitter bars in the model.
Hence, the value obtained at these points is from the
stress wave as it propagates through the SPH water par-
ticles, and hits the transmitter bar interface and pressure

transducer. The significant difference in front and back
stresses is due to the instant extrusion of the water sample
upon contact from the incident pulse.

There is no cohesion between the SPH particles. The par-
ticles are instantaneously displaced in both horizontal and
vertical directions, due to the impact of the stress wave con-
siderably changing the size and shape of the specimen. There
is no medium for the wave to propagate through. As a result,
the water sample is unable to compact sufficiently to let
the stress wave propagate through before extruding from in-
between the Hopkinson pressure bars.

When comparing experimental and model outputs, it is
evident the model is under predicting the stress results. This
indicates that adding cohesion properties to thismodel would
intuitively improve the specimen’s ability to withstand the
stress wave passing through it.

Material cards that consider cohesion in LS-DYNA
include*MAT_PSEUDO_TENSOR,*MAT_CONCRETE_DA
MAGE, *MAT_FHWA_SOIL, *MAT_MOHR_COULOMB, *
MAT_DRUCKER_PRAGER and *MAT_JOINTED_ROCK.
However, the material cards *MAT_PSEUDO_TENSOR,
*MAT_CONCRETE_DAMAGE, *MAT_FHWA_SOIL and *
MAT_JOINTED_ROCK can not be used since they are made
for steel, concrete, rock and soils, with some requiring an
EOS and other parameters which could not be obtained
for water. The material cards *MAT_MOHR_COULOMB and
*MAT_DRUCKER_PRAGER had obtainable parameters, but
showed the same behaviour as *MAT_NULL.

SPH parameters were explored in LS-DYNA, and it was
discovered that there was no option to change the cohesion
parameter for fluid modelling. Viscosity was evaluated in the
numerical model and showed no effect on improving SPH
particle cohesiveness, as it simply slowed their lateral and
transverse movements.

The ability to evaluate the high-strain-rate behaviour of
liquids and record both their lateral and axial stress responses
fills a gap in present research that previously restricted SHPB
testing to fluid materials.

Also, since high-strain testing on water can be directly
used to compare the effect of saturation and actual water,
the influence of water content on other materials such as
soils can be better understood. The specific effect of soil
parameters such as particle size or density can be examined
more thoroughly by comparing high-strain and quasi-static
triaxial tests on fully saturated soils.

While shear thickening fluids have not been explicitly
investigated through this study, the opportunity to perform
controlled high-strain-rate tests on specific fluids opens up
the future opportunity to examine the ability of shear thicken-
ing fluids to dissipate energy. Adjustments to the numerical
model including the modification of fluid medium viscos-
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ity would be crucial in indicating behaviour under various
shear conditions. Shear thickening fluids are widely used in
impact protection applications such as in shock absorbers or
enhancingKevlar fabrics, the implications that this apparatus
provides would be vital in its further characterisation under
high-strain-rate conditions [24, 25].

Conclusion

An innovative testing methodology for partially-confined
SHPB experiments has been used to test water at high-
strain-rates, where the specimen is contained in a long sleeve
reservoir. A pressure transducer in the wall of the reservoir
is used to measure the radial stress of the specimen.

Experimental results showed a clear correlation between
the increase of the strain rate and the amplitude of the radial
and axial stresses. To compare with the experimental data
collected from the tests, LS-DYNA numerical modelling of
tests with and SPH water sample was undertaken. Although
radial and back stresses were measured and represented in
the numerical model with reasonable accuracy, substantial
modelling constraints were discovered when looking at the
front stress obtained from themodel. Thiswas due to a failure
to account for the cohesion qualities of the SPH particles in
the numerical model, which fluids naturally have.

The material card *MAT_NULL, which is commonly used
to depict water in LS-DYNA, only requires its initial density;
however, this material card does not account for the highly
cohesive properties of water particles, an intrinsic property
of fluids.

As a result, improvements to the existing model are
required, such as creating a new material card in LS-DYNA
that incorporates cohesion as a parameter for fluids and
upgrading the modelling representation of SPH to account
for cohesion between particles.

Experimentally, in addition to its capabilities for testing
soils, this apparatus can be used to accurately characterise
liquid materials at high strain-rates, which was previously
impossible.

Future test series using this new apparatus will aim to
define strain rate dependency as well as further investigate
the influence of radial inertia observed in current tests. Fur-
thermore, the results of high strain-ratewater characterisation
can be utilised to characterise very fine, undrained, fully sat-
urated soils under high strain rate conditions.
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Abstract

Soil-filled wire and geotextile gabions are essential components of defensive infrastructure in mil-

itary bases, leveraging the attenuating properties of soils to safeguard personnel and critical assets

against blast and fragmentation effects. However, understanding the behaviour of cohesive soils

under extreme loading conditions remains largely unexplored, presenting a crucial knowledge gap

for design engineers tasked with developing robust soil constitutive models to address evolving

threats. This study investigates the response of cohesive soils, focusing primarily on kaolin clay

due to its homogeneity, widespread availability and consistent properties. Through high strain rate

experimental testing of kaolin clay specimens, using the split-Hopkinson pressure bar (SHPB) ap-

paratus, both unconfined and confined conditions are explored across varying moisture contents,

spanning the spectrum from unsaturated to fully saturated states. The analysis of the experimental

results uncovers the strain rate dependence of cohesive soils and identifies distinct phase behaviour

for transmitted and radial stresses influenced by factors such as strain rate, moisture content and

confinement. Utilising LS-DYNA, and the finite element method (FEM), the SHPB tests are mod-

elled for comparison against experimental findings. While LS-DYNA, supplemented by Smooth

Particle Hydrodynamics (SPH) node modelling, provides valuable insights, significant disparities

between modelled and practical results underscore the challenges inherent with the accuracy in

simulating the behaviour of cohesive soils. Nonetheless, this comprehensive exploration of cohe-

sive soil’s high strain rate behaviour yields critical insights for engineers, enabling them to adapt

defensive strategies to diverse threats and loading scenarios effectively.

Keywords: High strain rate testing, Split-Hopkinson pressure bar, Cohesive soils, Kaolin clay,

LS-DYNA modelling, Smooth particle hydrodynamics
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1. Introduction1

Fortification engineers face a daunting challenge: ensuring the resilience of defensive struc-2

tures worldwide. Soil-filled wire and geotextile gabions, exemplified by Hesco Concertainer, stand3

as stalwart solutions, offering protection against the destructive forces of blast and fragmentation.4

The versatility and availability of soil make it an attractive defence material, facilitating the rapid5

and cost-effective construction of robust-barriers. However, despite its ubiquity, the high strain6

rate behaviour of soil remains enigmatic, especially in the context of emerging threats and evolv-7

ing landscapes. As conflicts shift from sandy terrains to regions where sand may not be readily8

available, the need to understand and harness the potential of cohesive soils such as clay and silt9

becomes imperative. These cohesive materials, found across the globe, constitute the terrestrial10

and aquatic strata, offering promising alternative for fortifications in diverse settings.11

In navigating unfamiliar terrain, fortification engineers require precise data to assess the per-12

formance of local soils and adapt their designs accordingly. The development of constitutive13

models capable of accommodating new soils and emerging threats necessitates comprehensive14

studies on soil behaviour under extreme loading conditions. In this regard, the focus on kaolin15

clay, a well-researched and representative soil, provides a foundation for quantitative insights into16

its mechanical response. By preparing kaolin clay samples at varying moisture contents and test-17

ing them under both unconfined and confined conditions using the SHPB apparatus, this study18

aims to elucidate the effects of strain rate, moisture content and confinement on cohesive soils.19

Blast attenuation and cohesive soils are expansive fields. The unique characteristics of cohesive20

soils, including their undrained behaviour, variable saturation states, and very fine particle size,21

pose significant challenges in evaluating their response at high strain rates. Unlike cohesionless22

soils, like sand, which have been extensively studied under high strain rates conditions [1–6],23

cohesive soils, particularly kaolin clay, remains largely unexplored in this context. This study24

aims to bridge this gap by delving into new frontiers of understanding, thereby paving the way for25

more resilient and adaptive fortification designs.26

∗Corresponding author.
Email address: avanlerberghe1@sheffield.ac.uk (Arthur Van Lerberghe)
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The contemporary SHPB apparatus, named after Bertram Hopkinson, originated from his27

method to measure the pressure generated by bullet impacts or explosive detonations [7]. Initially,28

the Hopkinson pressure bar consisted of a long steel bar transmitting pressure from the impact,29

with a shorter bar serving as a momentum trap, allowing inference of pressure wave magnitude30

and duration.31

Herbert Kolsky expanded upon this design by incorporating two bars in series, separated by a32

material specimen. This configuration facilitated recording of stress pulses in each bar, enabling33

calculation of the dynamic stress-strain response of the specimen [8]. This system, known as34

the split-Hopkinson pressure bar (SHPB) or Kolsky bar, remains fundamentally unchanged. By35

employing one-dimensional wave theory, stress pulses measured in the bars provide insights into36

the stress and strain histories of the two ends of the specimen [9].37

Several studies utilising the SHPB apparatus have investigated the high strain rate behaviour of38

cohesive soils, with tests conducted up to 2500 s−1, under both unconfined and confined conditions,39

at different moisture contents. However, these studies lacked detailed material characterisation and40

sample preparations of their chosen cohesive soil. This included factors such as moisture content,41

particle size distribution and Atterberg limits, which hindered the reproducibility of their findings42

and restricted comparative possibilities with other studies [10–13].43

For instance, SHPB tests conducted on dry clay samples provided some insights into the effects44

of moisture content on cohesive soils at high strain rates [10–13]. However, artificially frozen clay45

samples compromised the inherent properties of moisture content in cohesive soils, rendering the46

results incomparable with other SHPB tests on cohesive soils [11].47

Confined SHPB tests on dry clay samples were conducted, with steel jackets of different thick-48

nesses [10], and utilising gauged steel cylindrical cages [13]. These results provided some infor-49

mation on the effect of confinement at high strain rates by measuring the radial stress behaviour of50

the sample. Yet, no comparison was made with unconfined SHPB tests on the same soil samples51

to determine the effect of confinement.52

In contrast, high strain rate SHPB testing on cohesionless soils is more comprehensive, with53

clearly defined material properties prior to investigating the impact of strain rate, moisture content54

and lateral confinement [1–6]. This further underscores the untapped potential of novel research55
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in comprehensively addressing the behaviour of cohesive soils at high strain rates, an area that56

remains largely unexplored.57

Full scale trials of blast and ballistic events entail considerable costs and time investments.58

Consequently, numerical techniques serve as invaluable tools for modelling these events. Explo-59

sions, blast effects, and impacts are commonly simulated using dynamic software such as LS-60

DYNA, which incorporates the Finite Element Method (FEM) [14].61

The reliability and accuracy of material models are paramount and must be verified against62

experimental data [15]. Typically, this involves developing a material model based on experimen-63

tal properties and then comparing the results obtained from physical experiments to those of more64

complex simulations. Discrepancies between the experimental and modelled data indicate inaccu-65

racies in the material model. Adjusting the inputs until the outputs align with experimental data66

is not a viable solution, as the model may fail to predict future material responses under different67

test configurations.68

In FEM-based modelling, soil is often treated as a continuum with homogeneous bulk prop-69

erties [16]. Since individual particles are not explicitly modelled in continuum approaches, con-70

stitutive models are employed to capture crucial bulk properties, which are typically derived from71

geotechnical tests.72

LS-DYNA offers various modelling approaches to create constitutive numerical models for dy-73

namic impacts on soils. These include Lagrangian with material erosion and/or mesh adaptivity,74

Arbitrary Lagrangian-Eulerian (ALE), and Smooth Particle Hydrodynamics (SPH) [14]. Addi-75

tionally, LS-DYNA provides a range of built-in material cards for simulating soil behaviour, from76

basic models with compressibility curves and yield surfaces to more complex models incorporat-77

ing pore water effects, strain softening & hardening, and strain effects [14].78

While most finite element (FE) studies using LS-DYNA in the literature focus on buried ex-79

plosives, only as small number address SHPB modelling of soils, with an even smaller subset80

dedicated to cohesive soils.81

LS-DYNA has been employed to model high strain rate experiments on cohesive soils, includ-82

ing unconfined and confined SHPB tests, utilising material cards such as ∗MAT SOIL AND FOAM,83

∗MAT PSEUDO TENSOR, ∗MAT FHWA SOIL, ∗MAT GEOLOGIC CAP MODEL as well as ∗MAT MOHR COULOMB.84
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Experimental data is used to build ALE numerical models and comparing their results to collected85

test data, yielding limited accuracy [13, 17, 18].86

These studies highlight critical issues: the lack of clear material characterisation of the inves-87

tigated cohesive soil, the absence of soil shear strength data at high pressures during modelling,88

and evident limitations in modelling the behaviour of cohesive soils across all saturation levels89

Furthermore, SPH modelling, an innovative meshless Lagrangian numerical technique for90

modelling fluid equations of motion under high strain rate effects, has never been utilised in LS-91

DYNA for the modelling of SHPB experiments on cohesive soils. Given the dynamic nature of92

SHPB tests and the complex material behaviour of cohesive soils, this presents an ideal opportu-93

nity for exploration [19].94

2. Material characterisation95

The soil selected is defined using EN ISO 14688–1:2002 [20], as white fine CLAY (CL). For96

brevity, it is referred to as ‘kaolin clay’. Table 1 provides an overview of the kaolin clay material97

properties, which are derived using the methods described in sections 2.1, 2.2, 2.3, 2.4 and 2.5.98

Soil properties Units Value

Primary mineral – Kaolinite

Particle density, ρs Mg.m−3 2.65

Liquid Limit, LL % 40

Plastic Limit, PL % 25

Plastic Index, PI % 15

D50 µm 0.74

Particle sphericity – Low – Medium

Angularity – Subrounded – Subangular

Surface texture – Smooth

Table 1: Overview of the kaolin clay material properties.
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2.1. Particle mineralogy99

X-ray diffraction (XRD) was carried out on the kaolin clay to establish the constituent minerals.100

In XRD an incident X-ray beam undergoes diffraction due to the regular atomic structure of a101

crystalline specimen. By measuring the intensity of diffraction at different incident angles, θ, a102

distinct diffraction pattern is obtained. This pattern can be compared to a database of known103

patterns to identify the phases present in the specimen. Phase analysis was carried out using a104

PANalytical Aeris diffractometer and the ICDD’s Diffraction File (PDF-4+).
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Figure 1: X-ray diffraction data of the kaolin clay soil.

105

Figure 1 shows the diffraction pattern of the kaolin clay. As expected, kaolinite is the primary106

mineral, followed by quartz. The cohesive soil used in this investigation is composed of 70%107

kaolinite and 30% quartz.108

2.2. Particle size distribution109

The particle size distribution (PSD) of the kaolin clay is assessed using the data sheet provided110

by the supplier, IMERYS. Figure 2 depicts the cumulative PSD of the kaolin clay. The D50 of this111

well-graded impermeable soil is 0.74 µm, and the clay and silt contents are calculated to be 80 %112

and 20 %, respectively. The soil is therefore characterised as CLAY (CL).113
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Figure 2: Cumulative particle size distribution of the kaolin clay soil (from IMERYS data sheet).

2.3. Particle density114

The particle density, denoted as ρs, represents the density of the solid mineral particles. It115

is used with the bulk dry density, ρd, to determine the void ratio of a soil using the following116

relationship:117

e =
ρs

ρd
− 1 (1)

The particle density, ρs, of the kaolin clay was calculated to be 2.65 Mg.m−3, using the method118

described in BS 1377–2:1990 §8.2 [21] , which is the density of kaolinite.119

2.4. Atterberg limits120

To ensure sample consistency, Atterberg limits must be consistent across all soil samples. The121

fall cone test was used to obtain consistent Atterberg limit values for the different kaolin clay122

samples [21]. The liquid limit, LL, plastic limit, PL, and plastic index, PI are 40 %, 25 % and 15123

%, respectively [21]. The values of which are above the A-line, confirming the soil selected is a124

CLAY (CL) [22].125
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2.5. Particle shape126

The shape of the kaolinite-sized particles in the soil are assessed qualitatively with a scanning127

electron microscope (SEM), using the descriptors provided in EN ISO 14688–1:2002 [20]. The128

kaolin clay soil was gold (Au) coated before being inserted into the SEM. Using Figure 3, the129

kaolin clay particles vary from low to medium sphericity, are subrounded to subangular, and have130

smooth surface texture.131

Figure 3: SEM imagery of kaolin clay at 40,000x magnification.

3. Specimen preparation132

Kaolin clay samples are made using powdered speswhite kaolin clay. The powder was mixed133

with water at a 1:1 ratio to create a kaolin slurry, which was then placed in a pressurised cylindrical134

Rowe cell to consolidate the kaolin clay to 600 kPa. This approach was employed to create a135

consolidated, fully saturated, kaolin clay wheel, with a corresponding moisture content of 44 %,136

as determined after preparation using the material characterisation tests indicated in section 2.137
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A controlled drying procedure was utilised to study the effect of moisture content in kaolin138

clay samples at high strain rates. Specimens with moisture content levels of 0, 5, 10, 15, 20, 25,139

30, 35, 41, 42 and 44 % were prepared, covering all saturation levels from unsaturated to fully140

saturated. To achieve a moisture content of 0%, the samples were oven-dried for 24 hours.141

The kaolin clay samples used for both unconfined and confined SHPB testing are prepared142

using the following procedure:143

1. Cylindrical kaolin clay samples with varying moisture content are made using a 25 mm144

145

146

has been sliced.147

2. Samples are air dried in a temperature-controlled setting at 20 degrees Celsius, and weighed148

149

and current weight.150

151

moisture content between sample preparation and testing. The samples are prepared and152

tested in different laboratories, hence they are stored in sealed plastic bags until required for153

testing.154

4. Experimental setup155

The SHPB experimental set up consists of a typical pressure bar arrangement consisting of a156

striker, an incident and a transmitter bar each 25 mm in diameter and 350 mm, 2500 mm and 1500157

mm long, respectively, as represented in Figure 4. The pressure bars are made of stainless steel,158

with the incident bar having a density of 7666 kg/m3, a wave speed of 5376 m159

160

161

For confined SHPB testing, the experimental set up includes an additional steel confining ring162

shown in Figure 5a, which houses the kaolin clay sample and slots in between the incident and163

transmitter bars, as illustrated in Figure 5b.164

9

s, and strain gauges

stainless-steel cylinder slicer. The specimens have a nominal length of 5 mm and a diameter

of 25 mm. The initial weight of the kaolin clay specimen is recorded immediately after it

at regular intervals to measure their current moisture content based on their initial wet weight

3. Cut and air-dried samples are wrapped in polyvinylidene chloride to minimise changes in

with a gauge factor of 123. The transmitter bar has a density of 7677 kg/m3, a wave speed of 5305

m/s, and strain gauges with a gauge factor of 127.
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Figure 4: Schematic diagram of the SHPB experimental setup with the confining ring [* removed for unconfined

SHPB tests].

Signals from the pressure bar strain gauges are recorded using a TiePie Handyscope four-165

channel digital oscilloscope with a 14-bit A-D resolution, a sample frequency of 1 MHz, and a166

record length of 131.072 kSa. The material’s axial stress response is monitored using a pair of Ky-167

owa KSP-2-120-E4 strain gauges mounted on the incident and transmitter bars. The radial stress168

response is measured using a single strain gauge mounted on the outside of the confining ring.169

Strain gauge signals are collected from the incident and transmitter bars using a half Wheatstone170

bridge configuration (Figure 6). Strain gauge signal from the confining ring is acquired using a171

quarter Wheatstone bridge configuration (Figure 7).172

5. Testing procedure173

This experimental testing procedure was used on kaolin clay samples to demonstrate the174

SHPB’s ability to test cohesive soils under unconfined and confined conditions, as well as to175

validate that the chosen design set up produces reliable measurements.176

Prior to testing, the samples are weighed to three decimal places using an RS Pro weighing177

178

three diff179

of 0.01 mm. These parameters are required to process the experimental data.180

Unconfined SHPB testing on kaolin clay samples was conducted using the following proce-181

dure:182

1. Supports surrounding the incident and transmitter bars are bolted down to the channel of the183

10

erent locations and averaged to account for any sample inconsistencies, with a resolution

scale, with a resolution of 0.001 g. The samples’ thickness is measured using a digital calliper at
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Figure 5: Diagrams showing (a) the confining ring for confined SHPB testing and (b) the confining ring with the

sample inside, ready for testing.

SHPB setup.184

2. A kaolin clay sample 5 mm in nominal length and 25 mm in diameter was placed in between185

the incident and transmitter bars, inside a Perspex containment box.186

3. The lid of the containment box is closed, ready for testing.187

For confined SHPB testing, a similar testing procedure was followed, where the confining ring188

was inserted onto the incident bar before the prepared specimen is gently placed in between the189

incident and transmitter bars. After which, the confining ring is slid back over the specimen, ready190

for testing.191

In both cases, loading was achieved by hitting the incident bar with a steel striker bar fired192

from a gas gun at varied speeds, with speeds measured using a speed trap at the exit of the gas gun193

barrel, to achieve different strain rates.194
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Figure 7: Confining ring (a) strain gauge arrangement, and (b) quarter Wheatstone bridge configuration.

6. Test programme195

For unconfined SHPB testing, the test programme began with tests at 8, 12 and 16 m/s on196

kaolin clay samples with varying moisture content ranging from 0 to 44 %. Additional tests were197

carried out at 18, 20 and 22 m/s to evaluate the effects of kaolin clay at higher strain rates. Under198

unconfined conditions, the maximum average strain rate was 1200, 1900 and 2770 s−1, for 8, 12199

and 16 m/s, over approximately 150 µs, as shown in Figure 8.200

For confined SHPB testing, the test programme began with tests at 12 m/s on kaolin clay201

samples with varying moisture content ranging from 0 to 41 % for behavioural comparison with202

the unconfined SHPB tests. Then, tests were carried out at 18, 20 and 22 m/s. Under confined203

conditions, the maximum average strain rate was 2600, 2800 and 3100 s−1, for 18, 20 and 22 m/s,204

over approximately 150 µs, as shown in Figure 9.205
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At these high strain rate conditions, the specimen’s axial and radial stresses and strains are206

measured.207

The test speed utilised during SHPB testing is setup-specific and depends on the gas gun con-208

figuration selected, whereas the strain rate is what the sample experiences during testing.209
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Figure 8: Strain rate variation during unconfined SHPB testing on kaolin clay, from specific tests.
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Figure 9: Strain rate variation during confined SHPB testing on kaolin clay, from specific tests.

Figures 10 and 11 provide a detailed breakdown of the tested speeds, moisture contents, and210

corresponding number of unconfined and confined SHPB tests, respectively.211
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Figure 10: Unconfined SHPB test programme breakdown of the number of tests for each moisture content.
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Figure 11: Confined SHPB test programme breakdown of the number of tests for each moisture content.

7. Signal processing212

Incident bar, transmitter bar and confining ring signals gathered during SHPB tests on kaolin213

clay samples with varying moisture contents, are processed using the open-source Python algo-214

rithm SHPB Processing.py [23], available on ORDA [24]. This code incorporates the subrou-215

tine dispersion.py, which implements Tyas and Pope’s dispersion-correction approach. This216

ensures accurate representation of the sample’s axial and radial stresses and engineering strains217

during testing [25].218

14



To run the processing script, the amplification factors for the pressure bars and confining ring219

are needed. In the unconfined setup, the factors are 10 for the incident bar and 100 for the trans-220

mitter bar. In the confined setup, both bars use a factor of 10, while the confining ring is set to221

5.222

All plots have a fixed y-axis limit for clarity and ease of comparison. Although all plots start223

at 0, this may not be immediately visible as the x-axis blends with the first few data points.224

To aid comparison of the waveforms, stress wave signals were truncated to match the point225

where the sample reached its maximum strain, after being aligned at their peak at 50 microseconds.226

Outside the plotted range, the stress pulses naturally start and end at 0 as expected.227

228

229

230

Figures 12 and 13 show the front stress for a typical unconfined and confined SHPB test, com-231

puted using dispersion correction and simple time shifting. The ‘front’ stress pertains to the inci-232

dent bar-clay sample interface, while the ‘back’ stress corresponds to the clay sample-transmitter233

bar interface. These figures illustrate how the dispersion-corrected approach reduces stress wave234

amplitude, eliminating initial fluctuations and preventing inaccurate inferences about the kaolin235

clay specimen’s behaviour during SHPB testing. The amplitude difference between unconfined236

and confined SHPB tests is due to radial stresses being redirected axially by the confining ring.237

15

Alignment based on peak stress was performed specifically for this scenario, considering the

tested strains, selected material, and its non-equilibrium stress conditions. Aligning based on peak

stress at smaller strains would obscure the data.
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Figure 12: Front stress computed using dispersion correction and simple timeshifting, for a typical unconfined SHPB

tests on kaolin clay.
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Figure 13: Front stress computed using dispersion correction and simple timeshifting, for a typical confined SHPB

test on kaolin clay.

8. Experimental results238

8.1. Sample material properties239

After the completion of unconfined and confined SHPB tests, the main sample properties for240

this study being the volume of air in the sample, Vair, volume of water in the sample, Vwater, and to-241

tal volume of the sample V are calculated in order to physically comprehend how the composition242
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of air, water and soil in the sample evolved during testing.243

The diameter, thickness, wet mass, and dry mass of the sample are measured prior to testing,244

and its moisture content is then calculated based on these values. These properties are used to245

determine the volume, V , of the sample. The volume of water is determined by subtracting the dry246

mass from the wet mass and dividing the result by ρw, the density of water. The volume of solids247

is calculated by dividing the dry mass by the product of the specific gravity and ρw. With these248

values, the volume of voids (Vvoids = V - Vsolids), and the volume of air (Vair = Vsolids - Vwater), can249

be calculated.250

The air volume ratio in the sample is derived by dividing the total volume of air in the sample251

(Vair) by its entire volume (V), using Equation 2:252

Air volume ratio =
Vair

V
(2)

the water volume ratio in the sample was computed by dividing the total volume of water in253

the sample (Vwater) by the total volume of the sample (V), using Equation 3:254

Water volume ratio =
Vwater

V
(3)

All these geotechnical properties were determined for each sample prior to testing.255

8.2. Unconfined SHPB test results256

Unconfined SHPB tests were performed on kaolin clay samples with moisture content levels257

ranging from 0 to 44 %, to cover all saturation stages: dry, partially-saturated and fully saturated.258

Initially, the samples were tested at 8, 12, 16 m/s, resulting in maximum average strain rates of259

1200, 1900 and 2770 s−1. The sample’s strain, front, back and mid stresses were determined using260

the signal processing technique in section 7.261

Figures 14, 15, 16 and 17 show that in a typical unconfined SHPB test at a moisture content of262

0 %, increasing the strain rate correlates with higher material strain, front, back and mid stresses.263

Figure 16 portrays kaolin clay’s strain rate dependency. A crucial discovery in our understanding264

of the high strain rate behaviour of cohesive soils.265
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At the same strain rate, the material’s strain and front stress behaviour are consistent across266

all moisture contents. However, the back stress behaviour is dependent on the strain rate and267

moisture content of the tested kaolin clay sample, where it exhibits four distinct phase behaviours,268

as displayed in Figure 18. This means that the material’s mid stress for a specific strain rate and269

270
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Figure 14: Typical front stress versus time behaviour for an unconfined SHPB tests on kaolin clay, at a moisture

content of 0 % and different strain rates.
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Figure 15: Typical back stress versus time behaviour for an unconfined SHPB tests on kaolin clay, at a moisture

content of 0 % and different strain rates.
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moisture content, is largely dependent on the measured back stress.
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Figure 16: Typical mid stress versus strain behaviour for an unconfined SHPB tests on kaolin clay, at a moisture

content of 0 % and different strain rates.
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Figure 17: Typical strain versus time behaviour for an unconfined SHPB tests on kaolin clay, at a moisture content of

0 % and different strain rates.
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Figure 18: Unconfined SHPB testing of kaolin clay with (a) the phase behaviour at 8 m/s (1200 s−1), (b) phase

behaviour at 12 m/s (1900 s−1) and (c) phase behaviour at 16 m/s (2770 s−1), as well as the associated back stress at

16 m/s (2770 s−1) for (d) Phase 0, (e) Phase 1, (f) Phase 2 and (g) Phase 3.
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To facilitate the analysis of experimental data collected from SHPB tests, trends in material271

response based on the sample’s material properties were categorised, each associated with repre-272

sentative phase behaviours depicted in Figures 18a, 18b and 18c. The four phases identified can273

be defined as follows:274

• Phase 0: This phase includes the tests located on the y-axis of Figures 18a, 18b and 18c.275

Samples are dry, with a moisture content of 0 %. The sample no longer contains any water;276

it is dry, consisting mainly of air and kaolin clay. Since there is no moisture to encourage277

lateral extrusion of the sample in this phase, the back stress is the highest, and a larger278

proportion of the stress wave travels axially towards the transmitter bar. The back stress does279

not return to zero because the sample consolidates, leaving a thin dry kaolin disk between280

the bars (Figure 18d).281

• Phase 1: This phase is shown in red in Figures 18a, 18b and 18c. Samples in this phase282

are partially-saturated throughout the test, and the soil pores are primarily filled with air.283

It encompasses tests with a moisture content above 0 % and the intersection of the air and284

water volume trendlines (Point A). The back stress during this phase has a distinct shape,285

with a magnitude significantly lower than in phase 0, and returns close to zero after reaching286

its peak as the sample almost entirely extruded during testing. In phase 1, moisture content287

has no effect on the back stress behaviour of the kaolin clay samples (Figure 18e).288

• Phase 2: This phase is shown in orange in Figures 18a, 18b and 18c. Samples in this289

phase are partially-saturated throughout the test but the soil pores are primarily filled with290

water. The range of this phase varies depending on the strain rate of the tests and correlated291

between the theoretical and final experimental strains. This phase spans from Point A to the292

intersection of the air volume ratio and the maximum experimental strain experienced by293

the sample during testing (Point B). In phase 2, moisture content has no effect on the back294

stress behaviour of the kaolin clay samples (Figure 18f).295

• Phase 3: This phase is shown in yellow in Figures 18a, 18b and 18c. Samples in this phase296

become fully saturated during testing. This phase includes tests with a moisture content297
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higher than the intersection of the air volume ratio and the maximum experimental strain298

experienced by the sample during testing (Point B). During this phase, the back stress first299

consists of an initial peak before levelling off and gradually decreasing back down to zero.300

This is due to the fast extrusion of the kaolin clay sample, which is behaving as a fluid.301

Within phase 3, moisture content has no effect on the back stress behaviour of the kaolin302

clay samples (Figure 18g).303

To create the phase diagrams in Figures 18a, 18b and 18c, the previously calculated parame-304

ters—moisture content, water volume ratio, and air volume ratio—were plotted for each sample305

along with their trendlines. The maximum experimental strain for each sample, which indicates306

the point at which the sample becomes fully saturated and all air is removed, was recorded. Bound-307

ary lines were then added based on the intersections of these trendlines, defining the four distinct308

phase behaviours.309

Figures 18a, 18b and 18c show that as strain rate rises, phase 1 and 3 increase, while phase 2310

decreases. This is due to the increase in the maximum experimental strain the sample experiences311

during unconfined SHPB testing. Additional tests performed at 18, 20 and 22 m/s have phase 2312

disappearing, as the maximum experimental strain achieved a strain of 0.29, at the intersection of313

the two trendlines.314

8.3. Confined SHPB test results315

Applying the same processing methodology used for unconfined SHPB tests (section 7), the316

sample’s stress and strain data from the confined SHPB tests can be obtained. The confining317

ring is employed to investigate the effects of strain rate and moisture content and determine if the318

previously observed phase behaviour in unconfined testing persists under rigid lateral confinement.319

Figures 19, 20, 21, 22 and 23 display the strain, radial, front, back and mid stresses for a320

typical confined SHPB test on kaolin clay, with 0 % moisture content at different strain rates. These321

figures illustrate how the stress and strain responses of the sample increase with higher strain rates,322

while the moisture content remains constant. At a given strain rate, strain and front stress remain323

consistent regardless of the moisture content of the sample. However, radial and back stresses vary324

depending on the sample’s moisture content, directly impacting the mid stress response (Figure325
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24). The mid stress versus strain response is displayed in Figure 22. This confirms earlier findings326

from unconfined SHPB tests, highlighting the strain rate and moisture content dependence of327

cohesive soils (see section 8.2).328

Similar to the findings in unconfined SHPB tests, moisture content in the sample significantly329

influences the high strain rate behaviour of back and radial stresses. Figure 24 illustrates the dis-330

tinct differences in stress propagation attributed to the phase behaviour of radial and back stresses.331

The rigid lateral confinement provided by the confining ring acts as a barrier, restricting lateral332

propagation and redirecting stress axially. This changes the applied loading from one-dimensional333

stress to one-dimensional strain. Additionally, the confining ring ensures stress wave equilibrium334

during testing and allows precise recording of radial stresses without deformation at high strain335

rates.336

For fully saturated kaolin clay samples, a Poisson’s ratio of 0.5 is calculated using confined337

SHPB test results, and gradually reduces as the sample’s moisture content falls. Nevertheless, as338

the phase behaviour evolves from 4 to 3 phases, as seen in Figure 24, the confining ring is unable339

to completely seal the sample inside. Therefore, the radial stress obtained is solely a product of340

the high incident stresses caused by the speed of the striker bar as it impacts the sample, causing341

it to extrude.342
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Figure 19: Typical strain versus time behaviour for a confined SHPB tests on kaolin clay, at a moisture content of 0

% and different strain rates.
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Figure 20: Typical front stress versus time behaviour for a confined SHPB tests on kaolin clay, at a moisture content

of 0% and different strain rates.
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Figure 21: Typical back stress versus time behaviour for a confined SHPB tests on kaolin clay, at a moisture content

of 0% and different strain rates.

The phase diagrams in Figures 24a, 24b and 24c for the confined SHPB tests were built using343

a similar manner to Figures 18a, 18b and 18c for the unconfined SHPB tests.344

Confined SHPB tests include four phases at 18 m/s (i.e 2600 s−1) and three phases at 20 and345

22 m/s (i.e. 2800 and 3100 s−1, respectively), as seen in Figures 24a, 24b and 24c.346

In phases 0 and 1, back and radial stresses behave similarly. The back stress starts at zero,347

increases to a maximum, then slowly decreases before levelling off, never returning to zero (Fig-348
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ures 24d and 24e). The radial stress reaches a similar maximum then returns to zero after 50 µs349

(Figures 24g and 24h).350

This occurs for phase 0 and 1, since the volume of water in the sample is less than its total351

volume of air and soil. During testing, since samples in phase 0 and 1 have a large volume of air352

voids, they are compacted upon impact. The sample’s compaction throughout testing generates a353

shock absorption effect, dampening the stress wave. As a result, just a fraction of the stress wave354

propagates through the sample onto the transmitted bar interface. This phenomenon is caused355

by the confining ring. This instrument provides a rigid lateral confinement around the sample,356

forcing it to consolidate, resulting in a high radial stress and a totally compacted sample at the end357

of testing.358

It is crucial to note that at the same strain rate, 2700 s−1, under unconfined conditions, a SHPB359

test requires a striker speed of 12 m/s. Hence, speed is relative to our own test setup whereas strain360

rate is what the sample exhibits during testing.361
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Figure 22: Typical mid stress versus strain behaviour for a confined SHPB tests on kaolin clay, at a moisture content

of 0% and different strain rates.

Phase 2 manifests only in the confined SHPB tests at 18 m/s (equivalent to 2600 s−1). However,362

it completely vanishes when the sample’s maximum experimental strain reaches 0.29, occurring at363

a strain rate of 2700 s−1 (Point B equals Point A), a finding empirically validated. Consequently,364

Phase 2 is conspicuously absent at higher velocities of 20 and 22 m/s (i.e. 2800 and 3100 s−1,365
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Figure 23: Typical radial stress versus time behaviour for a confined SHPB tests on kaolin clay, at a moisture content

of 0% and different strain rates.

respectively), as shown in Figures 24a, 24b and 24c.366

Figures 24f and 24i illustrate the discernible back and radial stress behaviours characteristic of367

phase 3 compared to other phases. Beyond a strain rate of 2700 s−1, following the disappearance of368

phase 2, the impact of the incident bar, the effect of inertia, becomes significant enough to prompt369

the sample extrusion, irrespective of confinement.370

Similar to unconfined experiments, once the moisture content surpasses the threshold for the371

specimen to achieve full saturation, the water content ratio dictates the sample’s behaviour, leading372

to complete lateral extrusion.373

In theory, the confining ring forms a tight seal around the pressure bars, ostensibly preventing374

sample extrusion. However, in practice, kaolin clay particles still undergo extrusion beyond a375

certain strain rate due to the substantial impact caused. The confining ring’s influence on stress376

wave propagation in cohesive soils is underscored by several intrinsic factors.377

9. Numerical modelling of SHPB tests378

9.1. Model setup379

The numerical model of the setup is shown in Figure 25. It was created using the FEM software380

LS-DYNA, in order to compare numerical and experimental SHPB test results on kaolin clay381
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and (i) phase 3. 27



samples. The striker (yellow in Figure 25), incident (blue in Figure 25) and transmitter (green in382

Figure 25) bars are modelled as 3D solid Lagrangian meshes. The confining ring (orange and pink383

in Figure 26b) is also modelled this way. SPH node modelisation was used for the kaolin clay384

sample.385

Figure 26a depicts the 5 mm SPH kaolin clay sample section numerically simulated between386

the incident and transmitter bars. A more detailed representation of the confining ring with the387

SPH sample slotted inside is illustrated in Figure 26b. A fixed sample length of 5 mm was chosen,388

and the model’s bulk density was changed to match the precise sample length tested using the389

SHPB apparatus.390

When examined at high strain rates, kaolin clay exhibits high deformation and fluid-like be-391

haviour, hence SPH is chosen as the most suitable option over traditional ALE or Lagrangian392

meshing procedures. Consequently, there are no problems associated with excessive distortion or393

negative volume errors.394

The contact interface between the SPH-modelled kaolin clay sample and the two Lagrangian395

pressure bars (i.e. incident and transmitter bar) was represented in LS-DYNA using the automated396

nodes-to-surface contact interaction. The contact interface between the SPH-modelled kaolin clay397

sample and the inside of the confining ring was modelled in this similar manner, using automated398

nodes-to-surface contact interaction.399

The interfaces between the striker-incident bar, and incident-transmitter bar are modelled using400

manual surface-to-surface contact interactions.401

3D Unconfined SHPB - Oswald Li 07/11/2022                               

Time =           0

Figure 25: LS-DYNA SHPB model set up with the confining ring [The confining ring is removed for unconfined

SHPB modelisation].

9.2. Model material cards402

The stainless-steel pressure bars are modelled as linear elastic using the ∗MAT ELASTIC, with403

a density, Young’s modulus and Poisson’s ratio of ρ = 7666 kg.m−3, E = 222 GPa and ν = 0.29,404

respectively. To mirror the experimental tests, the model’s striker bar velocity was set to the405
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Time =           0

3D Unconfined SHPB - Oswald Li 07/11/2022                               

(a)

3D Unconfined SHPB - Oswald Li 07/11/2022

(b)

Figure 26: LS-DYNA zoom-in on modelling for (a) the unconfined SHPB setup, and (b) the confined SHPB setup.

associated striker speed used in experimental testing: 8, 12, 16 m/s for unconfined SHPB tests and406

18, 20, 22 m/s for confined SHPB tests.407

The confining ring used for SHPB testing is made of stainless-steel. It was initially modelled as408

linear elastic using ∗MAT ELASTIC, however, this led to a lot vibration and noise interference with409

the numerical data. A fully rigid confining ring was modelled using the ∗MAT RIGID to remove410

these interferences associated with the contact between the pressure bars and the confining ring.411

This resulted in no radial stress data being recorded. Therefore, a combination of rigid and elastic412

elements were utilised to model the confining ring to be able to collect radial stress data (orange413

and pink in Figure 26b).414

The kaolin clay sample made using SPH was modelled with ∗MAT MOHR COULOMB, which has a415

bulk density (ro), elastic shear modulus (gmod), Poisson’s ratio (rnu), angle of friction (phi) and416

cohesion factor (cval). The bulk density (ro) and Poisson’s ratio (rnu) vary depending on the417

moisture content of the kaolin clay sample examined.418

Unconfined undrained triaxial (UU TXC) tests were conducted on fully saturated kaolin clay419

to populate the LS-DYNA model using known quasi-static parameters. The angle of friction,420

phi, was estimated by plotting Mohr’s circles and adjusting the stress envelope slightly above421

horizontal to avoid a zero value for phi, which would cause model failure. This provided phi =422

4.62º (0.08075 rad). The cohesion factor, cval, was determined from the same plots, yielding a423

value of 55,759.4 Pa. The elastic shear modulus, gmod, was calculated as 1.3E7 Pa. The initial424

density (textttro) and Poisson’s ratio (rnu) were adjusted for each sample and are listed as x1 and425

x2 in Table 2. All these parameters are summarised in Table 2.426
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∗MAT MOHR COULOMB

$# mid ro gmod rnu phi cval psi

X x1 1.3E7 x2 0.08075 55759.4 0.0

$# nplanes lccpdr lccpt lccjdr lccjt lcsfac

0 0 0 0 0 0

$# gmoddp gmodgr lcgmep lcphiep lcgmst cvalgr aniso

0.0 0.0 0.0 0.0 0.0 0.0 1.0

[x1 and x2 are adjusted based on the material properties of the sample tested.]

Table 2: Material card for ∗MAT MOHR COULOMB, calibrated for use with kaolin clay [14].

9.3. Comparison between unconfined SHPB tests and corresponding LS-DYNA numerical models427

The material card ∗MAT MOHR COULOMB incorporates the bulk density, ρ, and Poisson’s ratio, ν,428

based on the moisture content of the sample being modelled. These parameters are designated as429

x1 and x2 in Table 2.430

Table 3 provides a comprehensive overview of the inputs utilised in LS-DYNA to model the431

unconfined SHPB tests, along with the corresponding results, specifically the maximum front and432

back stresses within the model. Twelve distinct unconfined SHPB model setups were executed,433

each with varying input parameters, such as striker speed, moisture content, bulk density (ρ) and434

Poisson’s ratio (ν).435

Test number 6 highlighted a critical issue: inputing a Poisson’s ratio of 0.5 in the ∗MAT MOHR COULOMB436

material card resulted in failure. The Poisson’s ratio is a crucial parameter necessary to accurately437

simulate the fluid-like behaviour of kaolin clay under high moisture content and high strain rates438

(Table 3).439

Test results also indicated that inputing a Poisson’s ratio of 0.40, 0.44 or 0.49 yielded identical440

maximum front and back stresses as noticed across tests no. 1, 2 and 3. Similarly, the variation441

in bulk density within the sample, intended to simulate different moisture content levels, had no442
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effect on the output, as demonstrated by the consistent maximum front and back stresses observed443

in tests 2, 4 and 5 (Table 3).444

The incident and reflected pulses as well as the back stress obtained from the LS-DYNA nu-445

merical models are compared against the experimental SHPB test data collected, as illustrated in446

Figures 27, 28 and 29.447

Figures 27 and 28 juxtapose the typical experimental and numerical incident and reflected448

pulses obtained for a striker speed of 8 m/s (1200 s−1). The shape of the incident pulse in the449

numerical model still mirrors a similar pattern to the experimental results. However, there is450

a notable difference in the reflected pulse behaviour. While experimentally, the incident pulse451

propagates through the sample, in the LS-DYNA numerical model, the incident pulse is completely452

reflected, indicating that the stress wave is unable to propagate through the SPH sample in the453

model. As a result, the computed front stress is significantly lower than the experimental results.454

Figure 29 illustrates a notable disparity between the back stress in LS-DYNA and the exper-455

imental back stress. This disparity arises because the incident pulse is entirely reflected upon456

contact with the sample. Upon impact from the incident bar, the SPH particles in LS-DYNA eject457

both axially and laterally as the stress wave propagates through the kaolin clay sample. Conse-458

quently, the particle cohesion properties of the specimen do not contribute to the stress wave’s459

propagation into the transmitted bar.460

Despite the limitations in LS-DYNA in modelling cohesive soils at high strain rates, tests461

number 2, 4, 5, 7, 8, 9, 10, 11 and 12, conducted at speeds of 8, 12 and 16 m/s, demonstrated that462

as the strain rate increases so does the maximum front and back stresses. This indicates that these463

LS-DYNA models still adequately capture the effect of strain rate in cohesive soils at high strain464

rate.465

9.4. Comparison between confined SHPB tests and corresponding LS-DYNA numerical models466

The same material card is used to model the confined SHPB tests in LS-DYNA, ∗MAT MOHR467

COULOMB. Similarly to the unconfined SHPB models, Table 3 provides an overview of the inputs468

utilised in LS-DYNA to model the confined SHPB tests, along with the corresponding outputs,469

specifically the maximum front, back and radial stresses from the model.470
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Figure 27: Typical stress behaviour from the incident and reflected pulses of an unconfined SHPB experimental test,

at 8 m/s (1200 s−1).
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Figure 28: Typical stress behaviour from the incident and reflected pulses of an unconfined SHPB tests in LS-DYNA,

at 8 m/s (1200 s−1).

Tests 13 to 24, detailed in Table 3, echo the findings of unconfined SHPB models, confirming471

that Poisson’s ratio does not influence the results, with the model failing to run for a Poisson’s472

ration of 0.5. Furthermore, adjustments in moisture content through variations in bulk density,473

observed in model tests 13 to 24, do not alter the material’s behaviour in the model.474

Figures 30 and 31 depict the incident and reflected pulses in the experimental tests and numer-475

ical model. The front stress behaviour in the LS-DYNA numerical model resembles that observed476
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Figure 29: Comparison of back stress from the experimental unconfined SHPB tests and corresponding numerical

LS-DYNA models on kaolin clay at a moisture content of 0% and different strain rates.

in the SHPB tests, albeit with a higher magnitude due to the sample containment seal in the nu-477

merical model setup of the confining ring (Table 3).478

Back and radial stresses are shown in Figures 32 and 33. The magnitudes of these stresses479

are considerably higher than those obtained from experimental testing. This is primarily due480

the confining ring’s influence in LS-DYNA and its modelling approach, since the confining ring481

effectively seals the SPH specimen inside, preventing extrusion during testing. Nevertheless, the482

model does not accurately reflect the genuine behaviour of cohesive soils, as neither moisture483

content nor Poisson’s ratio affects the model outputs.484

The back stress results from the numerical models show an increasing trend, consistent with485

observations from SHPB testing. Additionally, the radial stress results from the models exhibit486

also an increasing trend as speed increases (Table 3).487

When the sample is fully saturated, with a Poisson’s ratio of 0.5, the model fails to run due488

to limitations of ∗MAT MOHR COULOMB, necessitating the used of ∗MAT NULL to model the fluid-like489

behaviour of the material. Since there is no sample extrusion in the numerical model, the front,490

back and radial stress results show higher values than in the experimental SHPB tests (Table 3).491

The perfect seal of the ring in the model alters the sample’s radial stress behaviour, as there is no492

inertia effect from the incident bar impacting the sample. Hence, the radial stress does not fall due493
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Test No. Striker speed Moisture content ρ (ro) ν (rnu) Max front stress Max back stress Max radial stress

m/s % kg.m−3 MPa MPa MPa

UNCONFINED SHPB MODELLING

1 8 0 934 0.40 21.4 2.3 –

2 8 0 934 0.44 21.4 2.3 –

3 8 0 934 0.49 21.4 2.3 –

4 8 20 1087 0.44 21.4 2.3 –

5 8 41 1296 0.44 21.4 2.3 –

6 8 41 1296 0.50 FAIL FAIL –

7 12 0 934 0.44 32.8 3.4 –

8 12 20 1087 0.44 32.8 3.4 –

9 12 41 1296 0.44 32.8 3.4 –

10 16 0 934 0.44 44.8 4.0 –

11 16 20 1087 0.44 44.8 4.0 –

12 16 41 1296 0.44 44.8 4.0 –

CONFINED SHPB MODELLING

13 18 0 934 0.40 324.4 394.3 509.0

14 18 0 934 0.44 324.4 394.3 509.0

15 18 0 934 0.49 324.4 394.3 509.0

16 18 20 1087 0.44 324.4 394.3 509.0

17 18 41 1296 0.44 324.4 394.3 509.0

18 18 41 1296 0.50 FAIL FAIL FAIL

19 20 0 934 0.44 365.1 432.6 624.0

20 20 20 1087 0.44 365.1 432.6 624.0

21 20 41 1296 0.44 365.1 432.6 624.0

22 22 0 934 0.44 410.3 481.3 674.0

23 22 20 1087 0.44 410.3 481.3 674.0

24 22 41 1296 0.44 410.3 481.3 674.0

[‘–’: Data not recorded, ‘FAIL’: LS-DYNA model failed to run]

Table 3: Summary of the LS-DYNA modelling inputs and outputs.

to excessive sample extrusion from the ring, before rising again, as seen in testing.494
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Figure 30: Typical stress behaviour from the incident and reflected pulses of a confined SHPB experimental test, at

18 m/s (2600 s−1).
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Figure 31: Typical stress behaviour from the incident and reflected pulses of a confined SHPB tests in LS-DYNA, at

18 m/s (2600 s−1).

9.5. LS-DYNA modelling limitations495

Notable LS-DYNA modelling limitations are as follows:496

1. The difficulty in computing a compression curve due to the material’s inability to endure497

multi-axial compression without extrusion. Since kaolin clay is strain rate dependent, there498

are no equations of state currently implemented into numerical simulation codes that take499
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Figure 32: Comparison of back stress from the experimental confined SHPB tests and corresponding numerical LS-

DYNA models on kaolin clay at a moisture content of 0% and different strain rates.
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Figure 33: Comparison of radial stress from the experimental confined SHPB tests and corresponding numerical LS-

DYNA models on kaolin clay at a moisture content of 0% and different strain rates.

account of the complete time- or frequency-dependence of the mechanical response of co-500

hesive soils. Most soil specific and cohesion material models in LS-DYNA require an EOS,501

therefore the list of material models which could be utilised with the parameters we collected502

is very short, leaving ∗MAT MOHR COULOMB as the most suitable option.503

2. During the comparison of experimental SHPB test data and associated LS-DYNA numerical504

models, the impact of the material’s moisture content could not be observed in the numerical505
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model. Therefore, the phase behaviour could not be mapped out in LS-DYNA. This is due506

to the model’s limitations in modelling cohesive soils at high strain rates.507

3. The development of the SPH node modelisation technique in LS-DYNA is limited. LS-508

DYNA is unable to accurately represent the cohesion properties of cohesive soil particles.509

The deficiency, compounded by the lack of cohesion properties in this node modelisation510

tool, hinders the ability to accurately model the high strain rate behaviour of cohesive soils511

[26].512

4. The numerical modelling of the confining ring revealed constraints related to sample extru-513

sion, seal, vibration and contact, hence it required adjustments. Experimentally, an elastic514

515

its excessive deformation compromised accuracy. Therefore, a rigid-elastic confining ring516

517

sion with a tight seal, and record radial stresses without complete deformation. The rigid518

element is 1/3 the thickness of the ring on the outside, while the elastic element is 2/3 the519

thickness on the inside, in contact with the SPH sample. Nevertheless, the perfect seal of520

the confining ring affects the stress results produced from the model, making them greater521

than they should be.522

10. Discussion523

The effect of moisture content on the behaviour of cohesive soils was thoroughly investigated524

through SHPB tests conducted under both confined and unconfined conditions, revealing an in-525

herent phase behaviour. This phase behaviour significantly impacts the use of cohesive soils, as526

moisture content directly affects the material’s ability to propagate stress. Moisture content levels527

in phase 1 yielded the most effective results in preventing stress wave propagation in confined test528

cases, while in unconfined test cases, phase 4 was the most effective.529

In unconfined SHPB testing, phase 4 sees the behaviour of the material governed by the water530

volume in the specimen. In unconfined testing scenarios, stress propagation through the material531

is primarily limited by moisture content, while any remaining stress propagates laterally as the532
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stainless-steel ring was used to obtain the radial stress behaviour of the tested specimen, but

was created to fully confine the sample, maintain stress equilibrium, prevent sample extru-



specimen extrudes. However, implementing this in practice poses challenges due to the difficulty533

in transporting and moulding the material into specific structures.534

In confined SHPB testing, phase 1 sees the material’s physical behaviour dictated by the soil,535

as the volume of soil in the sample exceeds that of water. In contrast to other phases, where536

the water volume ratio is either nonexistent (phase 0) or dominant (phases 2 and 3), phase 1537

sees the water volume in the sample aiding to the material’s strengthening. In cases where a538

confining ring restricts lateral propagation, stress is redirected axially, resulting in an increase in539

axial stress, as seen in phase 4 for confined SHPB tests. When phase 2 disappears, radial stress540

initially drops but then rises again due to inertia effects from the incident bar, resulting in sample541

extrusion. This indicates that the confining ring is unable to contain the sample at such high strain542

rate levels. Moreover, differing speed and strain rate between unconfined and confined SHPB543

tests underscored confinement’s impact kaolin clay’s high strain rate behaviour. The stress-strain544

analysis of the sample revealed a clear strain rate dependence of the material at high strain rates.545

Given the high strain rate conditions of this research, SPH node modelisation was chosen to546

model the kaolin clay sample, due to its suitability for high-impact high-deformation scenarios.547

However, the material’s strain rate dependency posed challenges in modelling the SHPB tests548

using LS-DYNA, as no suitable material cards were available. The absence of dedicated material549

cards for cohesive soil modelling in LS-DYNA complicated the depiction of observed behaviour550

during testing. Consequently, a general material card ∗MAT MOHR COULOMB, was used to model the551

kaolin clay.552

In the unconfined SHPB models, the incident pulse closely matched that of the SHPB tests,553

validating the model setup. However, the reflected pulse exhibited considerable differences, result-554

ing in lower front and back stress responses, attributable to the stress wave’s inability to propagate555

through the sample. The SPH particles dissipated instantly upon contact with the incident pulse.556

In the confined SHPB models, the front, back and radial stresses are considerably higher than557

those obtained from the SHPB tests, since the confining ring provides a perfect seal in the model558

enabling the stress wave to propagate through the sample more easily, resulting in considerably559

greater values. The rising trend observed for the front and back stresses in testing was also noticed560

in the model. The radial stresses obtained in the model, using a composite half-rigid, half-elastic561
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confining ring with a perfect seal, significantly surpass those observed in testing. This is because562

the numerical model is a perfect test representation from which to obtain the radial stress, therefore563

it is unable to capture the inertial effect from the incident bar.564

Comparing the tests to the numerical models for kaolin clay samples with varying moisture565

contents, it was observed that the variation in moisture content in model failed to demonstrate the566

same phase behaviour. The discrepancy can be attributed to LS-DYNA’s limitations in modelling567

cohesive soil properties accurately, leading to erroneous modelling findings.568

Given the proven limitations of LS-DYNA demonstrated in this paper, other FEA packages,569

such as ABAQUS using material models such as Cam-Clay [27], may be worth exploring for570

modelling the high-strain-rate behaviour of cohesive soils.571

In conclusion, cohesive soils’ ability to limit stress propagation is clearly influenced by mois-572

ture content and confinement. The SHPB test derived back stress indicates the stress that can573

propagate through the sample, with moisture content acting as a dampener that impedes lateral574

stress propagation. Confinement restricts lateral extrusion, redirecting radial stress axially and575

consequently affecting stress transmission through the sample.576

11. Summary577

In this study, the high strain rate behaviour of cohesive soils was investigated using the SHPB578

apparatus. A comprehensive material characterisation analysis was conducted on the chosen co-579

hesive soil, kaolin clay. High strain rate SHPB tests were performed on kaolin clay samples with580

different moisture content levels under both unconfined and confined conditions. The experimen-581

tal results emphasise the novelty of this research, revealing that strain rate, moisture content and582

confinement all influence the behaviour of cohesive soils at high strain rates. The presence of a583

soil phase behaviour based on the sample’s moisture content was identified, as evidenced by the584

back stress for the unconfined SHPB tests and the radial and back stresses for the confined SHPB585

tests.586

The FEM software LS-DYNA was used to simulate the unconfined and confined SHPB tests587

performed on kaolin clay samples at varying moisture contents. While modelling the test setup588

posed no significant challenges, clear limitations were observed in LS-DYNA when comparing589
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experimental and numerical results: there is no dedicated material card model for cohesive soils,590

no cohesive properties in the software and very limited use of SPH for modelling the high strain591

rate behaviour of cohesive soils. These findings underscore the existing gap in modelling the high592

strain rate behaviour of cohesive soils.593

Future endeavours in this field will initially focus on developing data-driven parametric models594

using all the experimental test data collected. This will enable the prediction of the unconfined and595

confined behaviour of cohesive soils, at high strain rates within the explored range, thereby saving596

considerable time and costs. Subsequently, in light of the discussed modelling limitations, there597

is a clear need for improvements in modelling the high strain rate behaviour of cohesive soils. To598

address this, experimental test data will be utilised to develop a hybrid twin model that incorporates599

all SHPB test results, enriching the numerical model.600

Furthermore, the effect of confinement was explored by comparing a free-field unconfined601

scenario with a rigid confined SHPB test scenario. However, an intermediate case remains unex-602

plored, which would assess the impact of confining pressure on lateral and axial stress propagation.603

This avenue presents an opportunity for further investigation.604
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Abstract

Background: Traditional free field unconfined and rigid confined split-Hopkinson pressure bar
(SHPB) testing lay the groundwork for understanding high-strain-rate behaviour of cohesive soils,
however the triaxial response between these two confinement modes remains uncharacterised.
Objective: This paper presents the application of a modified SHPB with partial lateral confinement
on cohesive soils, focusing on kaolin clay. It validates the method using numerical simulations to
explore the effects of confinement and lateral stress development during the deviatoric phase.
Method: The kaolin clay sample is encased within a latex membrane and tested using the modi-
fied apparatus where radial stresses are measured using a pressure transducer. LS-DYNA numerical
modelling is used to validate experimental findings, particularly for cohesive soils exhibiting fluid-like
behaviour and extreme deformation under high-strain-rates.
Results: Experimental results highlights the modified apparatus’ capability to characterise the triax-
ial behaviour of kaolin clay under high-strain-rates. The similarities in axial stress propagation to free
field unconfined tests underscores the effect of confinement and its ability to redirect lateral stresses.
While numerical models are crucial for understanding internal behaviour and validating experimental
results, limitations arise in modelling cohesive soils.
Conclusion: The experimental and numerical results underline the significance of confining pressure
in influencing cohesive soil behaviour, highlighting the capability of the modified apparatus for material
characterisation.

Keywords: high-strain-rate testing, split-Hopkinson pressure bar, partial lateral confinement, cohesive soils,
kaolin clay, LS-DYNA, smoothed particle hydrodynamics,

1 Introduction

A key property of cohesive soils is its innate abil-
ity to retain larger amounts of water compared to
other common geomaterials used in fortification
engineering. When subject to extremely high and

immediate loading such as that from blast or frag-
mentation, the material may respond differently
due to the lateral inertia applying a confining pres-
sure. Hence, it is important to identify the effect
of confinement on the ability of cohesive soils to
withstand extreme pressures.
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Free field unconfined and rigidly confined split-
Hopkinson pressure bar (SHPB) experiments are a
common method of characterising the high-strain-
rate behaviour of soils within a range from 102 s−1

to 104 s−1 [1–3].
While the presence of a rigid confining ring

has been shown to have an effect on the resultant
stress transmitted through a kaolin clay speci-
men [4], it is necessary to investigate whether this
effect is consistent when the confining pressure is
reduced. It becomes critical for triaxial behaviour
under high-strain-rates to be evaluated when con-
fining pressure is not limited. Unconfined SHPB
tests allow for free field high-strain-rate tests to be
conducted, but does not enable for radial stresses
and lateral deformation to be precisely examined.

In contrast to experiments where the hydro-
static pressure is applied before the axial loading
[5], this method allows the lateral confinement
of the specimen to develop during the deviatoric
phase. As the sample is loaded axially, the inertia
of the water annulus will resist radial deformation
that occurs in response to the behaviour of the
sample. The aims for of partial lateral confined
experimental testing on kaolin clay are to:

� Demonstrate the capability of the modified
SHPB apparatus for high-strain-rate testing on
cohesive soils.

� Assess the effects of confinement using radial
data obtained from modified SHPB apparatus.

Several authors have devised methods to intro-
duce lateral confinement during SHPB tests, aim-
ing to achieve a triaxial stress state. Pierce et al.
[6] utilized a steel tube lined with a membrane
to investigate wave speed in partially saturated
sands under varying confining stresses. Bailly et
al. [7] employed brass confining rings to simulate
elastic behaviour at high strain rates. Gong et
al. [8] utilized a modified SHPB setup to study
compressive strength relationships in sandstone.
Additionally, adaptations of the conventional tri-
axial cell (CTC) were made by Christensen et
al. [9] and Frew et al. [10] to investigate sand-
stone and sand responses under high-strain-rates.
This paper employs the modified SHPB with par-
tial lateral confinement, as pioneered by Barr
et al. [11], to comprehensively understand soil
behaviour during high-strain events.

Unconfined and confined SHPB tests have
been fundamental in the understanding of high-
strain-rate behaviour of kaolin clay. A key dis-
covery is the identification of distinct phase
behaviours corresponding to specific moisture con-
tent thresholds. Behaviours within each phase
varies based on the volume of water and the peak
experimental strain. Notably, the high-strain-rate
behaviour of cohesive soils appears to be influ-
enced by internal moisture, leading to a tendency
for stress to propagate laterally rather than axially
through the sample when subject to high-strain-
rate loading [4]. While radial stresses under rigid
confinement has been investigated, the partial
lateral confined SHPB apparatus allows radial
stresses to be measured yet the sample is still
allowed to deform laterally during loading. This
novel avenue bridges the gap between conventional
free field unconfined SHPB testing for solid mate-
rials, and rigid confined SHPB testing typically
used in soil testing.

Experimental testing with the partial lateral
confined apparatus will focus on various satura-
tion levels and striker speeds. Although radial
deformation is allowed to develop under this mod-
ified setup, the radial inertia caused by the devel-
opment of hydrostatic pressure means the lateral
confining pressure is still greater than in free field
unconfined tests, hence a difference in strain rate
is expected.

Replicating full-scale physical testing of blast
or ballistic conditions is time-consuming and
costly. Therefore, the development of comprehen-
sive numerical models to simulate experimental
testing serves as invaluable tools for characteriz-
ing material behaviour. Numerical modelling has
been completed to develop models for uncon-
fined and confined SHPB test conditions with
reasonable accuracy with LS-DYNA. Although
various geometrical techniques were considered
[12], the fluid-like nature of cohesive soils makes
SPH node modelling ideal [13]. However, intrin-
sic numerical limitations associated with depict-
ing cohesion properties prevent the model from
fully characterizing physical behaviour. Hence, the
MAT MOHR COULOMB material model has been cho-
sen to represent the sample material due to its lack
of requirement for an Equation of State (EOS) and
its ability to represent known parameters [4].
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2 Material characterisation

The material selected is kaolin clay and is defined
using EN ISO 14688-1:2002 soil descriptions as
’White fine kaolin clay.’ The focus of this work is
to investigate the strain rate effects by assessing
the sensitivity of strain rate effects to changes in
soil properties of kaolin clay. As such it is vital
to properly characterise the properties of kaolin
clay to guarantee data is accurate and results are
repeatable [4]. A summary of the tests conducted
and material characterisation properties found for
kaolin clay is shown in Table 1.

Table 1: Summary of material characterisation
tests and findings for kaolin clay.

Properties Findings Tests

Primary mineral Kaolinite XRD diffraction

D50 0.748 µm Data sheet

Particle density 2.65 Mgm−3 Pycnometer test

Particle sphericity Low-Medium SEM

Angularity SR-SA SEM

Surface texture Smooth SEM

Liquid limit 39.51% Fall cone test

Plastic limit 25% Fall cone test

Plastic index 14.89% Fall cone test

The scanning electron microscope (SEM) was
used according to EN ISO 1468801:2002 to deter-
mine the particle shape. Kaolin clay was coated
with gold and placed into the SEM for imaging
and are shown in Figure 1.

Fig. 1: Electron microscope images of kaolin clay
under magnification of 20000x

10 1 100 101 102

Particle diameter, m

0

20

40

60

80

100

%
 S

m
al

le
r b

y 
vo

lu
m

e

Clay Silt

Fig. 2: Cumulative particle size distribution his-
togram of kaolin clay.

The particle size distribution (PSD) of kaolin
clay was obtained from the data sheet provided by
the supplier (Imerys Performance Minerals). The
data sheet for the kaolin clay supplied specified
that the particle size of up to 83% of the material
was less than 2µm (particle size range for clay).
A cumulative particle size distribution graph is
produced as shown in Figure 2.

3 Specimen preparation

Kaolin clay specimens are prepared using pow-
dered speciwhite kaolin clay, which are sieved and
mixed with water then consolidated at 600kPa to
create a solid homogenous kaolin clay sample using
a Rowe cell.

To investigate the effects of moisture content
and by extension saturation ratio, an air drying
procedure was underwent in order to obtain mois-
ture contents at the levels: 0%, 20%, and 45%,
providing a range of saturation levels from dried,
partially saturated, and fully saturated specimens.
Kaolin clay samples at varying moisture contents
are prepared with the intent for use in all SHPB
testing using the following procedure:

1. Saturated samples are cut with a stainless-
steel, cylindrical cutting tool to diameters of 25
mm and nominal lengths of 5 mm.

2. Specimens are air-dried in a 20 °C tempera-
ture controlled room, and weighed at regular
intervals until they reach the desirable moisture
content.

3. After air-drying, specimens were wrapped in
polyvinyl chloride to prevent further changes in
moisture content.
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Fig. 3: Schematic of the partially lateral confined SHPB apparatus.
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Fig. 4: Schematic of the partially lateral confined SHPB apparatus: water reservoir section.

4 Experimental setup

The modified SHPB is made up of a standard
SHPB arrangement which consists of a striker, an
incident and a transmitter bar, 25 mm in diam-
eter, with a 350 mm, 2500 mm and 1500 mm
length, respectively, as shown in Figure 3. In addi-
tion, as illustrated in Figure 4, a 600 mm long
steel water reservoir is set on linear bearings and
centred around the specimen. A 0.05mm thick
latex membrane is enveloped over the sample and
both incident and transmitter bars, and secured
by small rubber-orings, this preserves the satura-
tion level of the sample and prevents water from
contaminating the sample prior to loading.

The reservoir is filled with water, and radial
stress response, σr, is measured by a pressure
transducer mounted on the walls of the reservoir
which detects changes in water pressure during the
deviatoric phase. The pressure transducer used is
the Kulite HKM-375-2500, which has been cali-
brated by the manufacturer to perform linearly to
a pressure of 25MPa. The axial stress response,
σa, is measured with Kyowa KSP-2-120-E4 semi-
conductor strain gauges on the pressure bars, set
up in half-Wheatstone bridge arrangements.

The reservoir length was designed so the time
required for a stress wave initiated at the speci-
men surface to travel to and from the reservoir’s
end exceeds the loading duration in the specimen,
guaranteeing that inward-travelling waves from
the boundary do not interfere with pressure mea-
surements. This simplifies the seal between the
reservoir and the pressure bars, which are only
needed to keep the water at atmospheric pressure.

To facilitate the use of the water reservoir
for partial lateral confined testing, reservoir sup-
port stands were installed for precise manual
reservoir alignment and accessible removal of the
water reservoir before and after testing. The ball
bearings are loosely screwed onto the aluminium
frame and capable of being manually adjusted
to ensure the reservoir is centred between the
pressure bars prior to testing. Figure 5 shows a
simplified schematic of the water reservoir stand.

210 mm

Ball bearings with adjustable length

Steel reservoir

Fig. 5: Simplified schematic of the reservoir sup-
port stand used for partial lateral confined tests.
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5 Sample methodology

While the initiation process of partial lateral con-
fined tests follow a similar procedure to traditional
SHPB tests, the fitting of the sample in prepara-
tion for testing with the water reservoir is crucial
to ensure sample measurements are accurately
obtained and the sample is properly secured for
testing. The procedure to load the sample into the
apparatus is as follows:

1. Reservoir support stand is secured onto the
channel prior to installation of the water reser-
voir and fitting of the sample.

2. Linear bearing support closest to specimen
interface on incident bar is moved to the left.

3. Water reservoir is slotted in between the reser-
voir support stands and in between the incident
and transmitted pressure bars.

4. Water reservoir is slid to the left in the space
of the vacated linear bearing support.

5. Small plastic o-rings are slid onto the incident
and transmitted bars.

6. Latex membrane is slid onto the incident bar.
7. Sample is carefully placed in between the inci-

dent and transmitted pressure bars.
8. Latex membrane is carefully slid over to fully

encompass the specimen and sealed onto the
pressure bars with the small o-rings.

9. Water reservoir is slid back and pressure port
is aligned directly on top of the specimen.

10. Linear bearing support is slid back towards its
original position.

11. Ball bearings on reservoir support stand are
manually adjusted to ensure the water reservoir
is centred on both the incident and transmitted
pressure bars and secured in place.

12. Larger o-rings are used to seal the two open
ends of the water reservoir.

13. The reservoir is slowly filled with water through
the filling port and the pressure transducer is
secured onto the pressure port.

14. Measurement of the sample length is performed
based on the distance between the end of the
transmitted bar and the final linear bearing
support (Figure 6)

The test then proceeded like traditional SHPB
tests, loading is provided by firing the striker bar
onto the incident bar at a desired striker bar veloc-
ity, striker bar speeds are recorded using a speed
trap installed on the edge of the gas gun barrel.

Transmitted bar Back stop

124.75

(a)

Transmitted bar Back stop

Sample length

129.75

(b)

Fig. 6: Schematic of sample measurement process
a) before and b) after installation within reservoir.

6 Test programme

Different moisture contents are tested to inves-
tigate the unique phase behaviour under high-
strain-rate loading. The majority of the test pro-
gramme with the partial lateral confined SHPB
on kaolin clay is focused around tests at 16 m/s,
which corresponds to an average peak strain rate
of 2500 s−1. Existing SHPB testing on kaolin clay
revealed that the boundaries of moisture content
phases are reflective of the intrinsic properties of
the material and maximum experimental strains.

Hence the moisture contents selected for test-
ing are based on verifying the existence of the
same phases and validating prior knowledge about
the material properties of kaolin clay. Additional
tests on saturated kaolin clays are conducted at
striker bar speeds of 12 and 20 m/s, which cor-
respond to average peak strain rates of 1900 and
3000 s−1 (Figure 7). Ultimately, by comparing
the results from unconfined, confined, and par-
tial lateral confined tests, the holistic effect of
confinement will be assessed.
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Fig. 7: Typical strain rate variation for partial
lateral confined SHPB tests on kaolin clay at 12,
16, and 20 m/s, corresponding to an average peak
strain of 1800, 2500, and 3000 s−1.
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7 Signal processing

A computational algorithm, SHPB processing.py

was used to process a variety of SHPB tests [14].
The key elements of the algorithm can be

subdivided into the following functionalities:

� Pulse detection via automatic trigger and opti-
misation for stress equilibrium

� Adjustment of stresses for confinement modes
� Dispersion correction method [15, 16] (with the
inclusion of the subroutine dispersion.py)

The transit time through the water annu-
lus has been considered in when raw pressure
transducer data is processed taken account by con-
sidering the time required to travel through the
medium of fluid within the annuluss. Thus the
time for the stress pulse, ttransit, to travel through
the reservoir annulus can be given by:

ttransit =
lreservoir
vfluid

(1)

where lreservoir is the thickness of the reservoir
annulus, and vfluid is the wave speed of the fluid in
the annulus. The instrument radial stress obtained
from processing pressure transducer signal is then
timeshifted by the transit time to acquire the
radial stress at the surface of the specimen, with
the assumption that the fluid wave speed for water
is 1482 m/s, as shown in Figure 8.

0 20 40 60 80 100 120 140 160
Relative time, s

0

10

20

30

40

50

60

70

80

R
ad

ia
l s

tre
ss

, M
Pa

Timeshifted radial stress
Instrument radial stress 

Fig. 8: Example of instrument radial stress from
pressure transducer and timeshifted radial stress
by accounting for transit time through water.

8 Experimental results

Cohesive soils exhibit specific phase behaviour
based on moisture content limits that depend
on material composition and are governed by
the volume of water [4], hence the similarities
in behaviour between saturated kaolin clay and
water [17]. Phase 0 refers to fully dried samples.
Phase 1 refers to materials with a lesser compo-
sition of moisture than solids and air. Phase 3
refers to materials with a high volume ratio of
water. Phase 2, a variable phase, sees increases
in maximum experimental strain correlating with
reductions in boundary 3 (B3), phase 2 disap-
pears if maximum strain equals boundary 2 (B2).
General phase behaviour is visualised in Figure 9.
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Fig. 9: General phase behaviour of kaolin clay under high-strain-rate, governed by material properties.
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Sample stress is determined by taking the
average of stresses experienced on the front and
back interfaces of the specimen, back stress is the
main component that undertakes drastic change
when moisture content is varied while front stress
remains relatively constant. Typical front stresses
are shown in Figure 10.
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Fig. 10: Typical front stress variation for partial
lateral confined SHPB tests at 12, 16, and 20 m/s.
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Fig. 11: Typical back stress from partially con-
fined SHPB test on saturated kaolin clay 12, 16,
and 20 m/s
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Fig. 12: Typical radial stress from partially con-
fined SHPB test on saturated kaolin clay at 12,
16, and 20 m/s

8.1 Moisture content and strain
rate effects

Cohesive soils such as kaolin clay, under no con-
fining pressure, tend to propagate stress laterally
and result in limited transmission of back stress.

Although strain rate affects stress magnitudes
within moisture content phases, pulse shapes
remain consistent in unconfined and confined
SHPB tests. Thus behaviour within each of the
phases can be inferred to be similar, albeit with
varying magnitudes. Back and radial stresses for
saturated kaolin clay samples at various strain
rates are seen in Figures 11 and 12 respectively,
where increases in strain rate corresponded with
increases in both radial and axial stress.

The unique variations of back stress at specific
phases observed in unconfined and confined tests
are validated on saturated, partially saturated,
and dried samples (Figure 13). The advantage of
the modified SHPB setup is its ability to charac-
terise lateral behaviour without restricting lateral
deformation, prompting the development of lat-
eral stresses to be monitored while the sample
deforms under different saturation phases.

An overview of the effects of saturation phases
on axial and radial stress behaviour is as follows:

Phase 0 (0%): Axial stress during phase 0
retains the same characteristics of unconfined tests
where back stress does not return to zero as energy
is being used to consolidate the dry sample by fill-
ing in existing air gaps. Axial stress propagation is
greatest in this phase due to the lack of moisture
forcing lateral propagation, naturally inducing a
much lower radial pulse due to a lesser degree of
lateral propagation. While a radial pulse is still
visible, the noise recorded by the pressure trans-
ducer reaches up to 3 MPa and overlaps up to 50%
of the recorded radial pulse. Hence, other than the
interpolation that radial stress is at a minimum, it
is not feasible to reach accurate conclusions from
tests at low moisture contents at this time.

Phase 1 (0% to B2): The presence of mois-
ture means that there is a lesser degree of con-
solidation due to a portion of the stress being
propagated laterally, hence back stress gradually
returns to zero. The greater degree of saturation
within the sample causes a portion of the stress
to propagate laterally. Hence the magnitude of
the recorded radial stresses show a considerable
increase from phase 0 as seen in Figure 13d.
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Fig. 13: Back and radial stress for partial lateral confined testing on kaolin clay at 16 m/s at phase 0 (a,
b), phase 1 (c, d), and phase 3 (e, f).
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Phase 3 (B3 to full saturation): This phase
exhibits the least axial stress propagation, the
high volume of water in saturated samples induces
maximum lateral stress propagation and the least
amount of back stress as moisture dictates the
majority of high-strain-rate behaviour within this
phase. The capability of the apparatus to measure
radial stresses in saturated kaolin clay samples
is demonstrated. This phase invokes the greatest
magnitude of radial stress, evident from Figure
13f, where a distinct radial stress pulse is observed.

While tests have not been conducted explicitly
within phase 2, consistency between characteris-
tics of other phases from existing unconfined and
confined tests indicate similar behaviours exist.
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Fig. 14: Typical back and radial stresses from
partially confined SHPB tests on water and satu-
rated kaolin clay at 16 m/s.
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Fig. 15: Typical back and radial stress from
unconfined, confined, and partial confined SHPB
tests.

8.2 Similarities to water

The modified apparatus was optimised for tests
without soil samples, creating an environment
that emulates high-strain-rate impact testing of
water. Results are obtained by measuring axial
stresses from pressure bar gauge readings and
radial stresses from water pressure changes [17].

There is a notable similarity between experi-
mental results of water and saturated kaolin clay
(Figure 14). The same effect is observed where
axial stress from the incident bar fails to propagate
through the sample (or water medium) onto the
interface of the transmitted bar. This is coupled
with changes in water pressure to indicate lateral
transferral of stress during the deviatoric phase.

When a rigidly contained volume of water is
axially loaded, pressure is exerted on all other
edges of a containment mechanism. This aligns
with the behaviour of saturated cohesive soils,
where lateral pressure is redirected axially by the
confinement mechanism.

8.3 Comparison with unconfined
and confined SHPB testing

To compare the effect of the partial lateral con-
fined SHPB results with existing results, the
pulses from the three confinement modes are visu-
alised in Figure 15 [4]. The magnitude of back
stress pulse greatly resemble unconfined tests,
albeit to a slightly greater magnitude. This indi-
cates that the same effect is occurring where the
stress is being forced laterally rather that being
propagated through to the opposing transmitter
bar due to minimal initial lateral pressure.

The disparity in radial stress compared to con-
fined tests can be attributed to the concentration
of stresses on a rigid ring. The replication of a free
field environment within the reservoir prompts
lateral stresses to dissipate without being concen-
trated directly on the surface of the specimen.
However, the lack of a rigid restriction means that
the stress does not get redirected back towards
the transmitter like confined results. This shows
that the tendency to propagate stress laterally
is an intrinsic property of cohesive soils such as
kaolin clay, but the addition of a confining pres-
sure acts to redirect a portion of the lateral stress
back towards the axial direction and towards the
opposite end of the sample.

9



9 Numerical modelling

9.1 Model setup

The numerical modelisation of the arrangement
was carried out using the explicit finite element
code in LS-DYNA to compare numerical and
experimental results as seen in Figure 16. The
initial setup of the SHPB apparatus is akin to pre-
vious models for unconfined SHPB tests [4], with
the addition of a steel reservoir and water annu-
lus (Figure 17). SPH node modelisation has been
identified to be optimal for modelling high-strain-
rate behaviour of cohesive soils due to its fluid-like
nature [18–20].

Two separate SPH node parts have been tested
to represent both the SPH sample and water
annulus, however the methods to define contact
interactions between two different SPH “fluids”
with different densities lead to errors in computa-
tion due to the inherent method that densities are
modelled over quantities of SPH particles ([21]).

All pressure bars are modelled as an elas-
tic material, MAT ELASTIC with steel properties.
While the kaolin clay sample was modelled as
MAT MOHR COULOMB with parameters obtained from
existing testing. The reservoir was modelled as a
rigid material, MAT RIGID, as fluid pressures are
assumed to not be significant enough to cause
deformation of the steel reservoir. The water annu-
lus was modelled with the null material card,
MAT NULL, with the input parameters and equation
of state of water [22]. The rubber o-rings are
replaced with a boundary constraint to restrict
expulsion of the water annulus.

Contact interactions between all Lagrangian
model parts are manually designated by speci-
fying interaction surfaces to reduce computation
time. But all SPH node to Lagrangian inter-
actions are handled automatically by the
CONTACT AUTOMATIC NODE TO SURFACE contact
algorithm in order to enhance accuracy regarding
sample behaviour [23].

9.2 Comparison between LS-DYNA
and experimental results

Figure 19 shows the difference in back stress
between experimental results and the numerical
model. While qualitative behaviour show the same
results, the back stress from the numerical model
is nearly twice as high as experimental results.
While this can be attributed back to the lack
of cohesion modelling capabilities, the numeri-
cal model is not limited by the rubber o-rings
to create a sealed environment within the water
annulus. The boundary constraints in the numer-
ical model prevent the leakage of water without
interfering with the movement of the pressure
bars, creating a perfect condition where both axial
and radial stresses can develop within the reser-
voir. While this was the idealistic environment
when the apparatus was conceptualised, in actu-
ality, multiple factors affect the development of
lateral confining pressure, notably the movement
of the o-rings when stress wave passes through the
pressure bars start to create leakage and disrupts
the internal water pressure.

Time =           0

3D Unconfined SHPB - Oswald Li 07/11/2022                               

Fig. 16: LS-DYNA SHPB partial lateral confinement model set up containing the incident bar (blue),
transmitted bar (green), striker bar(yellow), and water reservoir (grey). Sample and water annulus are
modelled inside the water reservoir.

Fig. 17: LS-DYNA cross section zoom-in on the sample inside the partial lateral confinement SHPB
set up containing the incident bar (blue), transmitted bar (green), water reservoir (grey), water annulus
within reservoir, and the sample (red).
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Fig. 19: Comparison between back stress from
experimental and numerical model for partial lat-
eral confined SHPB test on saturated kaolin clay.

Figure 20 shows the difference in radial stress
between the numerical model and typical exper-
imental results. Evidently, while a similar peak
and pulse pattern can be inferred, the numeri-
cal model experienced significantly lower lateral
stresses. This is primarily a result of the lack of the
capability to model cohesion properties, resulting
a much higher reflected pulse in the model. In
turn, this culminates in a much lower portion of
stress that actually gets transmitted through the
sample both radially and axially.

The final state after the model reached com-
pletion is shown in Figure 21, the qualitative
behaviour exhibited by the SPH nodes are similar
to experimental results. The sample extrudes lat-
erally and the large concentration of sample form
a loop over the pressure bars, which closely resem-
bles behaviour that occurs during physical testing
where the kaolin clay sample forms a loop within
the latex membrane.
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Fig. 20: Comparison between radial stress from
experimental and numerical model for partial lat-
eral confined SHPB test on saturated kaolin clay.

The primary limitation in modelling cohesive
soils is the inability to accurate depict cohesive
properties for materials of which an equation of
state cannot be obtained. When changes were
made to the Poisson’s ratio (to values closer to
the experimentally determined value of 0.5) and
bulk density are varied to represent the material
properties of kaolin clay at different moisture con-
tent, no changes was observed in the model results.
Indicating that while the model is able to visualise
changes in strain rate and general behaviour, fur-
ther development is necessary to prompt reliable
modelling of cohesive soils under high-strain-rate.

Overall, while the numerical model enhances
understanding of high-strain-rate behaviour, the
inherent drawbacks of numerical modelling cohe-
sive soils still limit comprehensive reflection of
physical conditions.

Fig. 21: Final time state of partial lateral confined SHPB numerical model on saturated kaolin clay.
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9.3 Comparison against unconfined
and confined numerical models

While the same material limitations exist between
the unconfined, confined, and partial lateral con-
fined SHPB numerical model, the juxtaposition
between the three confinement modes allows for
the effects of confinement to be magnified by
developing idealistic situations at the three differ-
ent lateral pressure modes.

Figure 22 shows the difference in back stress
experienced by the numerical model under uncon-
fined and partial lateral confined conditions, the
back stress for confined cases is significantly larger
than both of these magnitudes and so has not
been shown. The ability for the partial lateral con-
fined sample to deform laterally is evident due to
its similarity to unconfined cases, the lack of rigid
confinement to redirect stress back towards the
axial direction like results in a significantly lesser
back stress unlike confined cases.

The radial effects of confinement can be visu-
alised in Figure 23 depicting the radial stresses
obtained from the confining ring and the water
pressure directly adjacent to the sample. Evi-
dently, a significant disparity is observed as the
model for the confining ring acts as a perfect seal,
and forces all lateral stress to be concentrated
on the ring. This indicates that the confinement
mechanism directly affects the axial transmission
as internal radial stresses of the specimen are
wrapped and redirected towards the back inter-
face according to the degree of confinement. Thus
a system with limited confinement such as the par-
tial lateral confined depicts low measured radial
stresses and equally low axial back stresses.
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Fig. 22: Comparison between back stress from
numerical model for unconfined, partial lateral
confined SHPB test on saturated kaolin clay.
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Fig. 23: Comparison between radial stress from
numerical model for confined, and partial lateral
confined SHPB test on saturated kaolin clay.

While there are obvious physical differences
between the three confinement modes, the par-
tial lateral confined approach can be considered
a combination of the unconfined and confined
cases. Hence the similarities to each of the extreme
confinement conditions are a reliable basis of
comparison to gauge the effects of confinement.

10 Discussion

Due to the ability of cohesive soils such as kaolin
clay to retain a larger proportion of moisture,
the effect of moisture content is vital in dictating
material behaviour. When subject to high-strain-
rate axial loading, moisture forces the stress to
propagate laterally, this typically creates volume
loss as an after effect of the loading. This is sup-
ported by partial lateral confined testing, where
it is evident that when under no confinement con-
ditions, lateral stress remains at its greatest, and
the opposite is true for the recorded back stress.

However, while experimental results have pro-
vided an idea of the effect of confinement, appara-
tus limitations prevent the full characterisation of
confinement effects without numerical modelling.
From numerical models on confined SHPB tests,
a fully rigid ring demonstrates the ability to fully
translate lateral stress into axial stress at the back
of the specimen interface by creating a condition
that prevents volume loss. Comparison to partial
lateral confined modelling reveal a similar effect,
where a larger portion of radial stress is observed.

Hence it can be said that, while lateral con-
finement provides eventual redirection of stresses,
lateral stress propagation through the sample

12



remains relatively consistent. This phenomena is
consistent even when strain rate is varied, as
evident from both numerical and experimental
approaches. Where increases in the magnitude of
the stress pulses are observed corresponding with
increases of strain rate.

Intrinsic limitations associated with modelling
cohesive soils under high-strain conditions still
persist and hinder comprehensive modelling of
physical behaviour. Other than the lack of an
accurate material model to depict cohesive soil
behaviour, there are also idealistic differences that
inherent cause the numerical model to differ from
experimental conditions. A prime instance of this
is the ability to create perfect boundary condi-
tions. Large rubber o-rings are utilised to seal
the water reservoir and ideally create a condition
of controlled pressure within the water annu-
lus, yet still allow for the pressure bars to move
and propagate stress during loading. The subse-
quent effect of loading typically involves the water
seal being broken immediately, invoked by lateral
movement of the rubber o-rings by the sudden
pressure change and movement of the pressure
bars. While the effect may not be as noticeable
given only the initial radial pulse is of primary con-
cern, numerical modelling allows for an idealistic
scenario where the pressure in the water annu-
lus can be fully controlled without hindering the
stress propagation through the pressure bars.

11 Conclusion

Overall, the partial lateral confined apparatus is
a suitable method in experimentally determin-
ing high-strain-rate effects of cohesive soils. This
is especially valuable due to the tendency for
cohesive soils to exhibit lateral stress propagation
when subject to high-strain-rate loading. How-
ever, if radial stresses are limited due to lack
of moisture, inaccuracies start to arise due to
existence of noise. Further developments of the
apparatus would be the addition of an ampli-
fication capability and higher accuracy pressure
transducers to reduce the noise intake and also
increase accuracy of pressure readings if pressure
readings are low.

The supplementation of numerical modelling is
crucial in enhancing the holistic effect of confine-
ment by creating idealistic conditions that allow
the comparison between the various confinement

modes. From which it has been discovered that the
holistic effect of confinement is the redirection of
stresses (from confined testing), but the tendency
for radial stress propagation remains consistent
regardless of the confinement mechanism.

Although the effects of strain rate have been
monitored and characterised by both experimental
and numerical approaches. The effects of moisture
content and by extension saturation have not been
fully characterised. While interpolation of phase
behaviour from existing testing are sufficient in
the understanding of high-strain-rate behaviour,
future experimental testing should focus on bet-
ter characterising phase 2 and the radial stress
variations that occur within this phase.

Furthermore, the limitations of modern numer-
ical modelling techniques in replicating the
behaviour of cohesive soils under high-strain-rates
are apparent. The lack of appropriate material
model that accounts for the properties of cohe-
sion is a primary factor in the disparities between
numerical and experimental results, and avenue
that requires explicit development.
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Chapter B

Sample measurement data

B.1 Introduction

This appendix includes all measurement data for SHPB tests on kaolin clay, including trials
from unconfined, confined, and partial lateral confined tests. This has been formatted as a
condensed version of the test log used to document SHPB trials during experimental testing.

The dry mass of each sample was determined based on the weight of the sample prior to
air-drying. Moisture content refers to the desired moisture levels for testing, while actual
moisture content refers to the moisture content as calculated based on the dry mass of each
sample.

Sample length was obtained by taking the average of three length measurements of the sam-
ple at three different points with a digital caliper. While the mass was determined using an
electronic scale. Experimental procedure for SHPB tests have been described in Chapter 4.
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APPENDIX B. SAMPLE MEASUREMENT DATA

B.2 Unconfined tests

This section contains the logs for all unconfined SHPB tests on kaolin clay. Table B.1 shows
the pressure-depth combinations used for tests at each striker bar velocity. Additionally, the
table references the individual logs for tests at each striker bar velocity.

Table B.1: Unconfined tests on kaolin clay at each striker bar velocity.

Striker bar velocity, m/s Gas gun pressure, psi Striker bar depth, mm Table

8 14 600 B.2
12 28 600 B.3
16 48 600 B.4
18 60 600 B.5
20 72 600 B.6
22 86 600 B.7
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APPENDIX B. SAMPLE MEASUREMENT DATA

Table B.2: Log of unconfined SHPB tests at 8 m/s on kaolin clay sorted by moisture content.

Moisture
content, %

Actual
moisture
content, %

Average
length, mm

Wet mass, g Dry mass, g

0 0.0 5.857 3.345 3.345
0 0.0 5.633 3.175 3.175
0 0.0 6.620 3.809 3.809
0 0.0 5.927 3.107 3.107
5 5.5 5.575 2.965 2.810
5 5.1 5.500 3.057 2.908
10 8.7 5.327 3.261 3.000
10 7.2 5.680 3.036 2.831
10 8.4 5.660 3.253 3.000
15 14.8 5.803 3.541 3.084
15 13.9 5.440 3.360 2.950
15 15.4 5.950 3.697 3.203
20 22.5 5.647 3.880 3.168
20 22.3 5.503 3.659 2.993
20 19.9 5.947 3.598 3.000
20 22.2 5.890 3.871 3.168
20 19.6 5.733 3.503 2.929
25 25.2 5.977 4.248 3.393
25 25.4 5.797 3.851 3.070
25 24.8 5.847 3.692 2.957
30 33.7 5.790 4.256 3.182
30 33.0 5.143 3.765 2.831
30 33.4 5.763 4.048 3.035
30 31.9 5.913 4.199 3.182
30 29.8 5.673 3.838 2.957
41 39.4 5.680 4.556 3.269
41 40.1 5.957 4.829 3.446
41 39.6 5.303 4.150 2.973
41 40.3 6.740 4.498 3.207
41 38.9 5.943 4.455 3.207
41 39.9 6.220 4.625 3.306
42 40.6 5.657 4.227 3.007
42 39.9 5.767 4.765 3.407
42 40.5 5.340 4.086 2.908
44 42.5 5.410 4.163 2.922
44 42.2 5.360 4.115 2.894
44 42.0 5.260 4.237 2.984
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APPENDIX B. SAMPLE MEASUREMENT DATA

Table B.3: Log of unconfined SHPB tests at 12 m/s on kaolin clay sorted by moisture con-
tent.

Moisture
content, %

Actual
moisture
content, %

Average
length, mm

Wet mass, g Dry mass, g

0 0.0 5.520 3.051 3.051
0 0.0 5.073 3.019 3.019
5 4.0 5.083 2.866 2.756
5 5.9 5.810 3.112 2.939
10 9.7 5.540 3.210 2.925
10 11.6 4.873 3.360 3.010
15 14.4 5.743 3.603 3.151
15 14.6 5.400 3.416 2.982
15 15.0 6.023 3.800 3.306
20 20.3 5.040 3.586 2.982
20 21.2 6.030 3.589 2.960
25 21.2 5.627 3.609 2.918
25 25.0 5.550 3.947 3.158
25 25.5 5.860 3.937 3.137
30 27.5 5.730 4.034 3.165
30 30.6 6.167 3.948 3.024
30 30.8 6.277 4.140 3.165
35 34.9 5.927 4.089 3.031
35 34.9 5.747 3.993 2.960
35 35.3 5.130 3.921 2.897
40 39.1 5.377 4.215 3.031
41 40.8 6.130 4.326 3.073
41 41.0 6.350 4.590 3.256
44 42.0 5.253 4.111 2.894
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APPENDIX B. SAMPLE MEASUREMENT DATA

Table B.4: Log of unconfined SHPB tests at 16 m/s on kaolin clay sorted by moisture con-
tent.

Moisture
content, %

Actual
moisture
content, %

Average
length, mm

Wet mass, g Dry mass, g

0 0.0 5.250 2.805 2.805
0 0.0 5.747 3.183 3.183
0 0.0 6.220 3.148 3.148
5 10.3 5.397 3.272 2.967
10 10.9 5.967 3.533 3.186
10 10.9 5.327 3.353 3.024
15 14.9 5.180 3.369 2.932
15 16.0 5.540 3.449 2.974
20 20.2 5.303 3.568 2.967
20 20.4 5.753 3.548 2.946
25 25.1 4.487 3.561 2.848
25 26.6 5.123 3.383 2.671
25 27.0 5.190 3.572 2.812
30 30.2 5.537 3.927 3.017
30 31.3 5.617 4.192 3.193
30 31.4 5.243 4.029 3.066
35 35.1 5.713 3.951 2.925
35 36.3 5.257 3.833 2.812
35 36.6 6.210 3.947 2.890
40 38.3 6.410 4.846 3.503
40 40.4 5.807 4.524 3.221
40 40.4 5.877 4.414 3.144
41 41.4 6.023 4.506 3.186
41 41.4 5.807 4.524 3.221
41 41.4 5.847 3.149 3.149

Table B.5: Log of unconfined SHPB tests at 18 m/s on kaolin clay sorted by moisture con-
tent.

Moisture
content, %

Actual
moisture
content, %

Average
length, mm

Wet mass, g Dry mass, g

0 0.0 6.753 3.309 3.309
20 20.6 6.033 3.435 2.848
41 39.9 6.583 4.388 3.137
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Table B.6: Log of unconfined SHPB tests at 20 m/s on kaolin clay sorted by moisture con-
tent.

Moisture
content, %

Actual
moisture
content, %

Average
length, mm

Wet mass, g Dry mass, g

0 0.0 6.900 3.413 3.413
20 22.0 6.463 3.914 3.207

Table B.7: Log of unconfined SHPB tests at 22 m/s on kaolin clay sorted by moisture con-
tent.

Moisture
content, %

Actual
moisture
content, %

Average
length, mm

Wet mass, g Dry mass, g

20 21.8 6.377 3.836 3.151
25 24.5 5.470 3.694 2.967
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B.3 Confined tests

This section contains the logs for all confined SHPB tests on kaolin clay. Table B.8 shows
the pressure-depth combinations used for tests at each striker bar velocity. Additionally, the
table references the individual logs for tests at each striker bar velocity.

Table B.8: Unconfined tests on kaolin clay at each striker bar velocity.

Striker bar velocity, m/s Gas gun pressure, psi Striker bar depth, mm Table

12 28 600 B.9
18 60 600 B.10
20 72 600 B.11
22 86 600 B.12
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Table B.9: Log of confined SHPB tests at 12 m/s on kaolin clay sorted by moisture content.

Moisture
content, %

Actual
moisture
content, %

Average
length, mm

Wet mass, g Dry mass, g

0 0.0 6.907 3.357 3.357
0 0.0 6.877 3.344 3.344
0 0.0 6.913 3.461 3.461
20 21.5 6.407 3.735 3.073
20 21.9 6.270 3.842 3.151
20 22.2 6.483 3.912 3.200
41 39.0 6.287 4.625 3.326
41 39.6 6.877 4.930 3.531
41 39.8 6.447 4.750 3.397

Table B.10: Log of confined SHPB tests at 18 m/s on kaolin clay sorted by moisture content.

Moisture
content, %

Actual
moisture
content, %

Average
length, mm

Wet mass, g Dry mass, g

0 0.0 6.760 3.257 3.257
0 0.0 6.493 3.121 3.121
0 0.0 6.507 3.273 3.273
10 10.5 5.243 3.115 2.819
10 11.9 5.620 3.314 2.960
10 11.9 5.743 3.193 2.855
20 19.5 5.373 3.402 2.848
20 19.9 6.467 3.610 3.010
20 20.9 5.450 3.501 2.897
25 24.4 6.013 3.798 3.052
25 26.1 6.080 3.769 2.989
30 29.0 5.787 4.000 3.101
30 29.8 6.040 4.181 3.221
30 30.2 5.350 4.211 3.235
35 33.7 6.090 4.136 3.094
35 34.3 5.910 4.099 3.052
35 35.8 6.353 4.365 3.214
41 38.1 6.003 4.244 3.073
41 39.7 5.927 4.184 2.995
41 40.3 6.060 4.224 3.010
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Table B.11: Log of confined SHPB tests at 20 m/s on kaolin clay sorted by moisture content.

Moisture
content, %

Actual
moisture
content, %

Average
length, mm

Wet mass, g Dry mass, g

0 0.0 6.470 3.247 3.247
0 0.0 7.123 3.662 3.662
0 0.0 6.940 3.344 3.344
20 21.4 6.300 3.781 3.115
20 21.6 6.393 3.858 3.172
41 39.7 6.347 4.656 3.334
41 39.9 5.843 4.368 3.123

Table B.12: Log of confined SHPB tests at 22 m/s on kaolin clay sorted by moisture content.

Moisture
content, %

Actual
moisture
content, %

Average
length, mm

Wet mass, g Dry mass, g

0 0.0 7.140 3.137 3.137
0 0.0 6.847 3.351 3.351
10 10.2 5.857 3.318 3.010
20 20.9 6.393 3.657 3.023
30 30.2 6.093 3.901 2.996
30 30.5 6.383 4.028 3.087
30 30.7 6.077 3.951 3.024
41 38.1 5.813 4.117 2.982
41 38.6 5.827 4.279 3.087
41 39.5 5.897 4.109 2.946
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B.4 Partial lateral confined tests

This section contains the logs for all partial lateral confined SHPB tests on kaolin clay.
Table B.13 shows the pressure-depth combinations used for tests at each striker bar velocity.
Additionally, the table references the individual logs for tests at each striker bar velocity.

Table B.13: Partial lateral confined tests on kaolin clay at each striker bar velocity.

Striker bar velocity, m/s Gas gun pressure, psi Striker bar depth, mm Table

12 28 600 B.14
18 60 600 B.15
20 72 600 B.16
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Table B.14: Log of partial lateral confined SHPB tests at 12 m/s on kaolin clay sorted by
moisture content.

Moisture
content, %

Actual
moisture
content, %

Average
length, mm

Wet mass, g Dry mass, g

35 35.2 6.430 4.125 3.052
45 42.9 5.303 3.982 2.786
45 44.0 6.200 4.507 3.130

Table B.15: Log of partial lateral confined SHPB tests at 16 m/s on kaolin clay sorted by
moisture content.

Moisture
content, %

Actual
moisture
content, %

Average
length, mm

Wet mass, g Dry mass, g

0 0.0 5.970 3.331 3.206
0 0.0 5.880 3.024 2.924
0 0.0 5.693 2.888 2.807
20 19.6 5.547 3.430 2.869
20 19.7 5.747 3.781 3.158
20 19.9 5.790 3.581 2.986
45 43.3 5.577 4.328 3.020
45 43.5 5.537 4.263 2.972
45 43.7 5.960 4.468 3.109

Table B.16: Log of partial lateral confined SHPB tests at 20 m/s on kaolin clay sorted by
moisture content.

Moisture
content, %

Actual
moisture
content, %

Average
length, mm

Wet mass, g Dry mass, g

45 43.3 6.167 4.456 3.109
45 43.3 6.297 4.653 3.247
45 43.5 5.783 4.560 3.178
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Chapter C

Striker bar velocity tests

C.1 Introduction

This appendix contains setup-specific speed trap data used to calibrate the gas gun. Desired
striker bar velocities are acquired through multiple combinations of pressure and striker bar
depth, relationship between gas gun pressure and striker bar depth are formulated to facilitate
knowledge of exact pressure-depth combinations to obtain desired striker bar speeds during
SHPB testing.

C.2 Speed test log

Table C.1 includes a log of pressure and striker bar depth combinations tested with the new
gas gun. Pressure refers to the pressure measured on the main pressure gauge when the new
gas gun reservoir has been pressurised. Striker bar depth refers to the depth within the new
gas gun barrel that the striker bar is inserted within. Striker bar velocities were measured
with the speed trap installed on the open end of the barrel.

Based on the data collected, power regression trend lines were calculated for each variation
of striker bar depth in order to determine a relationships between gas gun pressure, pg and the
acquired striker bar velocity, vs as visualised in Figure C.1. Table C.2 shows the equations
of the four trendlines corresponding to each striker bar depth, the r2 values are all greater
than 0.99, indicating a near perfect match to the data. The designated striker bar velocities
for SHPB testing used throughout this thesis relies on deriving the desired combination of
pressure and striker bar depth based on these equations.
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Table C.1: Pressure and striker bar depth combinations tested with new gas gun, and mea-
sured striker bar velocities.

Striker bar depth, mm Pressure, psi Striker bar velocity, m/s

200 12 4.04
200 14 4.35
200 16 4.52
200 18 4.93
200 24 5.92
200 30 6.63
200 40 7.85
200 42 7.98
200 50 8.86
200 60 9.57
200 64 9.86
200 66 10.12

400 12 5.92
400 20 8.08
400 30 10.03
400 40 11.65
400 42 12.05
400 50 13.11
400 56 13.99
400 60 14.51
400 64 15.08

600 12 7.37
600 14 8.14
600 16 8.61
600 20 10.07
600 28 12.05
600 36 13.62
600 38 14.12
600 46 15.68
600 48 15.91
600 50 16.56

800 12 8.25
800 16 9.95
800 20 11.56
800 22 12.14
800 28 14.04
800 30 14.39
800 38 16.00
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Table C.2: Trend line equations to derive striker bar velocities, vs, based on gas gun pressure,
pg, at various striker bar depths.

Striker bar depth, mm Pressure-velocity trend line r2 value

200 vs = 1.02p0.55g r2 = 0.998
400 vs = 1.53p0.55g r2 = 0.999
600 vs = 1.86p0.56g r2 = 0.999
800 vs = 1.98p0.58g r2 = 0.993
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Figure C.1: Relationship between gas gun pressure and striker bar velocity at each striker
bar depth, with power regression trend line for each striker bar depth.
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Chapter D

Signal processing and analysis of SHPB data
with computational Python algorithm

D.1 Introduction

This appendix contains source for computational Python algorithms developed and used
for signal processing and data analysis as initially highlighted in Chapter 4. Full source for
functions including SHPB_processing.py and dispersion.py are included for reference.
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D.2 SHPB_processing.py

SHPB_processing.py processes raw voltage data from SHPB to obtain values for axial
stresses and strains. Radial stresses and strains are included if a confinement mechanism
is applied. As discussed in Section sec:code, the primary functions of the algorithm are as
follows:

• Pulse detection via automatic trigger and optimisation of pulse boundaries

• Pulse alignment and stress equilibrium

• Adjustment of stresses for various confinement mechanisms

• Dispersion correction (with the inclusion of the subroutine dispersion.py)

The algorithm generates four CSV files containing data on constants, pulse results, sample
results, and signal results respectively. Additionally, a text file is generated that contains an
operation log, documenting the time and details of each operation.

'SHPB_processing.py'

# Signal processing function to correct and evaluate raw voltage
signals optimised for high-strain rate SHPB testing.

# CODE DEVELOPED BY: Kin Shing Oswald Li, Arthur Van Lerberghe ,
Andrew D. Barr.

# EMAIL: ksoli1@sheffield.ac.uk,

# INPUT ARGUMENTS:
# csv_path = File path to CSV file containing oscilliscope columns

in the form of
# Time, CH1, CH2, CH3... (supports combined oscilliscopes)

.
# sample_data = List containing 3 elements that correspond to

length (mm), mass (g), and dry mass (g) for the initial sample;
# i.e. [initial_length , mass, dry_mass].

# confinement = Specify confinement of specimen.
# 'None', 'Ring', or 'Reservoir' only.
# confinement defaults to 'None' if not specified.

# signal_channels = Specify oscilliscope channels for input,
output bars and any confinement mechanism.

# i.e. [in_bar_gauge_channel , out_bar_gauge_channel ,
ring_gauge_channel OR reservoir_gauge_channel].

# Input bar channel 7, output bar channel 8, and ring
gauge channel 5 would correspond to list of [7, 8, 5].

# signal_channels defaults to [7, 8, 5] if not specified.
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# signal_amp = Specify oscilliscope signal amplification factors
for input, output bars and any confinement mechanism.

# i.e. [in_bar_gauge_amp , out_bar_gauge_amp ,
ring_gauge_amp].

# Input bar amp 10, output bar amp 100, and ring gauge amp
10 would correspond to list of [10, 100, 10].

# signal_amp defaults to [10, 100, 10] if not specified.
# disp_correction = Specify if dispersion correction or simple

timeshift to process pulse.
# True for dispersion correction , False for simple

timeshift.
# If disp_correction = True, ensure dispersion.py and

dispersion_factors.py are attached.
# disp_correction defaults to True if not specified.

# alignment = Specify the alignment mode for aligning stress waves
at front and back of sample interface.

# 'start' aligns the start of incident and transmitted
pulse.

# 'end' aligns the end of incident and transmitted pulse.
# 'mid' aligns the median time of the pulse of the

incident and transmitted pulse.
# Integer/float values greater than 1 aligns the peaks of

the incident and transmitted pulse to specific time (ms
).

# Float values greater than 0 and less than 1 aligns the
incident and transmitted pulse based on a specific
fraction of the maximum value of each pulse.

# alignment defaults to 'start' if not specified.
# speedtrap = Specify if speed trap is employed and whether

velocity of striker bar is determined.
# True or False.
# speedtrap is True if not specified (striker velocity is

calculated).

# Other constants used as inputs for signal processing are defined
in the 'INPUTS' section within the function , amend values if

required.

# OUTPUT
# Generates processed data based on test data.
# if savedata=True (within 'INPUTS' section):

# Option to save processed data as CSV files within folder
.

# Log to show history for processing specific data set.

# ------------------------------------

import os
import pandas as pd
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import statistics
import math
import numpy as np
import time
import warnings
import shutil

def SHPB_processing(csv_path , sample_data , confinement='None',
signal_channels=[7, 8, 5], signal_amp=[10, 100, 10],
disp_correction=True, alignment='start', speedtrap=True):
time_start = time.time() # Start timer
warnings.filterwarnings("ignore") # Ignore error warnings
# ------------------------------------
# INPUTS
savedata = True # Save data to CSV files after processing. Do

not save to reduce computation time if not required.

# Sample inputs:
sample_diameter = 25 # mm

# Speed trap inputs:
if speedtrap is not False:

speedtrap_distance = 50 # Distance between speed traps, mm
speedtrap_trigger_voltage = 24 # Voltage when speed traps

are activated , V
speedtrap_front_channel = 1 # Speed trap front

oscilloscope channel (i.e. 1 if CH1 is speed trap front
).

speedtrap_back_channel = 2 # Speed trap back oscilloscope
channel (i.e. 2 if CH2 is speed trap back).

# Incident bar inputs - Steel SS-25:
in_bar_density = 7666 # Bar density, kg/m**3.
in_bar_diameter = 25 # Bar diameter , mm.
in_bar_wave_speed = 5376 # Bar wave speed, m/s.
in_bar_gauge_factor = 123 # Input bar gauge factor.
in_bar_gauge_voltage = 4 # Input bar signal voltage, V.
in_bar_gauge_offset = 1000 # Distance from strain gauge to

sample face, mm.

# Transmitter bar inputs - Steel SS-25:
out_bar_density = 7767 # Bar density, kg/m**3.
out_bar_diameter = 25 # Bar diameter , mm.
out_bar_wave_speed = 5305 # Bar wave speed, m/s.
out_bar_gauge_factor = 127 # Output bar gauge factor.
out_bar_gauge_voltage = 4 # Output bar signal voltage, V.
out_bar_gauge_offset = 500 # Distance from strain gauge to

sample face, mm.
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# Confining ring inputs:
confinement_type = str(confinement) # Specimen confinement '

None'/'Ring'/'Reservoir'
if confinement_type == 'Ring':

ring_outside_diameter = 35 # Outside diameter , mm.
ring_inside_diameter = 25 # Inside diameter , mm.
ring_length = 5 # Length, mm.
ring_gauge_factor = 124 #121 # 120 - Gauge factor.
ring_gauge_voltage = 8 # 10 or 5 - Signal voltage, V.
ring_youngs_modulus = 206 # 200 - Young's modulus, GPa.

# Steel reservoir and pressure transducer inputs:
elif confinement_type == 'Reservoir':

reservoir_fluid_wave_speed = 1482 # Wave speed of water
1482 m/s.

reservoir_thickness = 7.5 # Thickness of fluid annulus at
transducer , mm.

reservoir_gauge_factor = 2.90 # Reservoir transducer
calibration , mV/MPa.

reservoir_gauge_voltage = 10 # Reservoir transducer
voltage, V.

else:
confinement_type = 'None'

# ------------------------------------
# FILE AND LOG
csv_name = os.path.basename(csv_path).split('.')[0] # Name of

raw data CSV file.

with open(os.path.join('.', f'{csv_name}_log.txt'), 'w',
encoding='utf-8') as file:
file.write("Please refer to SHPB_processing.py for more

info.\n"
'Code written by: Kin Shing Oswald Li, Arthur

Van Lerberghe , Andrew D. Barr')
def print_save(text): # Function to print text and also write

console log.
print(text)
with open(os.path.join('.', f'{csv_name}_log.txt'), 'a',

encoding='utf-8') as file:
print(text, file=file)

# ------------------------------------
# READING RAW DATA
# Sample data:
sample_initial_length = sample_data[0] # mm
sample_mass = sample_data[1] # g
sample_dry_mass = sample_data[2] # g
sample_initial_volume = sample_initial_length * math.pi * ((
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in_bar_diameter/2)**2) * 10**(-3) # Sample initial volume,
cm^3.

if any(sd < 0 for sd in (sample_initial_length , sample_mass ,
sample_dry_mass)):
raise ValueError('Invalid sample_data - negative value

found.')
if sample_dry_mass > sample_mass:

raise ValueError('Invalid sample_data - dry_mass greater
than mass.')

in_bar_gauge_channel = signal_channels[0] # Input bar
oscilloscope channel.

out_bar_gauge_channel = signal_channels[1] # Output bar
oscilloscope channel (i.e. 8 if CH8 is the input bar).

if confinement_type == 'Ring':
ring_gauge_channel = signal_channels[2] # Confining ring

oscilloscope channel (i.e. 5 if CH5 is the confining
ring).

elif confinement_type == 'Reservoir':
reservoir_gauge_channel = signal_channels[2] # Reservoir

pressure transducer oscilloscope channel (i.e. 6 if CH6
is the reservoir pressure transducer).

if any(ch < 0 for ch in signal_channels):
raise ValueError('Invalid oscilliscope channel - negative

value found.')

in_bar_gauge_amp = signal_amp[0] # 1 or 10 - Input bar signal
amplification.

out_bar_gauge_amp = signal_amp[1] # 1 or 10 - Output bar
signal amplification.

if confinement_type == 'Ring':
ring_gauge_amp = signal_amp[2] # 1 or 10 - Signal

amplification.

if any(amp < 0 for amp in signal_amp):
raise ValueError('Invalid oscilliscope amplification -

negative value found.')

# CSV file format (i.e. Relative time, Channel 1, Channel 2,
Channel 3, Channel 4 ...):

raw_data = pd.read_csv(csv_path , sep=';', skiprows=9, header=
None, nrows=50000) # Read csv file.

time_base = raw_data.iloc[1:3, 0] # First two time values, s.
in_bar_gauge_signal = raw_data[in_bar_gauge_channel].iloc

[1:50000] # V.
out_bar_gauge_signal = raw_data[out_bar_gauge_channel].iloc

[1:50000] # V.
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# ------------------------------------
# Write intial log file:
print_save('-' * 72 + '\n'

+ f'{time.strftime("%H:%M:%S %d-%m-%Y", time.localtime
(time_start))}\n'

+ '-' * 72 + '\n'
+ f'PROCESSING DATA FROM:\n {csv_name}\n'
+ '-' * 72 + '\n'
'FILE PATH:\n'
+ f' {csv_path}\n'
'SAMPLE DATA USED:\n'
+ f' Length: {sample_data[0]}mm\n'
+ f' Wet mass: {sample_data[1]}g\n'
+ f' Dry mass: {sample_data[2]}g\n'
'CONFINEMENT TYPE:\n'
+ f" {confinement_type if confinement_type=='Ring' or

confinement_type=='Reservoir' else 'None'}\n"
+ '-' * 72 + '\n'
+ 'GAUGE INPUT SETTINGS:\n'
+ f' Incident channel: {in_bar_gauge_channel}\n'
+ f' Incident amplification: {in_bar_gauge_amp}\n'
+ f' Transmitted channel: {out_bar_gauge_channel}\n'
+ f' Transmitted amplification: {out_bar_gauge_amp}\n'
+ (f" Ring channel: {ring_gauge_channel}\n Ring

amplification: {ring_gauge_amp}\n" if
confinement_type == 'Ring' else '')

+ (f" Reservoir channel: {reservoir_gauge_channel}\n"
if confinement_type == 'reservoir' else '')

+ '-' * 72)

# ------------------------------------
# FINDING STRIKER VELOCITY VIA SPEED TRAP
# Finding index that activates speed trap
time_step = time_base[2] - time_base[1] # Oscilloscope time

step, s.
if speedtrap is not False:

speedtrap_front_trigger = np.argmax(raw_data[
speedtrap_front_channel].iloc[1:10000] >
speedtrap_trigger_voltage) # Index that activates front
speed trap

speedtrap_back_trigger = np.argmax(raw_data[
speedtrap_back_channel].iloc[1:10000] >
speedtrap_trigger_voltage) # Index that activates back
speed trap

# Determining velocity based on time difference
speedtrap_difference = abs(speedtrap_front_trigger -

speedtrap_back_trigger) * time_step # Difference in
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time between the two triggers , s.
speedtrap_velocity = (speedtrap_distance/

speedtrap_difference) /(10**3) # Velocity of striker
bar, m/s.

print_save('STRIKER BAR VELOCITY:\n'
+ ' ' + f'{round(speedtrap_velocity , 1)}m/s\n'
+ '-' * 72)

# ------------------------------------
# PROCESSING BAR AXIAL SIGNALS
# Bar strain gauge signals:
in_bar_gauge_zero = statistics.mean(in_bar_gauge_signal.iloc

[1000: 3000]) # Mean input bar "no signal" voltage, V.
out_bar_gauge_zero = statistics.mean(out_bar_gauge_signal.iloc

[1000: 3000]) # Mean output bar "no signal" voltage, V.

# Strains:
in_bar_strain = ((in_bar_gauge_signal - in_bar_gauge_zero) *

2) / (in_bar_gauge_factor * in_bar_gauge_voltage *
in_bar_gauge_amp) # Input bar strain assuming half
wheatstone bridge.

in_bar_youngs_modulus = (in_bar_wave_speed ** 2) * (
in_bar_density / (10 ** 9)) # Input bar Young's modulus.

in_bar_stress = in_bar_strain * in_bar_youngs_modulus * 1000 #
Input bar stress

out_bar_strain = ((out_bar_gauge_signal - out_bar_gauge_zero)
* 2) / (out_bar_gauge_factor * out_bar_gauge_voltage *
out_bar_gauge_amp) # Output bar strain assuming half
wheatstone bridge.

out_bar_youngs_modulus = (out_bar_wave_speed ** 2) * (
out_bar_density / (10 ** 9)) # Output bar Young's modulus.

out_bar_stress = out_bar_strain * out_bar_youngs_modulus *
1000 # Output bar stress

# ------------------------------------
# DETECTING PULSES
# Pulse triggers:
incident_trigger_strain = 10*math.pow(10, math.ceil(math.log10

(abs(max(in_bar_strain.iloc[1000: 3000]))))) # Find maximum
absolute strain rounded up to nearest magnitude of 10 to

use to indicate start of incident pulse.
transmitted_trigger_strain = 10*math.pow(10, math.ceil(math.

log10(abs(max(out_bar_strain.iloc[1000: 3000]))))) # Find
maximum absolute strain rounded up to nearest magnitude of
10 to use to indicate start of transmitted pulse.

if max(in_bar_strain.iloc[:20000]) < 2*incident_trigger_strain
or max(out_bar_strain.iloc[:20000]) < 2*
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transmitted_trigger_strain: # Raise error if no pulse is
found that is at least 2x larger than the trigger strain.
raise IndexError('Unable to detect pulse - check bar

inputs or raw signal.')

print_save('ABSOLUTE STRAIN TO TRIGGER PULSES:\n'
f' Incident: {incident_trigger_strain}\n'
f' Transmitted: {transmitted_trigger_strain}\n'
+ '-' * 72)

# Finding incident pulse:
incident_trigger = np.where(abs(in_bar_strain) >

incident_trigger_strain)[0][0] # Find when incident wave
first has a value larger than incident_trigger_strain.

if in_bar_strain[incident_trigger] < 0:
in_bar_strain = -in_bar_strain # If incident wave is

negative , invert signal.
incident_start = np.where(np.array(in_bar_strain.iloc[0:

incident_trigger]) * np.array(in_bar_strain.iloc[1:
incident_trigger+1]) < 0)[0][-1] # Find last change of
sign before trigger (start of incident pulse).

incident_end = np.where((np.array(in_bar_strain.iloc[
incident_start:-1]) * np.array(in_bar_strain.iloc[
incident_start + 1:])) < 0)[0][1] + incident_start # Find
the next change of sign after trigger (end of incident
pulse).

incident_end = np.where((np.array(in_bar_strain.iloc[
incident_start:-1]) * np.array(in_bar_strain.iloc[
incident_start + 1:])) < 0)[0][1] + incident_start # Find
the next change of sign after trigger (end of incident
pulse).

incident_length = incident_end - incident_start # Length of
the incident pulse.

# Finding reflected pulse:
reflected_start = incident_start + round(2*in_bar_gauge_offset

/(1000*in_bar_wave_speed*time_step)) # Find start of
reflected wave based on wave speed.

reflected_end = reflected_start + incident_length # Length of
the reflected pulse.

# Finding transmitted pulse:
transmitted_trigger = np.where(abs(out_bar_strain.iloc[

incident_end:]) > transmitted_trigger_strain)[0][0] +
incident_end # Find when transmitted wave first has a
value larger than transmitted_trigger_strain.

if out_bar_strain[transmitted_trigger] < 0:
out_bar_strain = -out_bar_strain # If transmitted wave is

negative invert signal.
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transmitted_start = np.where(np.array(out_bar_strain.iloc[0:
transmitted_trigger]) * np.array(out_bar_strain.iloc[1:
transmitted_trigger+1]) < 0)[0][-1] # Find last change of
sign before trigger (start of incident pulse).

transmitted_end = np.where((np.array(out_bar_strain.iloc[
transmitted_start:-1]) * np.array(out_bar_strain.iloc[
transmitted_start + 1:])) < 0)[0][1] + transmitted_start #
Find the next change of sign after trigger (end of

transmitted pulse).

# ------------------------------------
# TIME SHIFTING OR DISPERSION CORRECTION:
# Creating signal cut off-length stress waves
signal_cut_off = max(reflected_end , transmitted_end) +

incident_length

in_bar_incident = np.concatenate((np.zeros(incident_start), np
.conj(np.array(in_bar_strain.iloc[incident_start:
reflected_start+1])), np.zeros(signal_cut_off -
reflected_start -1))) # Concatenation of zero arrays with
incident pulse.

in_bar_reflected = np.concatenate((np.zeros(reflected_start),
np.conj(np.array(in_bar_strain.iloc[reflected_start:
reflected_end+1])), np.zeros(signal_cut_off -reflected_end
-1))) # Concatenation of zero array with reflected pulse.

out_bar_transmitted = np.concatenate((np.zeros(
transmitted_start), np.conj(np.array(out_bar_strain.iloc[
transmitted_start:transmitted_end+1])), np.zeros(
signal_cut_off -transmitted_end -1))) # Concatenation of zero
array with transmitted pulse.

# Dispersion correction - see documentation for dispersion.py:
if disp_correction is not False:

print_save('PROCESSING WITH DISPERSION CORRECTION.' + '\n'
+ '-' * 72)

fs = 1 / time_step # Sampling frequency , Hz
from dispersion import dispersion
[in_bar_incident_strain , in_bar_incident_stress] =

dispersion(in_bar_incident , fs, in_bar_diameter/2000,
in_bar_wave_speed , in_bar_youngs_modulus ,
in_bar_gauge_offset/1000)

[in_bar_reflected_strain , in_bar_reflected_stress] =
dispersion(in_bar_reflected , fs, in_bar_diameter/2000,
in_bar_wave_speed , in_bar_youngs_modulus , -
in_bar_gauge_offset/1000)

[out_bar_transmitted_strain , out_bar_transmitted_stress] =
dispersion(out_bar_transmitted , fs, out_bar_diameter

/2000, out_bar_wave_speed , out_bar_youngs_modulus , -
out_bar_gauge_offset/1000)
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# Simple timeshift analysis without dispersion correction:
else:

print_save('PROCESSING WITH SIMPLE TIMESHIFT , NOT
DISPERSION CORRECTION.' + '\n' + '-' * 72)

in_bar_shift = round(((in_bar_gauge_offset/1000) /
in_bar_wave_speed) / time_step)

out_bar_shift = round(((out_bar_gauge_offset/1000) /
out_bar_wave_speed) / time_step)

in_bar_incident_strain = np.concatenate((np.array(
in_bar_incident[-1-in_bar_shift:]), np.array(
in_bar_incident[:-in_bar_shift])))

in_bar_reflected_strain = np.concatenate((np.array(
in_bar_reflected[in_bar_shift:]), np.array(
in_bar_reflected[:in_bar_shift])))

out_bar_transmitted_strain = np.concatenate((np.array(
out_bar_transmitted[out_bar_shift:]), np.array(
out_bar_transmitted[:out_bar_shift])))

in_bar_incident_stress = in_bar_incident_strain *
in_bar_youngs_modulus * 1000

in_bar_reflected_stress = in_bar_reflected_strain *
in_bar_youngs_modulus * 1000

out_bar_transmitted_stress = out_bar_transmitted_strain *
out_bar_youngs_modulus * 1000

# ------------------------------------
# PROCESSING AXIAL STRESS AND STRAIN AT SPECIMEN INTERFACE
# Find new start of incident pulse as start of sample stress/

strain:
incident_trigger_new = np.where(abs(in_bar_incident_strain) >

incident_trigger_strain)[0][0] # Find the new position of
incident pulse.

incident_start_new = np.where(in_bar_incident_strain[0:
incident_trigger_new -1] * in_bar_incident_strain[1:
incident_trigger_new] < 0)[0][-1] # Use new start of
incident pulse as start of sample interface analysis.

# Bar displacement and sample strain:
in_bar_displacement = np.zeros(signal_cut_off) # Zero array

placeholder for input bar displacement.
out_bar_displacement = np.zeros(signal_cut_off) # Zero array

placeholder for ouput bar displacement.
sample_strain = np.zeros(signal_cut_off) # Zero array

placeholder for sample strain.
in_bar_displacement_alt = np.zeros(signal_cut_off) # Zero

array placeholder for input bar displacement.
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sample_strain_alt = np.zeros(signal_cut_off) # Zero array
placeholder for sample strain.

for i in range(incident_start_new , signal_cut_off):
in_bar_displacement[i] = in_bar_displacement[i-1] + ((

in_bar_incident_strain[i] - in_bar_reflected_strain[i])
* 1000 * time_step * in_bar_wave_speed) # Cumulative

input bar displacement.
out_bar_displacement[i] = out_bar_displacement[i-1] + (

out_bar_transmitted_strain[i] * 1000 * time_step *
out_bar_wave_speed) # Cumulative output bar
displacement.

sample_strain[i] = (in_bar_displacement[i] -
out_bar_displacement[i]) / sample_initial_length #
Sample axial strain.

in_bar_displacement_alt[i] = in_bar_displacement[i-1] + ((
in_bar_incident_strain[i]) * 1000 * time_step *
in_bar_wave_speed) # Cumulative input bar displacement
, mm.

sample_strain_alt[i] = 2 * (in_bar_displacement_alt[i] -
out_bar_displacement[i]) / sample_initial_length #
Sample axial strain.

if sample_strain[i] > 0.05 and abs(sample_strain[i] -
sample_strain[i-1]) < 0.0001 and any(value <=0 for value
in in_bar_incident_strain[incident_start_new+1:i]): #

Cut off when sample is fully strained i.e. when sample
strain begins to flatten off (set to when strain
difference between timesteps is 0.0001).
in_bar_displacement = np.trim_zeros(

in_bar_displacement , 'b')
out_bar_displacement = np.trim_zeros(

out_bar_displacement , 'b')
sample_strain = np.trim_zeros(sample_strain , 'b')
in_bar_displacement_alt = np.trim_zeros(

in_bar_displacement_alt , 'b')
sample_strain_alt = np.trim_zeros(sample_strain_alt , '

b')
break

# Final strain as end of sample stress/strain:
sample_end = len(sample_strain) - 1 # Ending index based on

when sample has been fully strained.

# Define new starting index depending on alignment input:
if alignment == 'end': # Alignment mechanism for transmitted

pulse based on detection of the ending of transmitted pulse
.
transmitted_end_new = np.where((out_bar_transmitted_strain

[np.argmax(out_bar_transmitted_strain):-1]*
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out_bar_transmitted_strain[np.argmax(
out_bar_transmitted_strain)+1:])<0)[0][0] + np.argmax(
out_bar_transmitted_strain)

transmitted_start_new = transmitted_end_new - (sample_end
- incident_start_new)

elif alignment == 'mid': # Alignment mechanism for transmitted
pulse on centering transmitted and incident/reflected

pulses.
transmitted_trigger_new = np.where(abs(

out_bar_transmitted_strain[incident_start_new:]) >
transmitted_trigger_strain)[0][0] + incident_start_new

transmitted_start_new = np.where(
out_bar_transmitted_strain[incident_start_new:
transmitted_trigger_new -1] * out_bar_transmitted_strain
[incident_start_new+1:transmitted_trigger_new] <0)
[0][-1] + incident_start_new

transmitted_end_new = np.where((out_bar_transmitted_strain
[np.argmax(out_bar_transmitted_strain):-1]*
out_bar_transmitted_strain[np.argmax(
out_bar_transmitted_strain)+1:])<0)[0][0] + np.argmax(
out_bar_transmitted_strain)

transmitted_start_new = round(transmitted_start_new + ((
incident_start_new + sample_end)/2) - ((
transmitted_start_new + transmitted_end_new)/2 ))

transmitted_end_new = transmitted_start_new + (sample_end
- incident_start_new)

else:
print('hi')
transmitted_trigger_new = np.where(abs(

out_bar_transmitted_strain[incident_start_new:]) >
transmitted_trigger_strain)[0][0] + incident_start_new

transmitted_start_new = np.where(
out_bar_transmitted_strain[:transmitted_trigger_new -1]
* out_bar_transmitted_strain[1:transmitted_trigger_new]
<0)[0][-1]

transmitted_end_new = transmitted_start_new + (sample_end
- incident_start_new)

if isinstance(alignment , (int, float)) and 1 <= alignment
< (sample_end - incident_start_new): # Alignment
mechanism based for transmitted pulse based on maximums
of transmitted and incident/reflected pulses set to a

defined value.
incident_start_new = incident_start_new + np.argmax(

in_bar_incident_strain[incident_start_new:
sample_end+1]) - alignment # Set peak of incident
pulse to allign with stress_peak input.

transmitted_start_new = transmitted_start_new + np.
argmax(out_bar_transmitted_strain[
transmitted_start_new:transmitted_end_new+1]) -
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alignment # Set peak of transmitted pulse to allign
with stress_peak input.

transmitted_end_new = transmitted_start_new + (
sample_end - incident_start_new)

elif isinstance(alignment , float) and 0 < alignment < 1: #
Alignment mechanism for transmitted pulse based on a

proportion of the maximums of transmitted and incident/
reflected pulses (alignment value should be a decimal
between 0-1)
transmitted_trigger_new = np.where(abs(

out_bar_transmitted_strain[transmitted_start_new:
transmitted_end_new]) > (alignment * max(abs(
out_bar_transmitted_strain[transmitted_start_new:
transmitted_end_new]))))[0][0]

incident_trigger_new = np.where(abs(
in_bar_incident_strain[incident_start_new:
sample_end]) > (alignment * max(abs(
in_bar_incident_strain[incident_start_new:
sample_end]))))[0][0]

transmitted_start_new = transmitted_start_new - (
incident_trigger_new - transmitted_trigger_new)

transmitted_end_new = transmitted_start_new + (
sample_end - incident_start_new)

else:
alignment = 'start'

# Sample front stress:
in_bar_incident_strain = in_bar_incident_strain[

incident_start_new:sample_end+1] # Redefining incident
strain to be within sample boundaries.

in_bar_reflected_strain = in_bar_reflected_strain[
incident_start_new:sample_end+1] # Redefining reflected
strain to be within sample boundaries.

in_bar_incident_stress = in_bar_incident_stress[
incident_start_new:sample_end+1] # Redefining incident
stress to be within sample boundaries.

in_bar_reflected_stress = in_bar_reflected_stress[
incident_start_new:sample_end+1] # Redefining reflected
stress to be within sample boundaries.

stress_factor = ((in_bar_diameter/2)**2) / ((sample_diameter
/2)**2) # Stress factor to adjust for difference in
diameter between sample and pressure bars.

sample_front_stress = stress_factor * (in_bar_incident_stress
+ in_bar_reflected_stress) # Stress at incident bar
specimen face, MPa.

if len(out_bar_transmitted_stress) - (sample_end -
incident_start_new) < transmitted_start_new:
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out_bar_transmitted_stress = np.concatenate((np.array(
out_bar_transmitted_stress), np.zeros(
transmitted_end_new - (sample_end - incident_start_new)
)))

out_bar_transmitted_strain = np.concatenate((np.array(
out_bar_transmitted_strain), np.zeros(
transmitted_end_new - (sample_end - incident_start_new)
)))

# Sample back stress:
out_bar_transmitted_strain = out_bar_transmitted_strain[

transmitted_start_new:transmitted_end_new+1]# Redefining
transmitted strain to be within sample boundaries.

out_bar_transmitted_stress = out_bar_transmitted_stress[
transmitted_start_new:transmitted_end_new+1] # Redefining
transmitted stress to be within sample boundaries.

sample_back_stress = stress_factor *
out_bar_transmitted_stress # Stress at transmitter bar
specimen face, MPa.

#Sample stress and strain:
sample_strain = sample_strain[incident_start_new:sample_end+1]

# New sample strain set within bounds of sample stress/
strain analysis.

sample_length = (1 - sample_strain) * sample_initial_length #
Sample length.

sample_mid_stress = (sample_front_stress + sample_back_stress)
/2 # Mean axial specimen stress, MPa.

# Sample axial strain rate:
rel_time = time_step * np.arange(0, sample_end -

incident_start_new+1) # Relative time, s.
sample_strain_rate = np.zeros((2, len(sample_strain)))
for i in range(0, len(sample_strain)-1):

sample_strain_rate[0, i] = (rel_time[i] + rel_time[i+1])/2
sample_strain_rate[1, i] = ((sample_length[i] -

sample_length[i+1]) / sample_length[i]) / time_step

sample_strain_rate_1 = sample_strain_rate[0]
sample_strain_rate_2 = sample_strain_rate[1] # Sample strain

rate

in_bar_displacement = in_bar_displacement[incident_start_new:
sample_end+1] # Redefining incident bar displacement to be
within sample boundaries.

in_bar_displacement_alt = in_bar_displacement_alt[
incident_start_new:sample_end+1] # Redefining incident bar
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displacement to be within sample boundaries.
out_bar_displacement = out_bar_displacement[incident_start_new

:sample_end+1] # Redefining transmitted bar displacement to
be within sample boundaries.

print_save("SAMPLE AXIAL RESULTS:\n"
# f" Maximum sample stress: {round(max(

sample_mid_stress),2)}MPa\n"
f" Maximum sample strain: {round(max(sample_strain), 3)

*100}%\n"
f" Maximum strain rate: {round(max(sample_strain_rate_2)

,0)}�s¹\n"
+ '-' * 72)

strain_difference = in_bar_incident_strain - (
out_bar_transmitted_strain - in_bar_reflected_strain) #
Difference in strain to check condition for stress
equilibrium (strainI = strainT - strainR).

# ------------------------------------
# PROCESSING RADIAL STRESSES
# Confining ring strain input:
if confinement_type == 'Ring':

# Processing raw data from confining ring input:
ring_gauge_signal = raw_data[ring_gauge_channel].iloc

[1:50000] # Confining ring signal, V.
ring_gauge_zero = statistics.mean(ring_gauge_signal.iloc

[:1000]) # Mean confining ring "no signal" voltage, V.
ring_radial_strain = np.array((ring_gauge_signal -

ring_gauge_zero) * 4 / (ring_gauge_factor *
ring_gauge_voltage * ring_gauge_amp)) # Confining ring
strain assuming quarter wheatstone bridge.

# Finding radial pulse:
ring_trigger_strain = math.pow(10, math.ceil(math.log10(

abs(max(ring_radial_strain[1000: 3000]))))) # Find
maximum absolute strain rounded up to nearest magnitude
of 10 to use to indicate start of radial pulse.

ring_pulse_trigger = np.where(abs(ring_radial_strain[
incident_start_new:]) > ring_trigger_strain)[0][0] +
incident_start_new # Find when transmitted wave first
has a value larger than transmitted_trigger_strain.

if ring_radial_strain[np.argmax(abs(ring_radial_strain[
incident_start_new:transmitted_end_new]))] < 0:
ring_radial_strain = -ring_radial_strain

if max(ring_radial_strain) < 1.1*ring_trigger_strain: #
Raise error if no pulse is found that is at least 10%
larger than the trigger strain.
raise IndexError('Unable to detect radial pulse -
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check ring inputs or raw signal.')
radial_start = np.where(ring_radial_strain[

incident_start_new:ring_pulse_trigger -1] *
ring_radial_strain[incident_start_new+1:
ring_pulse_trigger] < 0)[0][-1] + incident_start_new #
Find last change of sign before trigger (start of
radial pulse).

radial_end = radial_start + (sample_end -
incident_start_new) # Find end of radial pulse based on
sample pulse length.

# Sample radial stress and strain:
ring_thick_walled_pipe_factor = (((ring_outside_diameter

/2)**2) - ((ring_inside_diameter/2)**2)) / (2*(
ring_inside_diameter/2)**2) # Ratio of internal radial
stress on the specimen to circumferential stress in

the ring.
sample_radial_strain = ring_radial_strain[radial_start:

radial_end+1] # Sample radial strain.
sample_radial_stress = (ring_thick_walled_pipe_factor * (

ring_youngs_modulus * 1000) * sample_radial_strain) * (
ring_length / sample_length) # Radial stress from the
ring, MPa.

sample_volume = sample_initial_volume * (1-sample_strain)
# Soil sample volume, cm^3.

sample_density = sample_mass / sample_volume # Sample
density, Mg/m^3.

sample_dry_density = sample_dry_mass / sample_volume #
Sample dry density, Mg/m^3.

sample_mean_stress = (sample_mid_stress + 2 *
sample_radial_stress) / 3

print_save('SAMPLE RADIAL RESULTS VIA CONFINING RING
STRAIN:\n'

f' Absolute radial strain trigger: {
ring_trigger_strain}\n'

f' Maximum radial stress: {round(max(
sample_radial_stress),2)}MPa\n'

f' Maximum radial strain: {round(max(
sample_radial_strain)*100,5)}%\n'

f' Maximum mean stress: {round(max(
sample_mean_stress), 2)}MPa\n'

f' Change in volume: {round(sample_initial_volume -
sample_volume[-1], 3)}cm³\n'

f' Change in density: {round(sample_density[-1] -
sample_density[0], 3)}Mg/m³\n'

f' Change in dry density: {round(sample_dry_density
[-1] - sample_dry_density[0], 3)}Mg/m³\n'

+ '-' * 72)
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# Reservoir with pressure transducer input:
elif confinement_type == 'Reservoir':

#Processing raw data from pressure transducer input:
reservoir_gauge_signal = raw_data[reservoir_gauge_channel

].iloc[1:50000] # Pressure transducer signal, V.
reservoir_gauge_zero = statistics.mean(

reservoir_gauge_signal[:1000]) # Mean pressure
transducer "no signal" voltage, V.

reservoir_stress = ((reservoir_gauge_signal -
reservoir_gauge_zero) * 1000) / reservoir_gauge_factor
# Pressure transducer stress, MPa.

# Timeshifting radial stress based on reservoir travel
time:

reservoir_transit = (reservoir_thickness / 1000) /
reservoir_fluid_wave_speed # Time for pulse to travel
through reservoir fluid, s.

reservoir_time_steps = round(reservoir_transit / time_step
) # Timeshift in oscilloscope timesteps.

reservoir_radial_stress = np.array(reservoir_stress[
reservoir_time_steps:-1], reservoir_stress[:
reservoir_time_steps - 1])

reservoir_radial_stress = np.concatenate((
reservoir_radial_stress , np.full(reservoir_time_steps
+1, reservoir_radial_stress[-1])))

# Finding radial pulse:
# reservoir_trigger_stress = math.pow(10, math.ceil(math.

log10(abs(max(reservoir_radial_stress[:4000]))))) #
Find maximum absolute stress rounded up to nearest
magnitude of 10 to use to indicate start of radial
pulse. ***(which one?)

reservoir_trigger_stress = abs(max(reservoir_radial_stress
[incident_start_new -1000: incident_start_new])) # Find
maximum absolute stress to indicate start of radial
pulse. ***(which one?)

reservoir_pulse_trigger = np.where(abs(
reservoir_radial_stress[incident_start_new:]) >
reservoir_trigger_stress)[0][0] + incident_start_new #
Find when transmitted wave first has a value larger
than transmitted_trigger_strain.

if max(reservoir_radial_stress) < 0:
reservoir_radial_stress = -reservoir_radial_stress

if max(reservoir_radial_stress) < 2*
reservoir_trigger_stress: # Raise error if no pulse is
found that is at least 2x larger than the trigger
stress.
raise IndexError('Unable to detect radial pulse -
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check reservoir inputs or raw signal.')

radial_start = reservoir_pulse_trigger # Start of radial
pulse.

radial_end = radial_start + (sample_end -
incident_start_new) # Find end of radial pulse based on
sample pulse length.

# Sample radial stress:
sample_radial_stress = reservoir_radial_stress[

radial_start:radial_end+1] # Sample radial stress.

print_save('SAMPLE RADIAL RESULTS VIA WATER RESERVOIR
PRESSURE:\n'

f' Absolute radial stress trigger: {
reservoir_trigger_stress}\n'

f' Maximum radial stress: {round(max(
sample_radial_stress),2)}MPa\n'

+ '-' * 72)

radial_start = radial_start + (np.argmax(
sample_radial_stress) - np.argmax(sample_mid_stress)) #
Aligning maximum of radial pulse with axial mid stress

.
radial_end = radial_start + sample_end -

incident_start_new # New end of radial pulse.
sample_radial_stress = reservoir_radial_stress[

radial_start:radial_end+1] # New sample radial stress
aligned with pulse length of axial mid stress.

else:
print_save('NO RADIAL MEASUREMENT SELECTED:\n'

' No radial stress and strain can be obtained.\n'
' No volume and density data can be obtained.\n'
+ '-' * 72)

# ------------------------------------
# EXPORTING AND SAVING PROCESSED DATA
if savedata is True:

if speedtrap == False:
folder_path = f"./Processed Data/{confinement_type if

confinement_type=='Ring' or confinement_type=='
Reservoir' else 'None '}/{csv_name}" # File path to
find processed data.

else:
folder_path = f"./Processed Data/{confinement_type if

confinement_type=='Ring' or confinement_type=='
Reservoir' else 'None '}/{round(speedtrap_velocity)}
ms/{csv_name}"
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os.makedirs(folder_path , exist_ok=True)

# Saving sample results:
sample_results = {

'Relative time (s)': rel_time ,
'Front stress (MPa)': sample_front_stress ,
'Back Stress (MPa)': sample_back_stress ,
'Mid Stress (MPa)': sample_mid_stress ,
'Strain': sample_strain ,
'Strain rate (�s¹)': sample_strain_rate_2 ,
'Length (mm)': sample_length ,}

# Saving radial sample results if confinement is selected:
if confinement_type == 'Ring':

sample_results.update({
'Radial stress (MPa)': sample_radial_stress ,
'Radial strain': sample_radial_strain ,
'Mean stress (MPa)': sample_mean_stress ,
'Volume (cm³)': sample_volume ,
'Density (Mg/m³)': sample_density ,
'Dry density (Mg/m³)': sample_dry_density})

elif confinement_type == 'Reservoir':
sample_results.update({

'Radial stress (MPa)': sample_radial_stress})
sample_results = pd.DataFrame(sample_results)
sample_results.to_csv(os.path.join(folder_path , f'{

csv_name}_sample_results.csv'), index=False)

# Saving constants used as inputs:
constants = {

'Sample initial length': sample_initial_length ,
'Sample mass': sample_mass ,
'Sample dry mass': sample_dry_mass ,
'Sample diameter': sample_diameter ,
'Sample initial volume': sample_initial_volume ,
'In-bar density': in_bar_density ,
'In-bar diameter': in_bar_diameter ,
'In-bar wavespeed': in_bar_wave_speed ,
'In-bar gauge channel': in_bar_gauge_channel ,
'In-bar gauge factor': in_bar_gauge_factor ,
'In-bar gauge amp': in_bar_gauge_amp ,
'In-bar gauge voltage': in_bar_gauge_voltage ,
'In-bar gauge offset': in_bar_gauge_offset ,
'In-bar Youngs modulus': in_bar_youngs_modulus ,
'Out-bar density': out_bar_density ,
'Out-bar diameter': out_bar_diameter ,
'Out-bar wavespeed': out_bar_wave_speed ,
'Out-bar gauge channel': out_bar_gauge_channel ,
'Out-bar gauge factor': out_bar_gauge_factor ,
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'Out-bar gauge amp': out_bar_gauge_amp ,
'Out-bar gauge voltage': out_bar_gauge_voltage ,
'Out-bar gauge offset': out_bar_gauge_offset ,
'Out-bar Youngs modulus': out_bar_youngs_modulus}

# Saving radial constants if confinement is selected:
if confinement_type == 'Ring':

constants.update({
'Ring outside diameter': ring_outside_diameter ,
'Ring inside diameter': ring_inside_diameter ,
'Ring length': ring_length ,
'Ring gauge channel': ring_gauge_channel ,
'Ring gauge factor': ring_gauge_factor ,
'Ring gauge amp': ring_gauge_amp ,
'Ring gauge voltage': ring_gauge_voltage ,
'Ring Youngs modulus': ring_youngs_modulus})

elif confinement_type == 'Reservoir':
constants.update({

'Reservoir fluid wave speed':
reservoir_fluid_wave_speed ,

'Reservoir thickness': reservoir_thickness ,
'Reservoir gauge channel': reservoir_gauge_channel

,
'Reservoir gauge factor': reservoir_gauge_factor ,
'Reservoir gauge voltage': reservoir_gauge_voltage

})
constants = pd.DataFrame(constants.items(), columns = ['

Constant', 'Value'])
constants.to_csv(os.path.join(folder_path , f'{csv_name}

_constants.csv'), index=False)

# Saving incident and transmitter bar signal data:
signal_results = {

'Gauge signal (In Bar)': in_bar_gauge_signal ,
'Strain (In Bar)': in_bar_strain ,
'Stress (In Bar)': in_bar_stress ,
'Gauge signal (Out Bar)': out_bar_gauge_signal ,
'Strain (Out Bar)': out_bar_strain ,
'Stress (Out Bar)': out_bar_stress}

# Saving radial signal data if confinement is selected:
if confinement_type == 'Ring' or confinement_type == '

Reservoir':
if confinement_type == 'Ring':

signal_results.update({
'Gauge signal (Ring)': ring_gauge_signal ,
'Strain (Ring)': ring_radial_strain})

else:
signal_results.update({
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'Gauge signal (Reservoir)':
reservoir_gauge_signal ,

'Stress (Reservoir)': reservoir_stress ,
'Adjusted stress (reservoir) at interface':

reservoir_radial_stress})
signal_results = pd.DataFrame(signal_results)
signal_results.to_csv(os.path.join(folder_path , f'{

csv_name}_signal_results.csv'), index=False)

# Saving incident , reflected , and transmitted pulse data:
pulse_results = {

'Incident pulse strain': in_bar_incident_strain ,
'Incident pulse stress': in_bar_incident_stress ,
'Reflected pulse strain': in_bar_reflected_strain ,
'Reflected pulse stress': in_bar_reflected_stress ,
'Displacement (In bar)': in_bar_displacement ,
'Displacement alt (In bar)': in_bar_displacement_alt ,
'Transmitted pulse strain': out_bar_transmitted_strain

,
'Transmitted pulse stress': out_bar_transmitted_stress

,
'Displacement (Out Bar)': out_bar_displacement}

pulse_results = pd.DataFrame(pulse_results)
pulse_results.to_csv(os.path.join(folder_path , f'{csv_name

}_pulse_results.csv'), index=False)

print_save(f'PROCESSED DATA SAVED SUCCESSFULLY\n'
f" CSV file names: sample_results , constants ,

signal_results , pulse_results\n"
f' CSV files saved to folder: {os.path.abspath(

folder_path)}\n'
f' Console log saved to log.txt\n'
+ '-' * 72)

else:
print_save('PROCESSED DATA HAS NOT BEEN SAVED\n'

'savedata=False\n'
+ '-' * 72)

# ------------------------------------
print_save(f'ALL DATA PROCESSED SUCCESSFULLY\n'

f' To rerun, enter:\n'
f" SHPB_processing(r'{csv_path}', {sample_data}, '{

confinement_type}', signal_channels=[{
in_bar_gauge_channel}, {out_bar_gauge_channel}{', '+
str(ring_gauge_channel) if confinement_type=='Ring'
else ''}{', '+ str(reservoir_gauge_channel) if
confinement_type=='Reservoir' else ''}], signal_amp
=[{in_bar_gauge_amp}, {out_bar_gauge_amp}{', '+ str(
ring_gauge_channel) if confinement_type=='Ring' else
''}], disp_correction={False if disp_correction==

352



APPENDIX D. SIGNAL PROCESSING AND ANALYSIS OF SHPB DATA WITH
COMPUTATIONAL PYTHON ALGORITHM

False else True}, alignment={alignment if isinstance(
alignment , (int, float)) else repr(alignment)},
speedtrap={False if speedtrap==False else True})\n"

+ '-' * 72 + '\n'
+ f'TIME REQUIRED: {round(time.time() - time_start , 3)}s

.\n'
+ '-' * 72)

if savedata == True:
with open(os.path.join(folder_path , f'{csv_name}_log.txt')

, 'a', encoding='utf-8') as file:
file.write('-' * 8 + "Hope you're doing okay. Stay

positive and keep vibing!!" + '-' * 9)

shutil.move(f'./{csv_name}_log.txt', os.path.join(
folder_path , f'{csv_name}_log.txt'))

else:
os.remove(f'{csv_name}_log.txt')

# ------------------------------------
# RETURN STATEMENTS
# Change, add or remove return statements as required:

if confinement_type == 'Ring' or confinement_type == '
Reservoir':
return [sample_mid_stress , sample_front_stress ,

sample_back_stress , in_bar_stress , out_bar_stress ,
sample_radial_stress , sample_strain ,
sample_strain_rate_2]

else:
return [sample_mid_stress , sample_front_stress ,

sample_back_stress , in_bar_stress , out_bar_stress ,
sample_strain , sample_strain_rate_2]
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D.3 dispersion.py

dispersion.py is a subroutine of SHPB_processing.py that must be included if disper-
sion correction method is to be applied. The algorithm applies the process of phase angle
and amplitude correction to pulse signals from pressure bar readings.

'dispersion.py'

# First-mode dispersion correction of a finite arbitrary signal in
a cylindrical bar.

# OPERATION:
# - Finds FFT of the signal.
# - Corrects phase velocity and amplitude of each frequency using

method described by Tyas & Pope (2005).
# - Reconstructs signal using IFFT.
# - Frequencies above fa/c0 = 0.2619 stripped (d/L = 0.6), due to

limitations of m1 correction.

# INPUTS:
# - x: Zero-padded strain signal in time domain (1xN numeric).
# - fs: Sampling frequency , Hz.
# - a: Bar radius, m.
# - c0: One-dimensional wave velocity of the bar, m/s.
# - E: Young's modulus of the bar, GPa.
# - z: Distance to correction over, m (+ve in direction of

propagation).

# OUTPUTS:
# - xStrain: Dispersion -corrected strain signal.
# - xStress: Dispersion -corrected stress signal, MPa

# REFERENCES:
# - Tyas, A., Pope, D.J., (2005). Full correction of first-mode

Pochhammer -Chree dispersion effects in experimental
# pressure bar signals. Measurement science and technology , 16(3),

p.642.

# ------------------------------------
# Imported modules:
import numpy as np

# Imported function:
from dispersion_factors import dispersion_factors

def dispersion(x, fs, a, c0, E, z):
# Input signal:
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n = len(x) # Number of elements in signal.
f = np.arange(0, n-1) * (fs/n) # FFT frequencies , Hz.
fmax = 0.2619 * c0/a # Max correctable frequency due to

factor m1 limitations , Hz.

# FFT the signal:
X = np.fft.fft(x)
XStrain = np.array(X) # Create copy for strain correction.
XStress = np.array(X) # Create copy for stress correction.

# Phase shift, adjust magnitude of frequency components:
number_of_bins = len(X)

if number_of_bins % 2 == 0:
# n is even:
positive_bins = np.arange(1, number_of_bins//2) #

Positive frequency bins.
negative_bins = np.arange(number_of_bins//2 + 1,

number_of_bins) # Negative frequency bins.
else:

# n is odd:
positive_bins = np.arange(1, (number_of_bins + 1)//2) #

Positive frequency bins.
negative_bins = np.arange((number_of_bins + 1)//2,

number_of_bins) # Negative frequency bins.

for b in positive_bins.astype(int):
if f[b] <= fmax:

# Find phase shift and factors m1 and m2 for current
frequency:

[angle_mod , m1, m2] = dispersion_factors(f[b], a, c0,
z)

# Apply shift and factors m1 to obtain corrected
strain:

XStrain[b] = m1 * np.abs(X[b]) * np.exp(1j * (np.angle
(X[b]) - angle_mod))

# Apply phase shift and factors m1 & m2 to obtain
corrected stress [/E]:

XStress[b] = m1 * m2 * np.abs(X[b]) * np.exp(1j * (np.
angle(X[b]) - angle_mod))

else:
# Above fMax zero X data [Apply perfect low-pass

filter].
XStrain[b] = 0
XStress[b] = 0

# Correct negative bins by taking complex conjugate of
positive bins:
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XStrain[negative_bins.astype(int)] = np.conj(XStrain[
positive_bins.astype(int)[::-1]])

XStress[negative_bins.astype(int)] = np.conj(XStress[
positive_bins.astype(int)[::-1]])

# Convert the corrected frequency components back into the
time domain:

x_strain = np.real(np.fft.ifft(XStrain)) # Corrected strain.
x_stress = np.real(np.fft.ifft(XStress))*E*1000 # Corrected

stress, MPa.

return [x_strain , x_stress]
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Chapter E

Relevant LS-DYNA keywords

E.1 Introduction

This appendix contains LS-DYNAmaterial cards and relevant keywords used in the numer-
ical modelling of SHPB experiments in this study. Detailed description of the implementa-
tion of these models are presented in Chapter 6.

E.2 Material cards

Table E.1: Material card for MAT_ELASTIC, calibrated to represent steel pressure bars.

*MAT_ELASTIC_TITLE
Steel
$# mid ro e pr da db not used

X 7666.01.68000E11 0.29 0.0 0.0 0.0

Table E.2: Material card for MAT_NULL, calibrated to represent water.

*MAT_NULL_TITLE
Water
$# mid ro pc mu terod cerod ym pr
X 1000.0 0.0 0.0 0.0 0.0 0.0 0.0
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Table E.3: Material card for MAT_MOHR_COULOMB, calibrated to represent kaolin clay.

*MAT_MOHR_COULOMB_TITLE
MC Sample
$# mid ro gmod rnu phi cval psi
X 1296.01.300000E7 0.44 0 0.08075 55760.0 0.0
$# nplanes lccpdr lccpt lccjdr lccjt lcsfac
0 0 0 0 0 0 0 0
$# gmoddp gmodgr lcgmep lcphiep lcpsiep lcgmst cvalgr aniso
0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.0

Table E.4: Material card for MAT_NULL, calibrated to represent air at atmospheric pressure.

*MAT_NULL_TITLE
Air
$# mid ro pc mu terod cerod ym pr

3 1.225 0.0 0.0 0.0 0.0 0.0 0.0

Table E.5: Material card for MAT_RIGID, calibrated to represent rigid steel reservoir.

*MAT_RIGID_TITLE
Rigid steel
$# mid ro e pr n couple m alias

X 7666.01.68000E11 0.28 0.0 0.0 0.0
$# cmo con1 con2

1.0 7 7
$# a1 a2 a3 v1 v2 v3

0.0 0.0 0.0 0.0 0.0 0.0
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E.3 Contact algorithms

Table E.6: Contact card for CONTACT_AUTOMATIC_NODES_TO_SURFACE, calibrated to de-
scribe SPH node to Lagrangian solid surface interactions.

*CONTACT_AUTOMATIC_NODES_TO_SURFACE_ID
$# cid title

X N-S
$# ssid msid sstyp mstyp sboxid mboxid spr mpr

X X 4 3 0 0 0 0
$# fs fd dc vc vdc penchk bt dt

0.0 0.0 0.0 0.0 0.0 0 0.01.00000E20
$# sfs sfm sst mst sfst sfmt fsf vsf

5.0 5.0 0.0 0.0 1.0 1.0 1.0 1.0

Table E.7: Contact card for CONTACT_AUTOMATIC_NODES_TO_SURFACE, calibrated to de-
scribe interactions between Lagrangian solid surfaces.

*CONTACT_AUTOMATIC_SURFACE_TO_SURFACE_ID
$# cid title

X S-S
$# ssid msid sstyp mstyp sboxid mboxid spr mpr

X X 3 3 0 0 0 0
$# fs fd dc vc vdc penchk bt dt

0.0 0.0 0.0 0.0 0.0 0 0.01.00000E20
$# sfs sfm sst mst sfst sfmt fsf vsf

1.0 1.0 0.0 0.0 1.0 1.0 1.0 1.0
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E.4 Equations of state (EOS)

Table E.8: EOS card for EOS_LINEAR_POLYNOMIAL, calibrated to depict the behaviour of
water.

*EOS_LINEAR_POLYNOMIAL_TITLE
EOS Water
$# eosid c0 c1 c2 c3 c4 c5 c6

X 0.02.190000E99.223999E98.767000E9 0.4934 1.3937 0.0
$# e0 v0
205360.0 1.0

Table E.9: EOS card for EOS_LINEAR_POLYNOMIAL, calibrated to depict the behaviour of
air at atmospheric pressure.

*EOS_LINEAR_POLYNOMIAL_TITLE
EOS Air
$# eosid c0 c1 c2 c3 c4 c5 c6

1 0.0 0.0 0.0 0.0 0.4 0.4 0.0
$# e0 v0
253400.0 0.0
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Chapter F

Additional SHPB designs

F.1 Introduction

This appendix contains supplementary designs and schematics relevant to SHPB testing.
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F.2 Reservoir support stand
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