AN ABSTRACT OF THE DISSERTATION OF
Kengo Kato for the degree of Doctor of Philosophy in Civil Engineering presented on
May 15, 2017.
Title: Blast-induced Liquefaction: Observational Estimation of Vibration, Settlement
and Residual Pore Water Pressure

Abstract approved:
_____________________________________________________________________
Scott A. Ashford and H. Benjamin Mason

The blast technique has been used as an effective soil improvement method to compact
loose coarse-granular soils since 1930s, and the use of the blast technique is extended
as an application of in-situ liquefaction testing to investigate the performance of full
scale foundations and countermeasures against liquefaction in recent decades. Several
guidelines have been provided to determine optimum blast specification; however
“Trial and Error” is mostly used in designing blast-induced liquefaction. Then, the
mechanism of blast-induced liquefaction is still poorly understood. Accordingly, not
consistent design procedures for blast-induced liquefaction has effectively been used in
various types of soils. The objective of this work is to improve the relationship between
explosive energy and ground vibration, ground surface settlement, and residual pore
water pressure resulting from blast-induced liquefaction. In order to achieve this
objective, the data from USA, Japan, Canada, and New Zealand, including blast
densification and in-situ liquefaction testing in terms of explosive, are collected and
screened for quality. The new energy put accounting for multiple blasts is proposed, and
the new empirical models are developed. Explosive is only a source relating to
phenomena from blast-induced liquefaction. Vibration, settlement, and residual pore
water pressure can be predicted based on the contribution of explosive energy. The
developed models are useful as a preliminary tool for engineers to design blast-induced
liquefaction testing safely.

©Copyright by Kengo Kato
May 15, 2017
All Rights Reserved

Blast-induced Liquefaction: Observational Estimation of Vibration, Settlement and
Residual Pore Water Pressure

by
Kengo Kato

A DISSERTATION

submitted to

Oregon State University

in partial fulfillment of
the requirements for the
degree of

Doctor of Philosophy

Presented May 15, 2017
Commencement June 2017

Doctor of Philosophy dissertation of Kengo Kato presented on May 15, 2017

APPROVED:

Major Professor, representing Civil Engineering

Head of the School of Civil and Construction Engineering

Dean of the Graduate School

I understand that my dissertation will become part of the permanent collection of
Oregon State University libraries. My signature below authorizes release of my
dissertation to any reader upon request.

Kengo Kato, Author

ACKNOWLEDGEMENTS
I am really grateful to my advisor, Dean and Professor Scott Ashford who give me the
opportunity to study in Oregon State University and take on this project with them and
to research blast-induced liquefaction. Thanks to him, I was fortunately able to
participate the Ground Improvement Trial in Christchurch, New Zealand. I am also
thankful to my advisor, Professor Ben Mason who gave me the advices to advance my
research in step by step. Their help and assistance greatly progressed my research. I am
appreciate to Dr. van Ballegooy providing the data from the Ground Improvement Trial
carried out in Christchurch, New Zealand. The data became the important clue for my
research. I thank to my committee members, Professor. M. J. Olsen, Professor. Ben
Leshchinski, and Professor. A. J. Meigs who gave me the comments on my work and
thesis. Thanks my friends in OSU, I could spend happy life during the stay in OSU,
Corvallis and USA. This research opportunity was funded by the Caltrans (Award No.
59A0645)

TABLE OF CONTENTS
Page
Chapter 1. INTRODUCTION .......................................................................... 1
1.1

BACKGROUND ................................................................................... 1

1.2

OBJECTIVE ........................................................................................ 2

1.3

SUMMARY .......................................................................................... 2

Chapter 2. REVIEW OF BLAST-INDUCED LIQUEFACTION TESTING ........ 4
2.1.1 OVERVIEW OF RECENTLY CONDUCTED BLAST-INDUCED
LIQUEFACTION TESTING .............................................................. 4
2.1.2 Treasure Island in CA, USA ............................................................. 4
2.1.3 Oakridge Landfill in SC, USA ........................................................... 5
2.1.4 South Coldwater Creek, WA, USA ................................................... 6
2.1.5 British Columbia, Canada ................................................................. 7
2.1.6 Seymour Falls Dam, Canada ........................................................... 8
2.1.7 Tokachi Port in Japan ....................................................................... 9
2.1.8 Ishikari Port in Japan ...................................................................... 11
2.1.9 Christchurch in New Zealand ......................................................... 12
2.1.10 Tami Nadu .................................................................................. 13
2.2

OVERVIEW OF GROUND SETTLEMENT FROM BLAST-INDUCED
LIQUEFACTION................................................................................ 14

TABLE OF CONTENTS
Page
2.2.1 Characteristics of ground surface settlement ................................. 14
2.2.2 Prediction of ground surface settlement ......................................... 17
2.3

OVERVIEW OF GROUND VIBRATION FROM BLAST INDUCED
LIQUEFACTION................................................................................ 22

2.3.1 Surface and subsurface ground vibration ....................................... 25
2.3.2 Peak particle velocity ...................................................................... 26
2.3.3 Particle motion ................................................................................ 27
2.4

OVERVIEW OF PORE WATER PRESSURE REPONSE FROM
BLAST-INDUCED LIQUEFACTION .................................................. 28

2.4.1 Response of pore water pressure during blasting .......................... 28
2.4.2 Excess pore water pressure ratio ................................................... 32
2.5

SUMMARY ........................................................................................ 34

2.6

RESEARCH MOTIVATION AND CONTRIBUTION .......................... 36

Chapter 3. TERMINOLOGY USED IN BLASTING AND APPLICABILITY OF
BLAST-INDUCED LIQUEFACTION ............................................................... 55
3.1

INTRODUCTION ............................................................................... 55

3.2

OBJECTIVE ...................................................................................... 56

3.3

POWDER FACTOR........................................................................... 56

TABLE OF CONTENTS
Page
3.4

SCALING LAW AND ENERGY INPUT.............................................. 61

3.5

EMPLOYED BLAST PROPERTY ..................................................... 65

3.5.1 Employed powder factor ................................................................. 65
3.5.2 Charge weight of explosives placed in per blast casing ................. 66
3.5.3 Detonation delay ............................................................................ 67
3.6

SOIL CLASSIFICATION AND POST-TEST SOIL CONDITIONS...... 71

3.6.1 Grain size distribution ..................................................................... 71
3.6.2 Achieved penetration resistance .................................................... 72
3.7

SUMMARY ........................................................................................ 76

Chapter 4. CHARACTERISITICS OF GROUND VIBRATION FROM BLAST
INDUCED LIQUEFACTION ............................................................................ 93
4.1

INTRODUCTION ............................................................................... 94

4.2

OBJECTIVE ...................................................................................... 96

4.3

GROUND IMPROVEMENT TRIAL IN CHRISTCHURCH, NEW
ZEALAND.......................................................................................... 96

4.3.1 Backgrounds and project objectives ............................................... 96
4.3.2 Site evaluation ................................................................................ 97
4.3.3 Experimental set up ...................................................................... 101

TABLE OF CONTENTS
Page
4.4

RESULTS OF GROUND VIBRATION ............................................. 108

4.4.1 Peak particle velocity .................................................................... 108
4.4.2 Frequency .................................................................................... 112
4.5

DISCUSSION .................................................................................. 113

4.5.1 Liquefaction and intensity of ground motion from blast induced
liquefaction ................................................................................... 113
4.5.2 Intensity and wave mode .............................................................. 115
4.6

SUMMARY AND CONCLUSION ..................................................... 117

Chapter 5. BLAST-INDUCED GROUND SURFACE SETTLEMENT:
OBSERVATIONS AND EMPIRICAL ESTIMATION ...................................... 145
5.1

INTRODUCTION ............................................................................. 146

5.2

OBJECTIVE .................................................................................... 147

5.3

DATABASE OF RECENT BLAST-INDUCED LIQUEFACTION
TESTING......................................................................................... 148

5.4

ENERGY INPUT ............................................................................. 150

5.4.1 Powder factor ............................................................................... 150
5.4.2 Hopkinson’s number ..................................................................... 151

TABLE OF CONTENTS
Page
5.5

OBSERVATIONS OF BLAST-INDUCED GROUND SURFACE
SETTLEMENT ................................................................................ 151

5.5.1 Boundary between compacted and non-compacted layers .......... 151
5.5.2 Distance from charges to non-compacted layer ........................... 153
5.5.3 Settlement above ground water table ........................................... 154
5.5.4 Measured ground surface shape and settlement ......................... 155
5.6

ENERGY INPUT AND POST-TEST VOLUMETRIC STRAIN ......... 158

5.6.1 Residual pore water pressure and post-test volumetric strain ...... 158
5.6.2 Maximum post-test volumetric strain ............................................ 160
5.6.3 Threshold energy input ................................................................. 161
5.7

ESTIMATION OF BLAST-INDUCED GROUND SURFACE
SETTLEMENT ................................................................................ 162

5.7.1 Proposed model ........................................................................... 162
5.7.2 Evaluating procedures .................................................................. 163
5.8

DISCUSSION .................................................................................. 164

5.8.1 Number of detonation ................................................................... 164
5.8.2 Detonation delay .......................................................................... 165
5.8.3 Initiation of ground surface settlement .......................................... 167

TABLE OF CONTENTS
Page
5.8.4 Differences between earthquake and blast-induced settlement ... 169
5.9

SUMMARY AND CONCLUSION ..................................................... 172

Chapter 6. PREDICTION OF RESIDUAL PORE WATER PRESSURE
RESULTING FROM BLAST-INDUCED LIQUEFACTION ............................ 186
6.1

INTRODUCTION ............................................................................. 187

6.2

OBJECTIVE .................................................................................... 188

6.3

RESEPONSE OF BLAST-INDUCED PORE WATER PRESSURE . 189

6.4

COLLECTED DATA DESCRIPTION ............................................... 190

6.5

SCALING LAW ACCOUNTING FOR MULITPLE BLAST................ 192

6.5.1 Use of scaled distance ................................................................. 192
6.5.2 Use of Hopkinson’s number ......................................................... 195
6.6

RESIDUAL PORE WATER PRESSURE AND ENERGY INPUT .... 196

6.6.1 Use of Scaled distance ................................................................. 196
6.6.2 Use of cumulative Hopkinson’s number ....................................... 197
6.7

EVALUATING RESIDUAL PORE WATER PRESSURE ................. 200

6.7.1 Proposed model ........................................................................... 200
6.8

DISCUSSION .................................................................................. 202

6.9

SUMMARY AND CONCLUSION ..................................................... 203

TABLE OF CONTENTS
Page
Chapter 7. SUMMARY AND CONCLUSION .............................................. 214
7.1

FUTURE WORKS ........................................................................... 219

BIBLIOGRAPHY ........................................................................................... 222
APPENDIX ................................................................................................... 237

LIST OF FIGURES
Page
Figure 2-1. Ground surface shape in post blast densification for single blasting
(Gandhi 1999). .......................................................................... 43
Figure 2-2. Ground surface settlement from blast densification for line layout
(Rollins et al. 2004). .................................................................. 43
Figure 2-3. Distribution of ground settlement from single charge detonation
(Kummeneje and Eide 1961). ................................................... 43
Figure 2-4. Ground surface settlement from multiple blasts (Narsilio et al. 2009).
.................................................................................................. 44
Figure 2-5. Ground surface settlement from multiple blasts. The shaded area is
the area where the blast casings were placed (Tsujino et al. 2007).
.................................................................................................. 44
Figure 2-6. Achieved ground surface settlement and relationship between
Hopkinson’s number and the maximum post-test volumetric strain.
.................................................................................................. 45
Figure 2-7. Achieved ground surface settlement and relationship between
powder factor and the maximum post-test volumetric strain. .... 45
Figure 2-8. The achieved post-test volumetric strain in a series of blast
densification (Adapted from Gohl et al. 2003) . ......................... 46

LIST OF FIGURES
Page
Figure 2-9. Ground surface velocity in vertical direction from blast densification
project (Tsujino et al. 2007). ...................................................... 46
Figure 2-10. Particle velocity from blast densification (Dowding and Dupulaine
2004). ........................................................................................ 47
Figure 2-11. Surface and subsurface peak particle velocity with various types of
materials and wave modes from blasting (Dowding and Dupulaine
2004). ........................................................................................ 47
Figure 2-12. The effect of detonation delay on peak particle velocity (Dowding
and Dupulaine 2004). ................................................................ 48
Figure 2-13. Particle motion induced from blasting (Kim and Lee 2000). ....... 48
Figure 2-14. Excess pore water pressure response of loose silt, silty sands in
Tokachi Port site (Ashford and Juirnarongrit 2006) ................... 49
Figure 2-15. Time history of excess pore water pressure in pilot study in Tokachi
port site (Nagao et al. 2003). ..................................................... 49
Figure 2-16. Time history of excess pore water pressure response of medium
dense clean sands during a sequence of blasting at British
Columbia site (Rollins and Strand 2007). .................................. 50

LIST OF FIGURES
Page
Figure 2-17. Time history of excess pore water pressure response of well
graded gravelly soils at Maui site (Rollins et al. 2004). ............. 50
Figure 2-18. The generation and dissipation of excess pore water pressure of
the medium dense clean-silty sands at Ishikari Port site (Sugano
and Nakazawa 2009). ............................................................... 51
Figure 2-19. The time history of dissipation of the residual pore water pressure
ratio at Treasure Island site (Rollins et al. 2005). ...................... 52
Figure 2-20. The time history of dissipation of the residual pore water pressure
of medimum dense clean sands (Rollins and Strand 2007). ..... 52
Figure 2-21. The time history of dissipation of the residual pore water pressure
of well graded gravelly soils at Maui site (Rollins et al. 2004). .. 53
Figure 2-22. The time history of dissipation of the residual pore water pressure
of silt, sandy silt soils (Tsujino et al. 1997). ............................... 53
Figure 2-23. The relationship between peak pore water pressure and distance
with different charge weight of explosive (Tsujino et al. 2005). . 54
Figure 2-24. The relationship between peak pore water pressure ratio and
scaled distance (Tsujino et al. 2005). ........................................ 54

LIST OF FIGURES
Page
Figure 3-1. The differences of the definition of powder factor used in blast
densification in the case of two blast coverages used............... 82
Figure 3-2 The effecf of material damping on stress wave propagation. The
stress at wave front is not same at the same sacled distance σ1 ≠
σ2. ............................................................................................. 83
Figure 3-3 The effecf of radiation damping. The compressive stress at the wave
front is the same at the same scaled disance σ1= σ2 if homogerous
soil layers embbed. ................................................................... 83
Figure 3-4 The type of reflection and refraction on stress wave propagation. If
ρ1V1 ≠ ρ2V2 , the wave reflection and refraction must occur. The
stress at wave front is not same at the same scaled distance σ1 ≠
σ2. ............................................................................................. 83
Figure 3-5 Employed powder factor at Dam site (Data from Gohl et al. 2000,
Elliot et al. 2009, Narin van Court and Mitchell 1994) ............... 84
Figure 3-6 Employed powder factor at Harbor site (Data from Gohl et al. 2000
and Narin van Court and Mitchell 1994). ................................... 84
Figure 3-7 Employed powder factor for in-situ liquefaction testing (The powder
used in Main blasting in Ishikari Port was referred from Sugano
and Nakazawa 2009). ............................................................... 84

LIST OF FIGURES
Page
Figure 3-8 Employed powder factor for blast densification in various sites (Data
from Gandihi et al. 1999, Golh et al. 2000, Narin van Court and
Mitchell 1994 and Kimmerling 1994). *Trial blast testing. .......... 85
Figure 3-9 Frequency distribution of powder factor employed in past blast
densification and in-situ liquefaction testing. ............................. 86
Figure 3-10 Employed charge weight of explosives per blast casing ............. 86
Figure 3-11 Subsurface ground acceleration induced using detonation delay of
305ms (van Ballegooy et al. 2015) ............................................ 87
Figure 3-12 Subsurface ground acceleration induced using detonation delay of
105ms (van Ballegooy et al. 2015). ........................................... 87
Figure 3-13 Pore water pressure response measured at Tokachi Port G-1 with
a detonation delay of 30ms ....................................................... 87
Figure 3-14 Typical ground surface vibration response. The first arrived wave
typically vibrates ground surface in a duration 8ms-50ms. A
detonation delay of more than 100ms is typically required to
separate blast induced waves. .................................................. 88

LIST OF FIGURES
Page
Figure 3-15 Illustration of blast induced pore water pressure response. A
detonation delay of more than 250ms is typically required to
stabilize pore water pressure response. Dissipation of residual
pore water pressure starts at least one second after completion of
all detonations. .......................................................................... 88
Figure 3-16 Grain size distribution for cohesive soils of target layers (Data from
Gandihi et al. 1999 and Tsujino et al. 1997) .............................. 89
Figure 3-17 Grain size distribution of target layers consisted of sandy soils (Data
from Andrus et al. 1998, Sugano et al. 2002, Narsilio et al. 2009,
Sugano and Nagasawa 2009, Van Ballegooy et al 2014) ......... 89
Figure 3-18 Grain size distribution of gravelly soils of target layers (Data from
Solymar and Reed 1986 and Lipman and Mullineaux 1981). .... 90
Figure 3-19 Suggested boundary of grain size with less effective for blast
densification. ............................................................................. 90
Figure 3-20 SPT N-value of pre and post blasting at Ichikawa City and Tami
Nabu site. (Data from Tsujino at al. 2007, Gandihi et al. 1999) . 91

LIST OF FIGURES
Page
Figure 3-21 SPT N-value of pre and post blasting at Tokachi and Ishikari Port,
(Data from Tsujino et al. 2007, Sugano and Nakazawa 2009 and
Nakazawa et al. 2011) .............................................................. 91
Figure 3-22 Pre and post normalized SPTN-value at Coldwater Creek (Data
from Kimmerling 1994) .............................................................. 92
Figure 4-1 Soil profiles at Site 4, Avondale (data from Van Ballegooy et al. 2015)
................................................................................................ 123
Figure 4-2. The grain size distribution of the subsurface soils at Site 4, Avondale
(Data from Van Ballegooy et al. 2015) .................................... 124
Figure 4-3. The soil profiles of Natural soils at Site 4, Avondale (Data from Van
Ballegooy et al. 2015) ............................................................. 125
Figure 4-4. The soil profiles of Rammed aggregate piers measured between
columns at Site 4, Avondale. (Data from Van Ballegooy et al. 2015)
................................................................................................ 125
Figure 4-5 The soil profiles of Driven timber piles measured between timber
piles at Site 4, Avondale (Data from Van Ballegooy et al. 2015)
................................................................................................ 126

LIST OF FIGURES
Page
Figure 4-6 The soil profiles of Continuous flight auger piles measured adjacent
natural soils at Site 4, Avondale (Data from Van Ballegooy et al.
2015) ....................................................................................... 126
Figure 4-7. The soil profiles of Low mobility grout measured between low
mobility grout at Site 4, Avondale (Data from Van Ballegooy et al.
2015) ....................................................................................... 127
Figure 4-8. The soil profiles of Resin injection at Site 4, Avondale (Data from
Van Ballegooy et al. 2015) ...................................................... 127
Figure 4-9. The soil profiles of Gravel raft measured adjacent natural soils at
Site 4, Avondale (Data from Van Ballegooy et al. 2015) ......... 128
Figure 4-10. The soil profiles of Soil cement raft measured adjacent natural soils
at Site 4, Avondale (Data from Van Ballegooy et al. 2015) ..... 128
Figure 4-11. The soil profiles of Horizontal beam deck measured across a
horizontal beam at Site 4, Avondale (Data from Van Ballegooy et
al. 2015) .................................................................................. 129
Figure 4-12. The blast layout employed in the Trial blast No.1 and No.2 ..... 130
Figure 4-13. The blast layout employed in the production blast No.2 ........... 131

LIST OF FIGURES
Page
Figure 4-14. The blast layout employed in the production blast No.3 ........... 132
Figure 4-15. The blast layout employed in the production blast No.5A, No.5B
and No.7 ................................................................................. 133
Figure 4-16. The blast pattern employed in the Trial blast No.1 ................... 134
Figure 4-17. The blast pattern employed in the Trial blast No.2 ................... 134
Figure 4-18. The blast pattern employed in the production blast No.1 ......... 135
Figure 4-19. The blast pattern employed in the production blast No.3 ......... 136
Figure 4-20. The blast pattern employed in the production blast No.5A. ...... 137
Figure 4-21. The blast pattern employed in the production blast No.5B. ...... 137
Figure 4-22. The blast pattern employed in the production blast No.7. ........ 138
Figure 4-23. The pattern of detonations used at the Site 4, Avodale. ........... 138
Figure 4-24. The relationship between peak particle velocity (PPV) and square
root scaled distance measured in the Ground Improvement Trial.
The numbers shown in each figure is the coefficients in Equation
4-2. .......................................................................................... 139

LIST OF FIGURES
Page
Figure 4-25 All of the PPVs measured in the Ground Improvement Trial. The
number of data points N is 467, and the 95% of the data points
falls within the boundaries. ...................................................... 140
Figure 4-26. The relationship between peak particle velocity (PPV) and squar
root scaled distance measured in silty/clean sandy ground .... 140
Figure 4-27. The relationship between peak particle velocity (PPV) and squar
root scaled distance measured in gravelly ground .................. 141
Figure 4-28. The PPVs measured at free filed. The white and black dots show
the PPVs measured at sandy and silty soil grounds, the colored
dots show the PPVs measured at gravelly soil grounds. The
number of data points N is 191, and 95% of the data points falls
within the boundaries. ............................................................. 141
Figure 4-29. The relationship between the seismic wave velocities (P, S, and R
wave) and the coefficients of Equation 4-2. R-wave velocity is
estimated using the equation by Achenbach (1975). R2 shown in
the figures is a coefficient of determination. ............................ 142

LIST OF FIGURES
Page
Figure 4-30. Peak particle velocity at a different magnitude of residual pore
water pressure ratio with a different level of square root scaled
distance. The residual pore water pressure shown in the figures is
an averaged value measured in a depth of 2.7-6.5m. ............. 142
Figure 4-31. The particle motion measured at 12, 20, and 50m away from the
blast circle in a duration of 0-1000ms. The angle, i, shown in the
Longitudinal-Vertical (L-V) figures is the angle from a source to
measured points (i=tan-1[H/D], where D is an epicentral distance
and H is a depth of source). .................................................... 143
Figure 4-32. Comparison of the predominant frequency meaured at free
grounds to the one measured in Rapid Impact Compaction. For
the use of the data from Dowding and Duplaine (2004), the depth
of explosive did not provided so that it is assumed that a
hypocentral distance equals to a epicentral distance. ............. 144
Figure 5-1. Blast pattern. (A) Area pattern, (B) Linear pattern, (C) Combination
pattern. The arrows indicate the order of detonations. ............ 178
Figure 5-2. Distance from explosive placed at bottom deck to non-compacted
layer ........................................................................................ 178

LIST OF FIGURES
Page
Figure 5-3. Shape and area of ground surface settlement from blast-induced
liquefaction with average Hopkinson’ number in each site. The
colored regions demarcate the blast test zone boundaries at each
site (i.e., the location of the furthest explosives from the center of
test zone). ............................................................................... 179
Figure 5-5. Relationship between Hopkinson’s number and post-test volumetric
strain with residual pore water pressure. Blast dots are residual
pore water pressure mearured at each site. ............................ 180
Figure 5-6. Powder factor – maximum post-test volumetric strain. The annotated
numbers are the averaged initial relative densities that are
measured in pre-blasting. ........................................................ 181
Figure 5-7. Comparison of the measured post – test εv-max to the predicted post
– test εv-max. ............................................................................. 181
Figure 5-8. The sensitivity of relative density and powder factor in Equation 5-4.
................................................................................................ 182
Figure 5-9. The comparison between number of detonation and the ratio of
measured to predited post test maximum volumetric strain. ... 183
Figure 5-10. The comparison between the ratio of measured ε v-max to predicted
εv-max and detonation delay ...................................................... 183

LIST OF FIGURES
Page
Figure 5-11. Peak radial compressive strain εr-pk and post-test volumetric strain
εv. It is assumed that P-wave velocity is 1,600(m/s) to estimate εrpk.

............................................................................................ 184

Figure 5-12. Illustration of wave propagation from earthquake and blast. In the
figure (B), VP1<VP2< VP3 (each is P-wave velocity). ................. 185
Figure 6-1 Response of blast-induced excess pore water pressure (Tsujino et
al. 2007) .................................................................................. 205
Figure 6-3. The relationship between residual pore water pressure ratio Ru and
scaled distance for medium dense and dense clean/silty sand,
and slit and clay in signle blasting. .......................................... 205
Figure 6-4. The relationship between residual pore water pressure ratio Ru and
scaled distance for multiple blasts, SDmultipe, for medium dense
and dense clean/silty sand, and slit and clay in multiple blasting.
The arrows show the cases that SDmultiple decreases although
residual pore water pressure increases. ................................. 206
Figure 6-5. Effect of a number of blasts for the used of SDmultple. ................. 207
Figure 6-6. Effect of effective overburden stress for the use of SDmultple. ...... 208

LIST OF FIGURES
Page
Figure 6-7. The relationship between residual pore water pressure ratio and
Hopkinson’s number HN for medium dense and dense clean/silty
sand, slit, and clay in single blasting. ...................................... 208
Figure 6-8. The relationship between residual pore water pressure ratio and
cumulative Hopkinson’s number, HNcumulative, for medium dense
and dense clean/silty sand, slit, and clay in multiple blasts. .... 209
Figure 6-9. Effect of a number of blasts for the used of HNcumulative. ............. 210
Figure 6-10. Effect of effective overburden stress on development of residual
pore water pressure ratio for the used of HNcumulative. .............. 211
Figure 6-11. The comparison between measured and predicted residual pore
water pressure ratio. ............................................................... 212
Figure 6-12. Sensitivety of each correlation factor of the porposed model. .. 213

LIST OF TABLES
Page
Table 2-1 Recently conducted blast densification and in-situ liquefaction testing
....................................................................................................... 38
Table 3-1. Effect of environmental and loading conditions on damping ratio for
normally consolidated and moderately overconsolidated soils (after
Dorbry and Vucctic (1987) .............................................................. 77
Table 3-2 Summary of employed charge properties in recently conducted blast
densification projects and blast induced liquefaction testing. ......... 78
Table 3-3 Particle size and Coefficient of uniformity and curvature. ............... 81
Table 4-1 The properties of the subsurface soils at the Site 4, Avondale ..... 120
Table 4-2 The employed blast properties ..................................................... 121
Table 4-3 Empirical equations of ground vibration from blast induced
liquefaction testing ........................................................................ 122
Table 5-1. Employed test properties ............................................................. 174
Table 5-2. Description of the boundary between compacted and noncompacted
layer, and Coefficient k1 .............................................................. 175
Table 5-3. Settlement above GWT ............................................................... 176

Table 5-4 Threshold Hopkinson’s number, HNavg ......................................... 177
Table 6-1. Soil profiles and blast properties employed each site (Measured soil
layer) ........................................................................................... 204

Chapter 1.

INTRODUCTION

1.1 BACKGROUND
The blast technique has been used as an effective soil densification method for coarsegranular soils since 1930s (e.g., Lyman 1942, Kummeneje and Eide 1961, Ivanov 1967,
Charlie et al. 1992, Gohl et al. 2000, Al-Qassimi et al. 2005, Tsujino et al. 2007, Elliot
et al. 2009, Narsilio et al. 2009). In recent decades, the use of blast technique is extended
as an application of in-situ liquefaction testing to investigate the performance of full
scale foundations and the effectiveness of the soil improvements against liquefaction in
United State, Canada, Japan and New Zealand (e.g., PARI 2003, Ashford et al. 2004,
Rollins 2004, Rollins and Strand 2007, Sugano and Nakazawa 2009, van Ballegooy et
al. 2015). Hereafter, blast-induced liquefaction has been recognized as an effective and
useful tool for the investigation of in-situ soil dynamics.
Several guidance or recommendations for determining blast specification have
been provided (i.e., Ivanov 1967, Narin van Court and Michell 1994, 2003, Gohl et al.
2000, 2003 and Tsujino et al. 2007). However, “Trial and Error” has been mostly used
in designing blast-induced liquefaction. Therefore, the mechanism of blast-induced
liquefaction has been not understood well. Accordingly, not consistent procedures has
been effectively used for the various types of soils. Hereafter, developing evaluation
methods of ground vibrations, ground surface settlement, and residual pore water
pressure from blast-induced liquefaction, are expected to carry out blast-induced
liquefaction more efficiently and effectively.
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1.2 OBJECTIVE
The objective of this research is to improve the relationship between explosive energy
and blast-induced liquefaction. Specifically, the relationships between explosive energy
and ground vibration, ground surface settlement, residual pore water pressure are
improved. To meet with this objective, the further objectives are defined as the
followings;
1. Evaluating the characteristics of ground vibration from blast-induced liquefaction.
The data from The Ground Improvement Trial carried out in the Christchurch, New
Zealand during 2013-2014 are used, and the results are compared to these un-treated
ground.
2. Evaluating the area and magnitude of ground surface settlement from blast-induced
liquefaction. The relationship between explosive energy and ground surface
settlement is developed considering the blast properties and initial soil conditions.
3. Evaluating residual pore water pressure based on the contribution of explosive
energy for both single and multiple blasts.

1.3 SUMMARY
This dissertation consists of the seven chapters.
In Chapter 2, the recently conducted blast induced liquefaction tests are reviewed. In
addition, ground vibration, ground surface settlement, and excess pore water pressure
resulted from blast-induced liquefaction are also reviewed.
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In Chapter 3, the terminologies used in blasting are discussed to clarify their meaning
for blast-induced liquefaction and to use them for the further analysis. In addition, well
documented available data associated with blast induced liquefaction, including both
blast densification and in-situ liquefaction, are collected and summarized. The collected
data are used to improve the relationship between explosive energy and ground vibration,
ground surface settlement, residual pore water pressure in Chapter 4, 5, and 6.
In Chapter 4, the ground vibration from the Ground Improvement Trial carried out in
Christchurch, New Zealand are summarized and analyzed. The results are then
compared to the ones from other sites measured at free ground to discuss the effect of
soil improvements.
In Chapter 5, ground surface settlement from blast-induced liquefaction is summarized
and analyzed. The area and magnitude of ground surface settlement are correlated with
the proposed energy input.
In Chapter 6, blast-induced residual pore water pressure is summarized and analyzed.
The new energy input accounting for multiple blasts is proposed to correlate explosive
energy to residual pore water pressure.
In Chapter 7, the main conclusions from the analysis of ground vibration, ground surface
settlement, and residual pore water pressure in Chapter 4, 5, and 6 are summarized.
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Chapter 2.
REVIEW OF BLAST-INDUCED
LIQUEFACTION TESTING
2.1.1 OVERVIEW OF RECENTLY CONDUCTED BLAST-INDUCED
LIQUEFACTION TESTING
In this section, a brief review of the recently conducted blast-induced liquefaction
testing including both blast densification and in-situ liquefaction testing is described.
Table 2-1 summarizes the backgrounds and objectives of each project.

2.1.2 Treasure Island in CA, USA
The lateral load capacity of deep foundations for bridge structures is critically important
in seismically active regions. However, the typical design procedures for piles in
liquefiable soils were conservative because little or no resistance to lateral movements
were assumed. The full scale deep foundation testing using the blast-induced
liquefaction technique was performed in California, USA during 1998-1999 in order to
develop recommendations for soil parameters to use in the design and analysis of deep
foundations subjected to lateral loading in liquefied soils based on the results from the
full scale testing (Ashford and Rollins 2002; Ashford et al. 2004). The site-specific pilot
liquefaction studies were carried out in order to verify that the controlled blasting was
viable technique to use for the objective prior to the full scale pile foundation testing.
The single pile, group piles and earthquake drains were tested using the same blast
specifications verified in the pilot studies. During and after the blasts, ground surface
settlement, peak particle velocity and excess pore water pressure were measured in both
the pilot and main blasting for full scale deep foundation testing.
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Treasure Island is a reclaimed land locating in the middle of the San Francisco–
Oakland Bay Bridge in San Francisco. The soil profiles consisted of hydraulically
placed fill and native shoal sands to a depth of 4.5-6.0m. The interbedded silty sand and
silt clay layer deposited in the following soil stratum. The relative density evaluated
using CPT and SPT results indicated that the loose to medium dense clean and silty sand
was deposited.
The initial calibration tests were carried out using one or two charges of 1.0kg
in order to evaluate the capability of the various transducers and to calibrate the
relationship between the charge weight of explosive and the induced residual pore water
pressure ratio during blasting. In the pilot test, the charges were placed around the
periphery of two circles each having a horizontal radius of 2.1 m. For each circle, a total
of TNT equivalent charges of 0.5kg was placed in a depth of 3.6m. The charges were
detonated in 250ms delay between explosives in both the initial calibration test and the
pilot testing.

2.1.3 Oakridge Landfill in SC, USA
The pilot blast densification testing was implemented in South Carolina, USA in 1998.
The CPT results indicated that little or no soil improvement were achieved although the
significant ground settlements occurred after blasting. The further blast densification
projects were carried out to obtain the extensive information of the soil response during
and after blasting and to optimize the blast densification design for the subsequent target
areas in South Carolina during 2003-2011 (Narsilio et al. 2009, Vega-Posada 2012,
Vega-Posada et al. 2014). The number of site-specific blast densification tests with
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various blast properties were carried out in order to calibrate the soil deformations and
pore water pressure response.
Oakridge Sanitary Landfill locates in Charleston in South Carolina. The geology
map in South Carolina shows that the soil at the project sites are formed in the
Pleistocene epoch. The results of CPT, SPT and shear wave velocity at the project area
showed that very loose sand layer deposited and that the soils of the target layers were
classified as a liquefiable.
The pilot blast densification test was carried out in the two separated area using
from two to nine blast casings and the square grid in a space of 12.2m. The explosives
of 16-25.4kg were placed in a middle of the target layer and were detonated using the
detonation delay of 18ms. In the main blast densification tests, the charges of 11-34kg
were placed in a depth of 10m and detonated using a detonation delay of 50ms, 100ms,
and 10min.

2.1.4 South Coldwater Creek, WA, USA
The new bridge structures across South Coldwater Creek located in a high potential
seismic zone was constructed in WA, USA. Liquefaction potential analysis indicated
that the soils deposited at the project site were a moderate to high risk for liquefaction
and significant settlement. Blast densification was carried out to stabilize the soils
beneath of the bridge foundations (Jenkins et al. 1994, Kimmerling 1994). The sequence
of blast was divided into three phases. The initial blast properties were determined
considering the properties employed in past blast densification projects at the marine
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sites. In the sequence of blast, the modified blast properties that did not cause a large
slope movement in the adjacent slopes were selected.
The soils deposited at Coldwater Creek mainly consisted of the avalanche debris
from the 1980 eruption of Mont ST. Helens that formed blockages at the outlets of
Coldwater Creek. The avalanche debris consisted of the heterogeneous mixtures of
sands and gravels with a varied amount of silt cobbles and boulders. The initial relative
density of the deposits was approximately 20-40%.
The initial blast densification was carried out using a powder factor of 15g/m3
with the 6 decks with the charges of 2.3-13.6kg placed from 5 to 37m. The second blast
was carried out using a powder factor of 25g/m3 as a result of the initial blast.

2.1.5 British Columbia, Canada
Earthquake drain has been used as a liquefaction mitigation method at few sites in US,
however no earthquake drain has experienced earthquakes and this lack of field
performance data is a major obstacle to expanding the use of the technique. The full
scale earthquake drain testing was performed in order to evaluate the capability of
earthquake drains for the liquefaction mitigation based on the results from blast-induced
liquefaction. In addition, the full scale pile foundation subjected to downdrag force
during liquefaction was investigated in order to examine the soil-pile interaction in
liquefiable soils (Rollins 2004, Rollins and Strand 2007). The pilot liquefaction test
was carried out prior to the earthquake drain test and the pile foundation test in order to
make sure the required charge weight of explosive.
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The test areas for this project are at Deas Island locating at the end of Fraser
River near Vancouver, British Columbia, Canada. Deas Island is formed of the naturally
emplaced cannel and alluvial sands that deposit in approximately 200 years old (Wride
et al. 2000). The soil stratum of the test site mainly consists of the medium dense silty
sand, clean sand, and sandy silt.
In the series of the blasting, the charges were placed around the periphery of a
circle each having a horizontal radius of 5.0m. For each blasting, the four and eight blast
casing were placed around the circle with the charges of 0.227-3.0kg in a depth of 6.414.0m. The charges were detonated in a detonation delay of 500ms and 1,000ms.

2.1.6 Seymour Falls Dam, Canada
The Seymour Falls Dam in Vancouver, Canada is located in a high potential seismic
region. The Seymour Falls Dam was constructed during 1920s in order to supply
drinking water to the Vancouver area. The new concrete and earthfill dam was
incorporated into the existing dam in the early 1960’s. Then, it was decided to construct
the new earthfill embankment at the downstream toe in order to satisfy the modern
standards for a seismic resistance of the earthfill portion. Blast densification was carried
out to achieve the design levels of earthquake shaking (Elliot et al. 2009).
The Seymour Falls Dam is located at the Seymour River north of Burrard Inlet
in Vancouver. The soils beneath of the earthfill portion of the dam consist of the debris
originated from the creek of Burrard Inlet locating at west valley. The soils in a depth
of 20 to 40m are composed of loose granular materials, and the soils in a depth of 18m
is composed of coarse sand, gravel, boulders, and cobbles.
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The powder factor of 100-150g/m3 was employed to determine the blast
specification. The charges of 5-14kg were placed in a depth of approximately 10.022.0m with a 2m to 4m equilateral triangle. In addition, the charges were detonated
using a detonation delay of 2s between the blast casings and 25ms to 60ms between the
explosives placed in the blast casing.

2.1.7 Tokachi Port in Japan
2.1.7.1 Blast densification testing
The recent advancement of the explosion technique has allowed to carry out blast
densification economically and safely in the geotechnical engineering fields. The use of
blast technique has been used in the various types of ground and soil including fine to
coarse soils. Then, it is expected that the use of blast technique can be used for not only
sandy soils but also silty soils in blast densification. The blast densification was carried
out to evaluate the applicability for the densification the sand containing an amount of
silt in Tokachi Port, Japan (Tsujino et al. 2007). The pilot test was performed in order
to confirm the validity of the employed blast properties for the main blast densification.
The soil profiles of the G-1 and G-2 yards in Tokachi Port consist of the
hydraulically replaced loose clean/silty sand fill up to a depth of 20m. The very stiff
mad rock layer that originally deposited in this port was followed to the hydraulic fill.
The charges of 4.0-6.0kg were placed in a depth of 5.0m, 9.5, 14.0m, and 18.5m
and detonated with a detonation delay of 30ms between charges placed in the blast
casing and 250ms between the blast casings. In the main blast, the same blast property
as the pilot test was employed.
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2.1.7.2 In-situ liquefaction testing
The severe damages on the port facilities were observed on the reclaimed lands due to
liquefaction and lateral spreading in 1995 Kobe earthquake in Japan. Many researches
have been conducted to understand the behavior of the structures subjected to
earthquake loads and liquefaction. However, the most of the studies were performed
using the available case history data or the lab size experiments. Then, understanding
the performance of full scale structures in liquefiable soils became more important. The
full scale experiment was carried out to evaluate the pile foundations and the various
soil improvements against earthquakes and liquefaction using the controlled blastinduced liquefaction (Sugano et al. 2002; PARI 2003; Ashford and Juirnarongrit 2006).
The two pilot tests were conducted to confirm the required charge weight of explosive
and to make sure that liquefaction and lateral spreading successfully occur prior to the
main blasting.
Tokachi Port is the recently constructed reclaimed land in Hokkaido. The soil
profile consists of the hydraulic fill that is composed of very loose silty sand layer and
the very soft clay layer. The naturally deposited very dense gravel layer is followed to
the hydraulic fill.
The first pilot test was conducted using four the charges of 2.0kg-3.0kg. The
blast casings were constructed in a space of 10.0m and explosives were placed in a depth
of 5.0m and 10.0m. The second pilot test was conducted for the embankment testing
using the total ten blast casing with 7% slope. The 3kg of explosives were placed in a
depth of 3.0m and 6.0m in a rectangle layout which consisted of 10m in longitude and
30m in latitude.
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2.1.8 Ishikari Port in Japan
The earthquake case histories in Japan have shown that the airports play critical roles in
rescue activities, transporting aids and relief supplies when large earthquakes happen.
The earthquake case histories in 1964 Niigata and in 2000 Tottori showed that the
airports experienced the severe damages due liquefaction so that the airport facilities
were not functioned as transportation after the earthquakes. Therefore, it is important to
know the expected damages and the required functions of airport facilities during and
after earthquakes in advance. In-situ blast-induced liquefaction testing was carried out
at Ishikari Port in Hokkaido, Japan in order to establish the recommendations for airport
facilities to use in the design and analysis of full scale various types of the soil
improvements subjected to earthquakes and liquefaction (Sugano and Nakazawa 2009).
The pilot liquefaction study was performed in Soma Port. In addition, the additional
pilot study was performed in Ishikari Port in order to confirm the effect of ground
vibration, pore water pressure and the airport runways prior to the main blasting.
Ishikari Port is a man-made reclaimed port constructed as a central base of
distribution and production in Ishikari Bay locating west of Hokkaido Island. The soil
profiles consist of very loose hydraulically placed fill to a depth of 4.0m. The loose to
medium dense clean sand layer and the loose to very dense gravelly fills deposits
following to the hydraulically placed fill up to approximately a depth of 15m. The silty
sand and clayer layers deposited in Holocene age follows to the reclaimed fills.
In the pilot blasting, the explosives were placed in a space of 4.5m with the
square layout, and the two decks were set up in a depth of 4.5m and 9.0m in each blast
casing. The explosives of 2-4kg were used during the sequence of blasting. The blast
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casing were set up in the free ground and the charges were detonated in 200ms delay
between the explosives and the blast casings. The explosives were detonated from the
lower deck to the upper deck in each blast casing. The main blasting was carried out
using the same detonation delay and charge weight as the pilot blasting.

2.1.9 Christchurch in New Zealand
The large earthquakes hit on Canterbury and Christchurch regions in New Zealand
during 2010-2011. The devastating damages occurred on the residential and commercial
areas where loose sandy soils deposited due to liquefaction and lateral spreading. Then,
it is critical to strengthen the loose soils subjected to earthquakes and liquefaction to
reduce potential damages in the future. Ground Improvement Trail was carried out to
ensure whether the proposed soil improvement techniques for liquefaction mitigation
were viable or not on the residential lands based on the results from full scale testing
using blast-induced liquefaction testing (van Ballegooy et al. 2015). The liquefied areas
near Avon river sites after Christchurch earthquake were selected for the series of the
trials in Christchurch. The various ground improvement techniques, including grouting,
pile supporting, rafting, and horizontal beam deck, were examined, measuring ground
vibration, pore water pressure during blasting.
The test site in Avondale is mainly consisted of sandy soils. CPT results indicate
that the ground surface is mainly covered by peat soils. Sandy silt and silt soils deposit
in the beneath of peat soils. The loose clean/silty sand layer deposits in the following
soil stratum.
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Each soil improvement was constructed in the center of blast circle that has a
diameter of 5.0m and the explosives were set up around a periphery of each circle with
eight blast casings. The two or three charges of 0.55-2.7kg placed in a depth of from
2.5m to 10.0m were detonated in 105ms - 605ms delays between explosives and blast
casings.

2.1.10 Tami Nadu
The large quantities of fly ashes from thermal power plants have been disposed in ash
ponds although they are useful for agriculture, housing, or other developments in India.
The typical fly ashes deposited in slurry are very loose so that small bearing capacity,
large settlement and liquefaction are expected. Therefore, the ground improvement trial
were carried out in order to stabilize loose the fly ashes for increasing of bearing
capacity and liquefaction mitigation (Gandhi et al. 1999). A total of ninety explosions
including 15 single blasting with various charge weight and 3 group blasting is used.
At the test sites, the fly ash and bottom ash were mixed with ground water and
discharged into the pond in slurry form. Bedrocks were embedded beneath of the pond.
The fly ash consisted of the mixtures with silt and sand with small fraction of clay. The
samples obtained using standard penetration test showed that the average density of fly
ash was low.
The single blasting was carried out to calibrate the optimum depth and charge
weight per blast casing and the influence distance from blast casing. The charges were
placed in a depth of half to quarter of the average depth of the fly ash deposit with charge
weight of 5.56-27.8kg. The seventy-five blasting was carried out in order to evaluate
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the effect of the multiple blasts on the relationship between powder factor and relative
density. A powder factor of 2-4 g/m3 was employed for the multiple blasts with the
detonation delay of 25ms.

2.2 OVERVIEW OF GROUND SETTLEMENT FROM BLASTINDUCED LIQUEFACTION
Blast densification is a technique to densify loose coarse-granular soils accompanying
liquefaction phenomena. In addition, in-situ liquefaction testing also leads ground
surface settlements as a result of excess pore water pressure. Ground surface settlement
is often measured after blasting for confirmation of densification, which tells how much
soils are densified. Moreover, controlling the settled area from blast-induced
liquefaction is important for designing blast specification properly to avoid unexpected
damages on existing structures. Therefore, evaluating the area and magnitude of ground
surface settlement is critical in blast-induced liquefaction.

2.2.1 Characteristics of ground surface settlement
2.2.1.1 Shape of ground surface in post blasting
Ground surface settlement from blast induced liquefaction is a result of propagation of
blast induced waves and generating excess pore water pressure. The shape of ground
surface in post blasting is an indicator of how blast induced waves propagate and
attenuate in soils.
Gandhi et al. (1999) showed the shape of ground surface in post blast
densification for fly ash from single blasting (Figure 2-1). The maximum ground surface
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settlement was induced at the location where the blast casing was placed. The magnitude
of ground surface settlement decreased with distance from blast casing. The sharply
concaved ground surface settlement was achieved in single blasting. Rollins et al. (2004)
showed the ground surface settlement in gravelly soils from blast densification (Figure
2-2). In this blast densification, the explosives were placed with the four lanes. The
ground settlement shown in Figure 2-2 was measured in the perpendicular direction to
the line of the blast casing. The maximum ground surface settlement was induced at the
location where the blast casings were placed, and the sharply concaved shape of ground
surface settlement was achieved. The settlement decreased with distance from blast
casing as well. Kummeneje and Eide (1961) indicated that the concaveness of ground
surface settlement from single charge detonation increased with increase of the number
of detonations. On the other hand, the concaveness of the shape of ground surface
settlement from multiple blasting are different from single blasting. Narsilio et al. (2009)
showed the shape of the ground surface settlement from multiple blasting (Figure 2-4).
In the first blasting, the ground surface was uniformly settled in the test area (i.e., the
area where the blast casings were constructed). The ground surface settlement decreased
around the boundary of the test area with distance. In the sequent blasting, the
concaveness of ground surface settlement increased with increase of number of blasting.
The greater ground surface settlement occurred around the center of the test area.
However, the magnitude of ground surface settlement outside of the test area decreased
with increase with the distance in each blasting similar to the first blasting. Tsujino et
al. (2007) also showed the shape of the ground surface settlement in multiple blasting
from blast densification. As same as the case from Narsilio et al. (2009), the ground

15

surface was uniformly settled around the test area and the magnitude of ground surface
settlement decreased around the boundary of the test area with increase of the distance
in the first blasting. In second blasting, the same tendency as the first blasting was
observed.
The above case histories show that the achieved shape of ground surface is
changed with single or multiple blasting.

2.2.1.2 Degree of ground surface settlement
Blast induced liquefaction has been used in various soil conditions with a variety of
blast specifications in both blast densification and in-situ liquefaction testing. The
achieved maximum post-test ground surface settlement or volumetric strain from blast
induced liquefaction is of importance to know the extent of soil densification.
Narin van Court and Mitchell (1994) provided the achieved volumetric strain in
post blasting by collecting the case histories from blast densification. Narin van Court
and Mitchell (1994) showed that the range of the post–test volumetric strain was from
1 to 10% with the powder factor from 3 to 120g/m3. Unfortunately, no information about
the soil profiles (e.g., relative density, soil type, grain size distribution) were provided
so that no correlations using soil profiles with the achieved post-test volumetric strain
were made. Gohl et al. (2000, 2001, and 2003) provided the achieved volumetric strain
with powder factor and the pre and post soil relative density from the case histories that
the authors participated. The range of the achieved volumetric strain was from 3.5 to
10.0% with powder factor 5 to 125g/m3, and the final achieved relative density was in
the range from 50 to 75% for various coarse-granular soil which included fine-coarse

16

sands, silty sands, and sandy gravels. Tsujino et al. (2007) provided the achieved
volumetric strain measured at the various types of soils from blast densification. The
achieved post-test volumetric strain was in the range from 1.5 to 6.2% with powder
factor from 9 to 30g/m3. The relative density in the post densification was not estimated,
however SPT blow count indicated that the soil strength of the densified soils increased
in post blasting in silty and clean sands.
The case histories collecting by Narin van Court and Mitchell (1994), Gohl et al.
(2000, 2001, 2003), and Tsujino et al. (2007) showed that the achieved volumetric strain
varied with powder factor in the wide range.

2.2.2 Prediction of ground surface settlement
Prediction of volumetric strain of blasted soil layers is objectively important to know
how much soil is densified from blast induced liquefaction in designing blasting. In
addition, it is convenient to correlate the explosive energy with the achieved volume
change. Ground surface settlement in post blasting is a useful information to estimate
the volume change of the blasted and liquefied soil layers. Several empirical models to
predict the ground surface settlement and the volumetric strain from blast-induced
liquefaction are propose.
Single blasting
Gandhi et al. (1999) summarized the ground surface settlement resulted from blast
densification from single blasting at the site where the loose fly ash deposited. The
ground surface settled in the range from 0.3m to 0.5m with charge weight 8.0-13.9kg.
Gandhi et al. (1999) also found from the series of densification projects for single
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detonation that the ground surface settlement could be modeled with explosive energy
(Equation 2-1). According to Equation 2-1, the magnitude of ground surface settlement
is only function of the hypocentral distance and the cube root charge weight.

h
 R 
 R 
 0.19  0.04  0.33   0.002  0.33 
0.33
W
W 
W 

2

Equation 2-1

Multiple blasting
Kok (1981) and showed that the achieved volumetric strain increased with increase of
Hopkinson’s number (HN) as shown in Figure 2-6. The volumetric strain increased with
increase of HN, and the maximum volumetric strain reached approximately 2.8-2.9%
when HN is over 0.4. No ground settlements occurred HN less than approximately 0.08.
Kok (1981) developed the regressive model using the data for the prediction of the
achieved ground surface settlement (Equation 2-2). Although the soil profiles are not
accounted in the regression curve, it can be confirmed that explosive energy
contribution is critical on the achieved volumetric strain and that the magnitude of
volumetric strain changes with the amount of explosive energy that soils received during
blasting.

 3W
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Equation 2-2
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Narin can Court and Mitchell (1994) collected the 18 case histories from the
blast densification projects and developed the regression models of ground surface
settlements with energy input (i.e., Hopkinson’s number and power factor). However,
the data largely scattered, and there was a poor correlation between the post–test
volumetric strain and explosive energy as shown in Figure 2-6. In fact, the coefficient
of correlation, r, of each regression curve was 0.18 and 0.30, respectively. This was
possibly because blast properties and soil profiles were not accounted for the regression
analysis. Generating excess pore water pressure and corresponding soil deformations in
blast induced liquefaction are affected by initial soil conditions, such as relative density,
soil stiffness, grain size distribution, etc. In other words, although soils receive the same
amount of explosive energy during blasting, corresponding ground surface settlements
are not consistent. Poorly correlated regression curve indicated that not only explosive
energy is a critical factor, but also soil properties are necessarily considered for the
prediction of ground surface settlement.

 v  5.1  1.45ln  HN 

Equation 2-3

 v  1.09  1.89ln  PF 

Equation 2-4

 v  4.32HN 0.39

Equation 2-5

 v  0.84PF 0.50

Equation 2-6
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Eslami et al. (2015) collected the data from the case histories of blast
densification and showed the relationship between powder factor and the achieved
volumetric strain (Figure 2-7). No soil and blast properties were considered in Figure 7,
however it was at least confirmed that the achieved ground surface settlement increased
with increase of powder factor. Although Eslami et al. (2015) did not show the
regressive equation from the data, the empirical model for estimating the achievable
volumetric strain could be developed (Equation 2-7).

 v  0.77 PF 0.46

Equation 2-7

Gohl et al. (2000) suggested the procedure for estimating the post maximum
achievable ground surface settlement in blast densification. Gohl et al. (2000) assumed
that no densification is expected if relative density is more than approximately Dr=80%.
Based on this assumption, the empirical model shown in Equation 2-8 was developed
using a typical value of the minimum and maximum void ratio. In addition, Gohl et al.
(2003) showed the achieved post-test volumetric strain with a number of blast events
(Figure 2-8). According to the figure, the volumetric stain (ground surface settlement /
thickness of loose layers) greatly increased in first to fourth blasting and the increment
of ground surface settlement decreased in the sequent blast events. This fact indicated
that the achievable maximum post volumetric strain existed.
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Another method
Nakazawa and Sugano (2013) studied the effect of propagation of residual pore water
pressure on the characteristics of shear modulus and volumetric strain of fines-sand
mixture soils in post liquefaction using a triaxial and hollow cylinder devise. In addition,
the results from the lab testing were compared to the results from the field blast induced
liquefaction carried out in Ishikari Port in 2007. During the laboratory testing, the
coefficient of earth pressure Ko, confining stress, fine fraction and relative density were
controlled and investigated their effects on the development of excess pore water
pressure and volumetric strain in the post liquefaction. Nakazawa and Sugano (2013)
proposed the semi-empirical models for estimating the volumetric strain in post
liquefaction by comparing the results from Ishikari Port as follows, Equation 2-9 is for
non-improved soils, and the Equation 2-10 is for improved soils. According to these
equations, the magnitude of excess pore water pressure may be significant on the
volumetric strain under undrained cyclic loading.
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2.3 OVERVIEW OF GROUND VIBRATION FROM BLAST INDUCED
LIQUEFACTION
Ground vibration control is of considerably importance to keep surrounding
environments and structures in safe. In addition, humans are very sensitive to vibrations,
then the level of frequency of ground vibrations is needed to be considered to avoid
harming. Generally speaking, a typical guidance for ground vibration control in
practical operations of construction requires to evaluate particle velocity and frequency
for protect the existing structures from potential damages. For example, the guidance
for transportation and construction issued by Caltrans (Andrews et al. 2013) provided
the vibration criteria in the various cases for both structures and humans based on peak
particle velocity.
Narin van Court and Mitchell (1994) indicated the critical factors on the
characteristics of the ground vibration induced from blast-induced liquefaction as
follows;
1) Detonation delay
2) Weight of charges per detonation and distance
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3) Soil characteristics and stratification
4) Excess pore water pressure
5) Wave mode
It is known that the typical range of natural frequency and resonant frequency
of the various types of soils including fill materials, naturally deposited sandy soils, and
soft rocks is from 20Hz to 30Hz (Hertwig et al. 1933; Terzarghi et al. 1996). The
amplitude of ground vibration of surface and subsurface soils is affected by both
frequency of arriving waves and type of soils. In blast induced liquefaction testing,
ground oscillation might be affected by sequence of detonation of explosives if
detonation delays are close to the soil’s natural frequency. Soils response in same
intervals as detonation delays. Considering natural frequency of soils, the amplitude of
ground vibration may increase if detonation delays are in the range from 30ms to 50ms
(i.e., 1/20 to 1/30 of soils natural frequency). Contradictorily, the in-situ measurement
showed that the amplitude of ground vibration is reduced if longer detonation delays are
used. There are two reasons: firstly, blast induced waves separately propagate in soils
so that there are no overlaps between waves from each explosive. Secondly, blast
induced waves and soils are not harmonized if detonation delays are longer than the
natural frequency of soils. La Fosse (1991) showed that the peak particle velocity was
reduced approximately 30% in the case of employing 55-125ms detonation delays
comparing to the case of 8ms detonation delays. Blast induced waves separately
propagated in soils so that ground vibration attenuated before next waves arriving.
Therefore, detonation delay influences on the amplitude of ground vibrations.
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Amplitude of blast induced loads clearly depends on charge weight of explosives.
In addition, blast induced waves attenuate with distance due to loss of its energy.
Amplitude of ground vibration is affected by both of them. Scaled distance is often used
to consider each effect on the degree of particle velocity in blasting. Square or cube root
charge weight are commonly used to correlate explosive energy for ground vibration
evaluation. Square root correlation is use for columnar charges and cube root correlation
is used for a single charge.
Soils are complex and high plastic materials. The behavior of soils under
dynamic loading highly depends on its characteristics. In addition, soil stratification is
not uniform whatever naturally deposited or reclaimed sites. Blast induced waves
encounter various soil types and are reflected and refracted during propagation before
arriving ground surface. Therefore, explosive energy is not fully conveyed to ground
surface due to such complexities. This indicates that ground motion from blast-induced
liquefaction testing is affected by site conditions.
Saturated soils near explosives are shaken by blast induced loads, which results
in generating excess pore water pressure and softening soils during blasting. Properties
of soils are then changed during blast sequences. This means that surface and subsurface
grounds are vibrated by the blast induced waves which propagate both non-liquefied
and liquefied soils in multiple blasting. The firstly arrived wave propagates in zero
excess pore water pressure soils and the sequentially arriving waves propagate in
softened and liquefied soils at near filed from explosives. S-wave, often called as shear
wave, cannot propagate in liquid because liquid has no shear stiffness. Shear modulus
of liquefied soils is greatly reduced due to generating excess pore water pressure and
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increment of maximum shear strain. Therefore, the characteristics of vibration of
liquefied soils induced by S-wave greatly changes with sequence of blasting. P-wave,
called as compressive wave, can propagate in both soils and liquid. So, the influence of
generating excess pore water pressure may be insignificant on ground vibration induced
by P-waves.
Waves are distinguished in two types of waves; body wave and surface wave.
Body wave consists of P-wave (compressive wave) and S-wave (shear wave). Surface
wave consists of Rayleigh wave and Love wave. Rayleigh wave is generated by P-wave
arriving at ground surface, and Love wave is generated by S-wave arriving at ground
surface as well. Motion and amplitude of ground surface or subsurface change with type
of waves. The effect of Love wave is generally small and negligible on ground vibration.
So, body waves and Rayleigh wave is critical on ground vibration from blast induced
liquefaction.

2.3.1 Surface and subsurface ground vibration
Blast induced waves initially propagate as body wave in both saturated and unsaturated
soils during a propagation, and surface waves emerge when body waves arrive at ground
surface. Both body wave and surface vibrate ground in certain magnitude and attenuates
with distance from explosives. Tsujino et al. (2007) showed the ground vibration from
blast densification at a different epicentral distance (Figure 2-9). At a distance of 50m
from the explosive, both body and surface wave was manifested by the particle velocity
record, and ground surface was vibrated in the same magnitude. The vibration
attenuated and diminished in a few second after the blast induced waves were passing.
However, at a distance of 75m, the body wave clearly diminished and surface wave was
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more critical on the ground vibration. At a distance of 175m, the body wave almost
disappeared and only the surface wave was critical on the ground vibration. In addition,
Tsujino et al. (2007) also showed that the body wave induced high frequency waves and
surface wave induced low frequency wave. Dowding and Dupulaine (2004) provided
the ground surface vibration motion measured at a different distance in vertical,
transverse, and longitudinal direction from blast densification (Figure 2-10). The farfield surface particle motion was more complex than the near field subsurface particle
motion. The surface waves can be manifested in the vertical and longitudinal direction
comparing to the transverse direction. At near field from explosives, the body wave
induced the higher particle velocity than the surface wave in vertical direction and at far
field, the surface wave induced the peak particle velocity and dominated ground
vibration. The first arriving wave (i.e., body wave) consisted of high frequency wave
(i.e., approximately 40Hz) and the later arriving wave consisted of low frequency wave
(i.e., approximately 4-6Hz). In addition, a detonation delay of 25ms reduced the degree
of particle velocity of subsurface.
Accordingly, both the ground velocity recorded by Tsujino et al. (2007) and
Dowding and Dupulaine (2004) showed that body waves produced high frequency
waves at near field, and surface waves produced low frequency waves at far field.

2.3.2 Peak particle velocity
Peak particle velocity is often used as a threshold amplitude of ground vibration for
vibration control and vibration criteria (i.e., Andrews et al. 2013). Ground vibrations are
affected by various factors, such as soil type, wave mode, reflection and refraction of
waves, and existing structures. In practice, peak particle velocity is evaluated using a
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simplified model, which is given as a function of a distance, i.e., V=kD-n where V is a
peak particle velocity, k is value of velocity at one unit of distance, n is coefficient of
attenuation, and D is distance from the vibration source. In blast induced vibration,
distance D is divided by cube or square root charge weight (i.e., called as a scaled
distance) to take into account the energy of the explosive. Dowding and Dupulaine
(2004) showed the effect of wave mode and soil type on peak particle velocity,
collecting the data from rock blasting, deep blast densification and explosion of
penetrating weapons. Generally, peak particle velocity attenuates with scaled distance
and the type of materials influences on the magnitude of peak particle velocity as shown
in Figure 2-11. For example, the peak particle velocity of the saturated clay was
approximately ten times larger than the one of rock measured at the surface. The
comparisons in Figure 2-12 showed that the effect of detonation delays on peak particle
velocity. As previously said, longer detonation delays could reduce the peak particle
velocity.

2.3.3 Particle motion
It is well known that P-wave, S-wave, and surface wave induce a different pattern of
ground motion. Monitoring particle motion is often used to identify the propagation path
and the type of major waves induced from various sources. Kim and Lee (2000) showed
the particle motion monitored in a depth of 6m from ground surface in blast testing
(Figure 2-13). The angle of the particle motion plotted in vertical-longitudinal space
was corresponding to the direction to blasting source. The particle motion also showed
the soil was vibrated in transverse direction, however the compressive components (Pwave) dominantly arrived to the monitored point (Kim and Lee 2000).
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2.4 OVERVIEW OF PORE WATER PRESSURE REPONSE FROM
BLAST-INDUCED LIQUEFACTION
Evaluating pore water pressure response is objectively important for blast-induced
liquefaction. During a sequence of blasting, blast induced waves shake the saturated
soils in the vicinity of explosives, and excess pore water pressure is generated as a result
of propagation of blast induced loads. In blast induced liquefaction, excess pore water
pressure is categorized into two; peak and residual pore water pressure. Peak pore water
pressure is induced by the propagation of the firstly arriving wave. Residual pore water
pressure is a resultant excess pore water pressure after blast induced loads passing.
Occurrence of liquefaction is generally identified when residual pore water pressure
equals to the initial effective vertical stress.

2.4.1 Response of pore water pressure during blasting
2.4.1.1 Development of excess pore water pressure
Ashford and Juirnarongrit (2006) showed the excess pore water pressure response
measured in the full scale pile foundation subjected to lateral spreading from blastinduced liquefaction carried out in Tokachi Port site, Japan (Figure 2-14). The pore
water pressure response was measured at a depth of 2.0, 4.0 and 6.0m from ground
surface. At a depth of 4.0 and 6.0m, the residual pore water pressure reached and
exceeded the initial effective vertical stress during the primary blasting. The residual
pore water pressure slightly increased in the secondary blasting. At a depth of 2.0m, the
residual pore water pressure significantly increased during the first blasting, however
the maximum residual pore water pressure was less than the initial vertical effective
stress as shown in Figure 2-14. The residual pore water pressure slightly increased as
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same as the records measured at 4.0m and 6.0m. The peak pore water pressure was
relatively small during the development of excess pore water pressure in each depth.
The amplification of excess pore water pressure became significant after the soils were
moslty liquefied. During the second blasting, no peak pore water pressure was generated.
Similar pore water pressure response measured in pilot study was observed (Figure
2-15). The peak pore water pressure during the development of excess pore water
pressure was relatively small and its amplification was very significant after the soils
were fully liquefied. Rollins and Strand (2007) showed the pore water pressure response
of medium dense clean sands measured in the preliminary blast testing at British
Columbia (Figure 2-16). The residual pore water pressure ratio increased with increase
of a number of detonation, and its increment was stopped when residual pore water
pressure exceeded 0.85-0.9 in each depth. The peak pore water pressure could be clearly
seen in each detonation at each depth. In addition, the peak pore water pressure seemed
to increase with increase of residual pore water pressure ratio (i.e., decrease of vertical
effective stress). The excess pore water pressure was amplified in both negative and
positive. This indicated that compression and expansion of pore water possibly occurred
due to propagation of P-waves, not due to contraction and dilation of soils. Rollins et al.
(2004) showed the pore water pressure response measured in well graded gravelly soils
at Maui (Figure 2-17). The residual pore water ratio increased with increase of a number
of detonation, and its increment decreased with increase of residual pore water pressure
ratio as same as other sites. On the other hand, the response of peak pore water pressure
was quite different from the one measured in sandy soils. The larger amplification in
pressure initially was induced in positive with passing of blast induced waves, then the

29

smaller amplitude of excess pore water pressure was induced in negative. Sugano and
Nakazawa (2009) showed the excess pore water pressure response of the medium dense
clean/silty sands measured at Ishikari Port site (Figure 2-18). The excess pore water
pressure response was similar to the one of Tokachi port. The residual pore water
pressure increased with increase of a number of detonation, and the amplitude of excess
pore water pressure became significant with increase of residual pore water pressure.
The case histories showed that residual pore water pressure increases with
increase of a number of blasting, and its increment stops when residual pore water
pressure equals to the initial vertical effective stress. Response of peak pore water
pressure, on the other hand, depends on the soil type. It can be confirmed from case
histories that excess pore water pressure was amplified in both negative and positive
regardless of sites during a sequence of blasting.

2.4.1.2 Dissipation of excess pore water pressure
Rollins et al. (2005) showed the time history of the residual pore water pressure
measured in a depth of 2.15, 4.30, and 6.45m using the vertically located piezometer at
Treasure Island site (Figure 2-19). The time history clearly showed that the residual pore
water pressure did not simultaneously dissipate in each depth. The rate and degree of
dissipation of residual pore water pressure depended on the depth. Figure 2-19 showed
that the residual pore water pressure in a depth of 6.45m quickly dissipated and the one
in a depth 2.15m and 4.30m started to dissipate lately. The rate of dissipation of the
residual pore water pressure in a depth of 6.45m was relatively fast at the beginning of
the dissipation, and its rate gradually became slow with time. The same tendency in
each deep depth could be confirmed. The degree of excess pore water pressure ratio
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reached approximately 10% in 30min after the end of blasting in each depth. Rollins
and Strand (2007) showed the time history of the dissipation of residual pore water
pressure measured in a depth from 5.5m to 13.7m at British Columbia site (Figure 2-20).
The rate and degree of dissipation of residual pore water pressure was different in each
depth as same as the data from Treasure Island site. For example, the degree of the
residual pore water pressure immediately decreased after the end of blasting in a depth
of 13.7m and it took time to start dissipation in a depth of 5.5m. The rate of dissipation
of residual pore water pressure also depended on depth and time. The rate of dissipation
in a depth of 13.7m was fastest and the one in a depth of 5.5m was slowest. The degree
of the residual pore water pressure ratio was less than 10% in 25min after the end of
blasting except a depth of 5.5m. Rollins et al. (2004) showed the time history of the
dissipation of the residual pore water pressure of well graded gravelly soils measured in
a depth of 5.45m in Maui site. The pore water pressure response was measured in a point
depth and no information about dissipation in vertical direction was provided. The rate
of dissipation of residual pore water pressure was relatively fast comparing the data
from Treasure Island and British Columbia site where medium dense silty sand and
clean sands deposited. Tsujino et al. (1997) showed the time history of the rate of the
dissipation of residual pore water pressure of the silt soil measured at Ichikawa City
where the reclaimed silty soil deposited. The rate of dissipation was very slow
comparing to the sandy grounds at Treasure Island or British Columbia site. Although
the blasting was carried out with the detonation delay of 30 minute, the residual pore
water pressure ratio was still 60 to 70% in seven hours after the end of blasting.
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Unfortunately, no data of in-situ hydraulic conductivity was provided in each
site, however the time history of dissipation of residual pore water pressure showed that
the characteristics of the excess pore water pressure dissipation from blast induced
liquefaction highly depends on soil type and depth.

2.4.2 Excess pore water pressure ratio
2.4.2.1 Peak pore water pressure ratio
Tsujino et al. (2005) showed the peak pore water pressure induced by various charge
weight with distance from explosives (Figure 2-23). The pore water pressure was
measured in a depth from 5.0 to 14.0m with charge weight from 1.5 to 6.0kg. According
to Figure 2-23, the peak pore water pressure decreased with increase of distance and
increased with increase of charge weight. The peak pore water pressure rapidly
decreased in the distance up to approximately 15m, and its magnitude gradually
decreased with distance over 15m regardless of charge weight. Tsujino et al. (2005) also
showed the relationship between the peak pore water pressure ratio (i.e., upeak/σ’v) and
the scaled distance (Figure 2-24). As same as the relationship between the peak pore
water pressure and distance, the peak pore water pressure ratio decreased with increase
of scaled distance. The peak pore water pressure reached to the initial vertical effective
stress in scaled distance of approximately 300m/kg0.33. However, the plotted data
significantly scattered. For example, the maximum peak pore water pressure ratio was
approximately ten times larger than the minimum value at a scaled distance of
10m/kg0.33. This might be due to the effect of characteristics of soils, characteristics of
pore water pressure. Bulk modulus of pore fluid significantly depends on the
environmental condition. Figure 2-24 indicated at least that peak pore water pressure
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ratio log-linearly decreased with increase of scaled distance. This tendency is different
from the relationship between residual pore water pressure ratio and scaled distance.

2.4.2.2 Residual pore water pressure ratio
Eller (2011) collected the data from recently conducted blast-induced liquefaction
including both blast densification and in-situ liquefaction testing. The regressive models
were developed for the relationship between the scaled distance and the residual pore
water pressure ratio for multiple blasts. The data were collected from the eight sites
including USA, Canada and Japan where the site consisted of loose, medium dense, and
dense sandy soils. Eller (2011) developed the regressive model using the available data
in each site. The decisive coefficient of correlation R2 was 0.51 for the logarithmic
model (Equation 2-11) and 0.58 for the powder model (Equation 2-12), respectively.
Although the decisive coefficient of correlation was slightly small, the regression
models indicated that normalized SPT N-value and effective over burden stress was
critical on the development of the residual pore water pressure ratio.

 R
Ru mult  1.74  0.51ln  3
 W

Ru mult

 R 
 8.83  3 
 W

1.34


'
  0.032  N1 60  0.002 v  kPa 


Equation 2-11

EXP  0.08  N1 60  0.0037 v'  kPa  

Equation 2-12

The regressive model for single blast showed the relationship between the
residual pore water pressure and the scale distance was quite different from multiple
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blasting. The residual pore water pressure ratio was correlated with scaled distance, and
soil properties were insignificant on developing residual pore water pressure although
the data from loose, medium dense and dense sands were used. The regressive model
for single blasting was shown in the below (Equation 2-13).

 R 
Ru-single  0.754  0.252ln  3 
 W

Equation 2-13

2.5 SUMMARY
In Chapter 2, the recently conducted blast induced liquefaction including both blast
densification and in-situ liquefaction testing was reviewed. In addition, the ground
surface settlement, the ground vibration, and the pore water pressure response from blast
induced liquefaction were also reviewed.
1) Project backgrounds and objectives of blast induced liquefaction.
The blast induced liquefaction has been used as blast densification and as an application
of in-situ liquefaction testing in recent decades. As blast densification, the blast
technique have been used as useful soil densification for both fine and coarse granular
soils to mitigate liquefaction-induced ground failure. As an in-situ liquefaction testing,
the blast technique has been used to investigate the performance of various types of the
soil improvements against liquefaction and to study the performance of deep
foundations subjected to earthquake and lateral spreading in liquefiable soils. Because
of this variety of the objectives, not a consistent design procedure for both blast
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densification and in-situ liquefaction testing was effectively used for various types of
soils.
2) Ground surface settlement
The case histories showed that the achieved ground surface conditions were influenced
by not only a response of soil and pore water pressure but also blast properties. For
example, the shape of ground surface settlement showed that the achieved ground
conditions highly depended on single or multiple blasting. A few empirical model to
predict ground surface settlement for both single and multiple blasting has been
proposed. The correlation between the achieved ground surface settlement and
explosive energy indicates that both explosive energy and soil profiles is significant on
the achieved ground surface settlement condition. However, no correlations using both
explosive energy (e.g., Hopkinson’s number, powder factor) and soil profiles (e.g., soil
type, relative density, fine fraction, etc) were made. Accordingly, it is still difficult to
evaluate ground surface settlement from blast induced liquefaction.
3) Ground vibration
The case histories from blast-induced liquefaction showed that the peak particle velocity
could be predicted using square or cube root scaled distance. In addition, the case
histories also showed that the effect of detonation delays and wave mode were critical
on the characteristics of peak particle velocity and frequency of ground motion. On the
other hand, the effect of generation of excess pore water pressure during blasting and
soil characteristics on ground motion and peak particle velocity were not discussed well.
Moreover, all of ground vibrations were measured at free ground and no measurement
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was done on improved soils. Therefore, it can be said that the critical factors indicated
by Narin van Court and Mitchell (1994) is not fully accounted for evaluating ground
vibration from blast-induced liquefaction on the existing models.
4) Pore water pressure response
Peak and residual pore water pressure were correlated with scaled distance using the
data from the case histories from both blast densification and in-situ liquefaction testing.
The relationship between peak/residual pore water pressure ratio and scaled distance
showed that peak/residual pore water pressure ratio increased with increase of scaled
distance. In addition, the development and dissipation of excess pore water pressure
changed with depth and soil properties. In past blast densification and in-situ blastinduced liquefaction testing, multiple blast is often accompanied to achieve better
compaction and reduced an impact of blasting on surrounding environment, however
there were no considerations on the number of blast on buildup of excess pore water
pressure and the correlations.

2.6 RESEARCH MOTIVATION AND CONTRIBUTION
This research focuses to improve the relationship between explosive energy and blastinduced liquefaction. Specifically, improving the understanding the relationship
between explosive energy and ground vibration, ground surface settlement, residual
pore water pressure from blast induced liquefaction is focused. To meet this objective,
the data from the recently conducted blast-induced liquefaction including both blast
densification and in-situ liquefaction testing are collected and screened for quality. The
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data is then compared to the results from The Ground Improvement Trial carried out in
Christchurch, New Zealand during 2013-2014.
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Table 2-1 Recently conducted blast densification and in-situ liquefaction testing
Location

Project
year

Project backgrounds

Main objectives

Reference

The location where the new bridge constructed

Stabilizing the soils beneath of the

was in a potential seismic. Liquefaction

bridge foundations subjected to

potential analysis indicated that the foundation

earthquakes in order to prevent from

soils might be liquefied and significant

liquefaction and potential ground

Kimmerling

settlements were expected.

failures using blast densification.

(1994)

The lateral load capacity of deep foundations

Developing the recommendations for

for bridge structures is critically important in

soil parameters to use in the design

seismically active regions. However, the

and analysis of deep foundations

Rollins

Treasure

1998-

typical design procedures for piles in

subjected to lateral loading in

(2002)

Island, USA

1999

liquefiable soils were conservative because

liquefied soil based on the results from

Ashford et

little or no resistance to lateral movements

the full scale testing.

al. (2004)

Coldwater
Creek, WA,

1992

USA

were assumed.
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Jenkins et al.
(1994),

Ashford and

Location

Project

Tokachi Port,
Japan
(In-situ

Project backgrounds

year

2001

liquefaction
testing)

Main objectives

The severe damages on the port facilities due

Evaluating the full scale structure

to liquefaction and lateral spreading were

responses including pile foundations

observed on the reclaimed land in 1995 Kobe

and soil improvements subjected to

earthquake in Japan. Then, understanding the

earthquakes and liquefaction using the

performance of structures subjected to

controlled blast-induced liquefaction.

Reference

Sugano et al.
(2002)

earthquake in liquefiable soils became more
important.

Tokachi Port,
Japan
2001

The recent advancement of explosion

Evaluating the applicability of blast

techniques allowed to carry out blast

densification technique for

densification economically and safely in

densification of sand, silty, and

geotechnical engineering fields. Moreover, it is hydraulically placed fill.

(Blast

expected that the blast technique can be used

densification)

as an application of densification for not only
sandy soils but also silty soils.
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Tsujino et al.
(2007)

Location

British
Columbia,
Canada

Project
year

2004,
2007

Project backgrounds

Main objectives

Reference

Earthquake drain (EQ drain) has been used as

Evaluating the capability of

a liquefaction mitigation method at few sites in

earthquake drain (EQ drain) for

Rollins

US, however no ED drains has experienced an

liquefaction mitigation and examining

(2004),

earthquake and this lack of field performance

deep foundations subjected to

data is a major obstacle to expanding the use

downdrag force during liquefaction

Strand

of the technique.

based on the results of the full scale

(2007)

Rollins and

testing.
The Seymour Falls Dam in Vancouver,

Upgrading the earthfill embankment

Canada is located in a high potential seismic

in order to accomplish the modern

Vancouver,

2004-

region. A new earthfill embankment at the

standards for seismic resistance of

Canada

2007

downstream toe in Seymour Falls Dam were

dam safety using blast densification.

incorporated into the existing portion in order
to satisfy the modern standards for seismic.
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Elliot et al.
(2009)

Location

South
Carolina,
USA

Project
year

Project backgrounds

Main objectives

Reference

The pilot blast densification testing was

Obtaining extensive information of the Narsilio et al.

implemented in South Carolina, however the

soil response during and after blasting,

2005-

CPT results indicated that little or no soil

and optimizing the blast densification

2013

improvement was achieved although the

design for the subsequent target areas

significant ground settlements were occurred

in South Carolina.

in the blasted areas.

(2009),
Vega-Posada
(2012),
Finno (2012)

The recent earthquake case histories in Japan

Establishing recommendations for

have shown that airports play an important role airport facilities to use in the design

Ishikari Port,
Japan

2007

in rescue activities and transporting aids and

and analysis of full scale various soil

Sugano and

relief supplies when the large earthquakes

improvements subjected to

Nagasawa

happen. Then, it is important to know the

earthquakes and liquefaction using the

expected damages and the required functions

results from blast-induced

of airport facilities during and after

liquefaction.

earthquakes in advance in Japan.
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(2009)

Project
Location

year

Project backgrounds

Main objectives

Reference

The large earthquakes hit on Canterbury and

Ensuring whether the proposed soil

Christchurch in New Zealand during 2010-

improvement techniques for

2011and devastating damages occurred on

liquefaction mitigation were viable or

Earthquake

Christchurch,

2013-

residential and commercial areas due to

not on the residential lands based on

Commission

New Zealand

2014

liquefaction. Then, it is critical to strengthen

the results from full scale testing using

the liquefiable soils subjected to earthquake

blast-induced liquefaction testing.

(2014)

and liquefaction to reduce potential damages.

Tami Nadu,
India

-

Fly ashes induced from a thermal power plant

Stabilizing the loose pond ash to

were typically very loose condition so that

mitigate liquefaction induced potential

poor bearing capacity, large settlement and

damages on the thermal power plant

liquefaction due to earthquake were expected.

using blast densification.

Therefore, it was important to stabilize fly
ashes from thermal power plant.
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Gandihi et al.
(1999)

Figure 2-1. Ground surface shape in post blast densification for single blasting (Gandhi
1999).

Location of blast casing

Location of blast casing

Figure 2-2. Ground surface settlement from blast densification for line layout (Rollins
et al. 2004).

Figure 2-3. Distribution of ground settlement from single charge detonation
(Kummeneje and Eide 1961).
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Settlement (cm)

Figure 2-4. Ground surface settlement from multiple blasts (Narsilio et al. 2009).

Distance (m)

Figure 2-5. Ground surface settlement from multiple blasts. The shaded area is the area
where the blast casings were placed (Tsujino et al. 2007).
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Narin van Court and Mitchell (1994)
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Figure 2-6. Achieved ground surface settlement and relationship between Hopkinson’s
number and the maximum post-test volumetric strain.
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Figure 2-7. Achieved ground surface settlement and relationship between powder factor
and the maximum post-test volumetric strain.
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Figure 2-8. The achieved post-test volumetric strain in a series of blast densification
(Adapted from Gohl et al. 2003) .

Figure 2-9. Ground surface velocity in vertical direction from blast densification project
(Tsujino et al. 2007).
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Figure 2-10. Particle velocity from blast densification (Dowding and Dupulaine
2004).

Peak particle velocity (m/s)
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(Drake and Little, 1983)
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Rock surface
(Solymar 1984)
(DuPont, 1977)

0.01

0.001
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Square root scaled distance (m/kg0.33)
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Figure 2-11. Surface and subsurface peak particle velocity with various types of
materials and wave modes from blasting (Dowding and Dupulaine 2004).
47

Peak particle velocity (m/s)

1

0.1

0.01
La Fosse 8ms Delays
La Fosse 55-125ms Delays
Hryciw 0ms
Hryciw 25ms Delays

0.001
1

10
100
Square root scaled distance (m/kg0.33)

1000

Figure 2-12. The effect of detonation delay on peak particle velocity (Dowding and
Dupulaine 2004).

Figure 2-13. Particle motion induced from blasting (Kim and Lee 2000).
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Figure 2-14. Excess pore water pressure response of loose silt, silty sands in Tokachi
Port site (Ashford and Juirnarongrit 2006)

Figure 2-15. Time history of excess pore water pressure in pilot study in Tokachi port
site (Nagao et al. 2003).
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Figure 2-16. Time history of excess pore water pressure response of medium dense
clean sands during a sequence of blasting at British Columbia site (Rollins and Strand
2007).

Figure 2-17. Time history of excess pore water pressure response of well graded
gravelly soils at Maui site (Rollins et al. 2004).
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Excess pore water
pressure ratio
Excess pore water
pressure ratio
Excess pore water
pressure ratio

Figure 2-18. The generation and dissipation of excess pore water pressure of the
medium dense clean-silty sands at Ishikari Port site (Sugano and Nakazawa 2009).
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Figure 2-19. The time history of dissipation of the residual pore water pressure ratio at
Treasure Island site (Rollins et al. 2005).

Figure 2-20. The time history of dissipation of the residual pore water pressure of
medimum dense clean sands (Rollins and Strand 2007).
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Figure 2-21. The time history of dissipation of the residual pore water pressure of well

Excess pore water
pressure

graded gravelly soils at Maui site (Rollins et al. 2004).

Time (hour)
Figure 2-22. The time history of dissipation of the residual pore water pressure of silt,
sandy silt soils (Tsujino et al. 1997).
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Peak pore water pressure (kPa)

6.0kg/deck
5.0kg/deck
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3.0kg/deck
1.5kg/deck

Distance from explosives (m)

Figure 2-23. The relationship between peak pore water pressure and distance with

Peak pore water pressure ratio (upeak/σ’v)

different charge weight of explosive (Tsujino et al. 2005).

Scaled distance (m/kg0.33)

Figure 2-24. The relationship between peak pore water pressure ratio and scaled
distance (Tsujino et al. 2005).
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Chapter 3.
TERMINOLOGY USED IN BLASTING
AND APPLICABILITY OF BLAST-INDUCED
LIQUEFACTION
3.1 INTRODUCTION
The use of the blast technique has been used as an effective soil improvement to densify
loose coarse - grained soils in the various locations including harbor, dam and reclaimed
sites since 1930s (Narin van Court and Mitchell 1994). In addition, the use of the blast
technique has been recognized as a useful way for an in-situ liquefaction testing (i.e.,
earthquake simulation) so that the controlled blasting has been carried out in order to
investigate the performance of the various types of the soil improvements against
liquefaction in the several countries in recent decades (e.g., PARI 2003, Ashford et al.
2004, Rollins 2004, Rollins and Strand 2007, Sugano and Nakazawa 2009). The various
blast properties (e.g., charge weight, charge depth, powder factor, and detonation delay)
are controlled to carry out blasting effectively and safely.
The guidelines have been developed for blast densification. The primary
objectives of the guidelines are to provide the optimum blast properties and to outline
the empirical or theoretical models to correlate the charge weight of explosives with the
achieved ground conditions (e.g., Ivanov 1967, Narin van Court and Mitchell 1994,
Gohl et al. 2000). The guidelines contain the several terminologies to quantify explosive
energy for evaluating the relationship between explosive energy and blast-induced load,
blast-induced excess pore water pressure, blast-induced ground surface vibration and
blast-induced settlement. However, it can been seen that the same terminologies are
used in different manner in different objectives. For example, powder factor is often
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used as a target value to determine a required total charge weight of explosive placed
per soil volume in the test area for blast densification (e.g., Kimmerling 1994, Tsujino
et al. 2007), even though powder factor is also frequently used as the amount of charge
weight of explosives necessary to break a certain quantity of rock in rock blasting (e.g.,
U.S. Department of the Interior, National Park Service 1999). In addition, the use of the
explosive for in-situ liquefaction testing has been extended in recent decades, however
the applicability and limitations of explosives are not well discussed.

3.2 OBJECTIVE
The objective of this chapter is 1) to explore the terminologies and definitions used in
air and rock blasting to clarify their meaning for blast-induced liquefaction, and 2) to
show the applicability and limitation of blast-induced liquefaction based on the results
of the past blast densification and in-situ liquefaction testing. To achieve the objective,
the terminologies and the definitions for quantifying charge weight of explosive used in
air and rock blast are discussed. Moreover, the employed blast properties, the soil
properties, and the achieved results are summarized.

3.3 POWDER FACTOR
Powder factor (PF) is a common term frequently used in blast operations to evaluate a
required charge weight to break a certain quantity of rock mass. In blast densification,
PF is used to determine a required charge weight of explosives placed in a test area for
densifying coarse-grained soils (Tsujino et al. 2007). Although PF does not define the
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distribution of explosives, blast pattern and charge layout, it is often used in an initial
calibration of the required charge weight of explosive for the treated volume of soils in
blast designing. However, PF is empirically determined for the most cases, and it can
be seen that there are several ways to calculate PF in literature. Here, the meaning of PF
for blast densification is discussed to remove the confusions regarding with its definition.
Powder factor is defined as a ratio of charge weight of explosive to volume of
soils treated by charges:

PF 

W
V

Equation 3-1

where PF is powder factor, W is charge weight of explosive and V is volume of soils
treated by charges. The definition of powder factor is simple; however the several
notions about powder factor can be found in blast densification.
Golh et al. (2003, pg. 2) mentioned that “charge density (i.e., PF) is defined as
the sum of the charge weight of explosive used in blast holes located within the interior
of the test area to be densified plus ½ the sum of the charge weight of explosive for blast
holes located around the perimeter of the area, all divided by the total volume of soil.
This definition of charge density accounts approximately for blast energy radiated away
from the zone to be densified for perimeter blast holes.” Gohl et al. (2003) did not clearly
distinguish whether “the sum of the charge weight of explosive” and “the treated area
A” were for one blast sequence or for all blast sequences. Kimmerling (1994, pg.17)
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used PF in a similar manner, but more clearly defined it as “the term powder factor, (as
used below), is the mass of the explosives utilized divided by the total volume of soils
improved by blasting in one blast sequence.” According to the Kimmerling (1994)
definition of powder factor, the charge weight of explosive, W, and volume of soils
treated by charges, V, are estimated as following:

W  W j

Equation 3-2

V  Aoneblast _ sequence ho   S  B  N  ho

Equation 3-3

where Wj is the charge weight of explosive used in the test area in one blast sequence,
Aone-blast sequence is the planned area plus one-half hole spacing outside the perimeter of
the blast holes during one blast sequence, ho is the thickness of treated soil layers, S and
B are the space between the blast casing, and N is the number of the blast casings placed
during one blast sequence.
Narin van Court and Mitchell (1994) defined powder factor as the ratio of total
charge weight of explosive placed per the blast casing to the volume of soils treated by
per blast casing in one blast sequence. Then, for the use of the definition of powder
factor by Narin van Court and Mitchell (1994), the charge weight of explosive, W, and
the volume of soil treated by charges, V, are estimated in the case of two blast sequences
as following,

58

W  Wk

Equation 3-4

V  S  B  ho

Equation 3-5

where Wk is the weight of charges placed in a deck per blast casing in one blast sequence,
S and B are spacing between blast casings in one blast sequence, and ho is the thickness
of target layers.
Tsujino et al. (2007) defined powder factor as a ratio of the total charge weight
of explosive placed per the blast casing to total volume of soils treated by per blast
casing through all blast sequences. Then, for the use of the definition of powder factor
by Tsujino et al. (2007), the volume of soil treated by charges, V, is estimated in the
case of two blast sequences as following,

V

1
S  B  ho
2

Equation 3-6

For the use of the definition of powder factor by Tsujino et al. (2007), the charge
weight of explosive, W, placed in a deck per blast casing is estimated the same way as
Narin van Court and Mitchell (1994) (i.e. Equation 3-4).
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The differences between the definitions of powder factor are shown in Figure
3-1. The differences between the definitions of powder factor may arise because the
following factors are not clearly considered.


The achieved settlement of the treated soils during post-test blast densification
is resulted from the cumulative explosive energy that is released from explosives
placed in test area in one blast sequence, and not only a contribution of single
charge or charges placed in per blast casing for the area covered by per blast
casing.



The final settlement of the treated soils after all blast sequences completed is a
result of the accumulation of the deformation of the treated soils achieved during
each blast sequence. However, the properties of the treated soils (e.g., density,
shear and bulk modulus, shear strength) change after each blast sequence
completing, therefore, the relationship between powder factor and the achieved
ground settlement in each blast sequence should be different.
As shown in Chapter 5, the achieved maximum post-test volumetric strain in

one blast sequence is different in a sequence of the first and second blasting although
the same blast specification is employed. This observed fact indicates that achievable
ground conditions is different at each sequence of blasting. As previously said that
powder factor is typically used for initial calibration of required charge weight of
explosives placed in a test area, so that PF should be calculated in each sequence of
blasting. Therefore, “treated area” should be estimated in each sequence of blasting. In
addition, the achieved post-test ground condition in one blast sequence is resulted from
the contribution of total explosive energy, each explosive does not individually
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contribute on the buildup of excess pore water pressure and settlement, so that all
charges detonated in one blast sequence should be counted in calculating powder factor
because total the explosive energy that soils received during a sequence of blasting can
contribute on them. Considering the above discussion, powder factor should be
calculated using the same way as like Kimmerling (1994).

3.4 SCALING LAW AND ENERGY INPUT
Knowing the characteristics of blast-induced wave is important for evaluating blast
induced loads. Geometry, temperature, distance, and other factors influence the blast
waves, and the characteristics of the induced blast waves change during propagation.
Scaled distance is a commonly used scaling law, which was originally
introduced by Hopkinson-Cranz and Sachs (Hopkinson 1915, Cranz 1926 and Sachs
1944). Scaled distance accounts the distance and explosive energy on the blast
characteristics. Based on the assumption that explosives induce spherical blast waves,
the scaled distance is often used to estimate the maximum blast induced pressure for air
blasting (e.g., Brode 1955). Scaled distance, SD, is generally defined as a ratio of
distance to the cube root charge weight of explosive; that is,

SD 

Equation 3-7

R
3
W

61

where R is the effective distance from an explosive to a point of interest, and W is the
charge weight of explosive. TNT equivalent is often used as explosive energy input.
Hopkinson’s number is a commonly used scaling law to normalize charge
weight of explosive by a distance from an explosive to a point of interest. Hopkinson’s
number is typically used as an energy input to evaluate blast induced stress in soils
during blasting (Ivanov 1967 and Narin van Court and Mitchell 1994). Hopkinson’s
number is defined as the ratio of cube root charge weight of explosive to the hypocentral
distance; accordingly, Hopkinson’s number, HN, is an inverse of scaled distance,

HN 

3

W
R

Equation 3-8

Karos and Solomons (2013) stated for the use of scaled distance in air blast that
scaled distance is valid as long as blast induced waves propagate in the same
atmospheric conditions. This assumption is acceptable for air blast. The same
assumption can be applied for the use of Hopkinson’s number. In blast densification and
in-situ blast induced liquefaction testing, scaled distance is often used to evaluate peak
and pore water pressure and peak particle velocity (e.g., Charlie et al. 1992, Charlie et
al. 2013). Considering the practical situations, the several differences of scaled distance
and Hopkinson’s number from air blast are confirmed.
In the followings, the critically influenced factors for scaling law in blast
densification and in-situ liquefaction testing are discussed.
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Attenuation of stress wave
Material damping
Elastic energy of waves is converted to heat and consumed by friction between particles,
volume change, and change of soil fabric during the propagation (Kramer 1996). The
convert and consumption of energy are accompanied by a decrease in the amplitude of
the wave. In addition, the reduction of the specific energy (i.e., elastic energy per unit
volume) decreases the amplitude of the stress wave with increase of distance (Kramer
1996). According to Dobry and Vucetic (1987), various effects of environmental and
load conditions influence on the damping behavior of soils. Dobry and Vucctic (1987)
summarized the influenced factors on material damping for normally consolidated and
moderately over consolidated soils as shown in Table 3-1. In addition, Finno et al.
(2015) showed that the degree of saturation of soils in the vicinity of the blasted area
was changed during post blast densification due to dissolving of free gas released from
explosives, which also changes the environmental conditions and affects the damping
behavior of soils.
Radiation damping
The specific energy induced from a point source decreases as the blast wave travels due
to material damping. In addition, the specific energy also can decrease in the case that
the blast-induced stress wave spherically propagate and the wave length is larger than
the area of interest. Timoshenko (1970) showed the effect of distance on stress wave
amplitude based on the one dimensional elastic wave propagation theory. In the case of
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the spherically propagating blast waves, the displacement u at a distance r and time t is
expressed as the following equation (the details are discussed in Kramer 1996).

u  r, t  

1
 f (vt  r )  g (vt  r )
r

Equation 3-9

where t is time, v is wave propagation velocity.
Equation 3-9 indicates that the amplitude of the blast-induced wave decreases
with increase of distance even though there is no material damping. The reduction of
wave amplitude is resulted from the decrease of specific energy that occurs as spherical
wave grows larger. Hopkinson’s number considers the effect of radiation damping in
the definition.
Reflection and refraction
In general, blast-induced waves are often modeled as a spherically propagating wave.
For one dimensional wave propagation, the amplitude of the reflected and transmitted
wave is influenced by specific impedance, which is the product of the density, ρ, and
the wave propagation velocity, V. If the impedance ratio α= ρ1 V1/ ρ2 V2 does not equal
to one, some amount of incident stress is reflected at the interface. If the impedance ratio
α= ρ1 V1/ ρ2 V2 equals to one, no wave reflection occurs at the interface. The orientation
of an inclined body wave can strongly influence the manner in which energy is reflected
and transmitted across an interface (Kramer 1996). Snell’s law (i.e., sini/V = constant,
where i is the angle between the incident wave path the normal to the interface, V is the
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wave propagation velocity), indicates that the transmitted waves are refracted when the
wave propagation velocity is different on each side of the interface.
The effect of each factor on propagation of blast induced wave are illustrated in
Figure 3-2 to Figure 3-4.

3.5 EMPLOYED BLAST PROPERTY
Blast densification and in-situ liquefaction testing have been carried out to achieve the
various objectives. The various types of the blast properties, including charge space,
detonation delay, powder factor, and blast pattern, have been used to obtain the suitable
reactions of pore water pressure and the acceptable level of ground vibrations for the
various sites. In this section, the employed blast properties used in past blast
densification and in-situ liquefaction testing are summarized.

3.5.1 Employed powder factor
The powder factor employed in the past blast densification and the in-situ liquefaction
testing is shown in Figure 3-5-Figure 3-8. The employed powder factor shown in the
figures is directly cited from each reference. Figure 3-5 shows the employed powder
factor used in blast densification at the dam sites. Figure 3-6 shows the employed
powder factor used in blast densification at the harbor sites. Figure 3-7 shows the
employed powder factor used for the in-situ liquefaction testing. Figure 3-8 showed the
employed powder factor for blast densification in the various sites. The frequency
distribution of powder factor per 5g/m3 was shown in Figure 3-9. Figure 3-9 shows that
the most of the blast densification and the in-situ liquefaction were carried out using the
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powder factor in the range from 0 to 25g/m3. Although only few cases for blast
densification at the dam sites have been reported, the larger powder factors were
employed at the dam sites comparing to the value of the powder factor at the other sites
and the in-situ liquefaction testing.

3.5.2 Charge weight of explosives placed in per blast casing
The ratio of the total charge weight of explosive placed per the blast casing to the
thickness of the treated soil layers is shown in Figure 3-10. The ratio indicates the
normalized charge weight of explosives placed per thickness of the target layers. The
ratio Wm is calculated using Equation 3-10 as following,

Total charge weight of explosives placed in per blast casing (kg)
Wm =
Thickness of target layers (m)

Equation
3-10

As shown in Figure 3-10, the value of Wm for blast densification increases with
an increase of the thickness of the target layers except the few cases. This may derive
from the fact that the larger charge weight of explosive was placed at a greater depth to
induce sufficient residual pore water pressure and to cause homogenous density along
with depth in the most cases. The value of Wm varied in the range from 0.1 to 2.2kg/m
except few cases. On the other hand, the smaller values of Wm for in-situ liquefaction
testing could be seen comparing to the values for blast densification. The value of Wm
was in the range from 0.1 to 0.8kg/m. This may possibly be that the main objective of
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in-situ liquefaction testing is to induce large residual pore water pressure and
liquefaction, not densification. Then, the large values of Wm were not required and the
smaller values of Wm was used.
Ivanov (1967) suggested to use the correlation for estimating an appropriate
charge weight of explosive for the concentrated charges placed at shallow depth. Van
Impe (1989b) also suggested a correlation for estimating an appropriate charge weight
of explosive for the charges placed at shallow depth in as similar manner as Ivanov
(1967). The employed value of Wm for blast densification including the harbor, dam and
other sites was close to the values recommended by Ivanov (1967) and Van Impe
(1989b) for thin layers (i.e., less than approximately 8m). Note that the original equation
suggested by Ivanov (1967) and Van Impe (1989b) was W=0.0163∙h3o , W=0.0133∙h3o ,
respectively. The plotted curves in Figure 3-10 was obtained by dividing both side by
thickness of target layers ho.

3.5.3 Detonation delay
The employed detonation delay used in the recent blast densification and the in-situ
liquefaction testing are shown in Table 3-2. In the most cases, the employed detonation
delay falls within the range from 30 to 1,000ms. According to Narin van Court and
Mitchell (1994), the time delays for detonations between charges are determined
considering the following factors:
(1) To reduce the impact from blasting on the surrounding environments
(2) To maximize its effectiveness on the densification by harmonizing the intervals
of detonation to the natural frequency of soils.
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(3) To build up residual pore water pressure effectively
Several detonation delays were used in the Ground Improvement Trial carried
out in Christchurch in New Zealand, and the ground vibration records measured at the
subsurface grounds showed that the ground velocity clearly attenuated before the next
detonation and no overlap of blast induced waves could be confirmed in the case of a
detonation delay of 105ms (shown in Figure 3-12). Nagao et al (2003) recorded the
ground vibrations measured at Tokachi Port Forth Wharf and showed that the large
acceleration was clearly induced in each detonation with a detonation delay of 300ms
and attenuated greatly before the next detonation. Narsilio et al. (2009) reported ground
vibration records measured during the trial blast and showed the normalized particle
velocity induced using a detonation delay of 50ms was not stabilized in that duration.
As mentioned in the previous Chapter, La Fosse (1991) showed that a detonation delay
of 55 to 125ms could reduce the peak particle velocity comparing the peak particle
velocity with a detonation delay of 8ms.
Tsujino et al. (2007) reported the pore water pressure response induced using a
detonation delay of 30ms and 250ms at the Tokachi Port G-2 site and showed that the
peak pore water pressure was clearly measured in each detonation; however, the residual
pore water pressure was not stabilized within the duration of 30ms (Figure 3-13). The
increase of the residual pore water pressure was observed before the next detonation
within the duration of 250ms after the completion of the detonation with a detonation
delay of 30ms. Rollins and Strand (2007) reported the pore water pressure response
induced using the detonation delay of 1000ms at British Colombia and showed that the
residual pore water pressure measured at a depth of 13m started to dissipate one second
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after completion of all detonations, although the residual pore water pressure measured
at relatively shallow depth (i.e., 5.5 to 11.7 m) did not start to dissipate in such short
duration.
Stewart and Hodge (1988) reported the blast densification project carried out at
the harbor site and used the detonation delay of 30ms to achieve better densification
setting the detonation delay as same as the natural frequency of soils. Stewart and Hodge
(1988) concluded that the successful densification was achieved, although there were
no comparisons of the effect of detonation delay on the compaction. Fordham et al.
(1991) reported that better penetration resistance was achieved using a detonation delay
of 340ms comparing using a detonation delay of 75ms.
The case histories showed the following tendencies about ground vibration, pore
water pressure response and achieved densification with the various detonation delays.
Ground vibration


No use of detonation delay induces large ground vibration.



Use of detonation delay of 8 to 50ms are not able to separate the first arrived
waves, then high ground vibration is induced due to overlap of first arrived
waves.



Use of detonation delay of more than 105ms is enough to separate blast induced
waves so that ground vibration can be reduced if detonation delay is larger than
105ms.

Pore water pressure
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Pore water pressure is amplified in both negative and positive at least in the
duration of 30ms after each detonation. Pore water pressure cannot be stabilized
in such a short duration.



Distinct increment of residual pore water pressure is confirmed with a detonation
delay of 250 to 500ms.



It is observed that the dissipation of residual pore water pressure started one
second after completion of all blasting, however it takes more time to start to
dissipate residual pore water pressure in most cases.

Compaction


Only few cases considered the effect of detonation delay on the achieved
settlement. The results indicated that better compaction seemed to be achieved
if longer detonation delays were used. However, the appropriate detonation
delay is not clearly defined.
Again, detonation delay is generally determined considering the factors (1)-(3)

according to Narin van Court and Mitchell (1994). The bulk and shear modulus of the
soil may change due to the generation of excess pore water pressure and the increment
of strain; therefore, the natural frequency of soils may change during a sequence of
blasting. Moreover, a consistent detonation delay is generally used in the most cases
during a sequence of blasting so that it is difficult to adjust an interval of detonation
with change of natural frequency of soils during blast sequence. Therefore, the
assumption of the factor (2) is not valid for blast densification and in-situ blast induced
liquefaction testing. Residual pore water pressure is induced by a particle arrangement
and dilatancy/contraction of soils. The increase of residual pore water pressure
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decreases the confining stress, which allows particles to rearrange more easily.
Accordingly, to keeping residual pore water pressure high is an advantage to induce
large residual pore water pressure and to achieve better compaction. The case histories
at least indicate that a detonation delay of 250ms at least satisfied the factor (3). In
summary, the typical response of the ground surface vibration and pore water pressure
is shown with detonation delays in Figure 3-14 and Figure 3-15. A minimum detonation
delay of 250ms at least satisfies the factor (3). Effective detonation delay for blast
densification is not defined here, because only few data are available. So that, the further
researches are needed to determine an optimum detonation delay.

3.6 SOIL CLASSIFICATION AND POST-TEST SOIL CONDITIONS
As shown in Chapter 2, the blast densification and in-situ liquefaction testing have been
carried out in the various sites and the various types of soils. Generally, blast
densification and in-situ blast induced liquefaction testing have been performed at the
site where coarse-granular soils are deposited because coarse-granular soils are more
susceptible to liquefaction than fine soils. However, the use of blast technique for
densification has been extended to fine soils in recent decades (i.e., Gandihi et al. 1999,
Tsujino et al. 1997, 2007).

3.6.1 Grain size distribution
The grain size distribution of the treated soil layers of the blast densification and in-situ
blast induced liquefaction testing is shown in Figure 3-16 to Figure 3-18. The particle
diameter, D60, and D30, the mean particle diameter, D50, the effective particle diameter,
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D10, the coefficient of uniformity Uc, the coefficient of curvature, Cc, and soil
classification based on Unified Soil Classification System (USCS) are shown in Table
3-3. The blast densification was conducted in both the fine and coarse-granular soil that
include poorly graded and well graded soils. In-situ liquefaction testing has been mainly
carried out for poorly graded clean and silty sand. The coefficients of uniformity and
curvature, including both blast densification and in-situ liquefaction testing, are in the
range from 1.9 to 430 and 0.03 to 9.3, respectively.

3.6.2 Achieved penetration resistance
Silt or clay case
Gandihi et al. (1999) reported the blast densification project carried out at Tami Nabu
where the soil consisted of the fly ash that had a fine content of approximately 50% in
percentage passing. The target layers had Standard penetration test (SPT) N-value from
1 to 10, and the cone tip resistance qc from 0.7 to 3.0MPa before the blasting. The results
of SPT and CPT performed after the single blasting showed that the N-value decreased
by 0.5 in average, and the cone tip resistance increased approximately 0.3MPa in
average. In addition, the result of CPT performed at a distance from 7.5m from the blast
casing after the multiple blasting showed no increase of cone tip resistance at the depth
of 1 to 5m, and an increase of approximately 0.75MPa in the depth range of 5 to 10m.
Therefore, the results showed that a small increase or a small decrease of soil strength
occurred after blasting in Tami Nabu.
Tusjino et al. (2007) reported the trial blast densification project carried out at
the reclaimed land at Ichikawa City, Japan where the ground consisted of silt and sandy
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silt layers. The target layers had fine content of 30-62% in percentage passing and had
SPT N-values from 2 to 7 before the blasting. The result showed that SPT N-values
measured in the four weeks after the blasting increased 2 in average. In addition, the
Swedish Weight Sounding Test (SWST) was conducted after the blasting, and the
results showed that SWST Nsw measured in four weeks after the blasting increased 1.4
times in average compared to the values measured before blasting. Therefore, the results
showed a small increase of soil strength after the blasting.
Sandy soil case
Sugano and Nakazawa (2009) and Nakazawa et al. (2011) reported the summary of the
in-situ liquefaction testing carried out at Ishkari Port, Japan where the reclaimed land
mainly consisted of non-plastic clean and silty sand which had a fine content between 5
and 38% in percentage passing. The treated layers were very loose to medium dense
sandy soils and had the SPT N-value in the range of 1 to 21 (10.7 in average). The results
showed that the SPT N-value measured four weeks after blasting increased 2 in average.
Accordingly, a small increase of SPT N-value was observed.
PARI (2003) and Tsujino et al. (2007) reported the summary of the blast
densification project carried out at Tokachi Port G-1 and G-2 where the reclaimed land
consisted of clean and silty sand with fine content of less than 20% in percentage passing.
The target layers had the SPT N-value in the range of 1 to 18 (2.4 in average) before the
blasting. The result showed that the SPT N-values measured four weeks after blasting
had in the range of 2 to 35 (13.7 in average). The SPT N-value increased approximately
11 in average after the blasting. Therefore, the results showed a distinct increase of soil
strength after the blasting.
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Rollins et al. (2008) reported the results of in-situ liquefaction testing carried out
in British Columbia, Canada at a site characterized by clean sand layers. The result
showed that the relative density of the target layers estimated using the CPT measured
54 days after all blast sequence were completed increased by 10% in average.
Camp et al. (2008) and Narsillo et al. (2009) reported the brief of blast
densification project carried out in South California, USA where the soils deposited
during Pleistocene age. The target layers were very loose silty sand which had a fine
content of approximately 17% in percentage passing (Data from Narsillo et al. 2009).
The results showed that the decrease of the cone tip resistance in 43 days after the
blasting was observed, however the distinct increment of cone tip resistance was
confirmed in 1,034 days after the all blast sequences were completed. The distinct
increase might be due to aging effects (Camp et al. 2008) or an increase of gas
concentration within the target layers (Finno et al .2015).
Gravelly soil case
Solymar (1984) and Solymar and Reed (1986) reported the summary of the blast
densification project carried out at Jabba Dam in Nigeria where both the well-graded
and the poorly-graded gravelly soils deposited. The most of the treated layers for the
blasting had a fine content of approximately 10%. The results of CPT measured in the
several months after the blasting showed that the relative density Dr evaluated using
cone tip resistance qc increased in a range from 6 to 16% comparing to the values before
the blasting.
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Kimmerling (1994) reported the summary of the blast densification project
carried out at Cold Water Creek in Washington State, USA where the soil consisted of
loose-debris avalanche, consisting of a multicolored, heterogeneous mixture of sand and
gravel with varying amounts of silt, cobbles, and boulders. The most of the treated layers
had a fine content of less than 30% in percentage passing. The SPT conducted before
the blasting showed that the correlated N-value, (N1)60ecs, by hammer efficiency,
effective overburden stress and average silt content, was in a range of 3 to 44 (17 in
average). The result showed that the value of (N1)60ecs after the blasting was in a range
of 14 to 66 (34 on average). Therefore, the results indicated that the soil strength clearly
increased after the blasting.
The followings can be confirmed from the observations from blast densification
and in-situ liquefaction testing regarding to the penetration resistance.


Generally, the distinct increment of penetration resistance after the blasting is
observed for coarse-grained soils, however no or a small increase of the
penetration resistance are observed for fine soils.



Increment of penetration resistance decreased with increase of fine content.
According to the results from the blast densification and the in-situ liquefaction

testing, the soils containing a fine content over 30% had no, negligible or a small
increment of penetration residence (Figure 3-20-Figure 3-22). In addition, the blast
densification and in-situ liquefaction testing have been carried out for both poorlygraded and well-graded coarse-granular soils as shown in Figure 3-16-Figure 3-18, and
the increment of the penetration resistance are observed no matter what the coefficients
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of uniformity and curvature are. Based on above the facts, the boundary between
effective and less effective for blast densification is suggested in Figure 3-19.

3.7 SUMMARY
The terminologies and their definitions used in air and rock blasting are explored in
order to make clear the meaning of them for blast induced liquefaction. The employed
blast properties and soil type of the treated layers are summarized. The followings are
summarized in this section.


Several definitions of powder factor could be confirmed in blast densification.
The powder defined by Kimmerling (1994), that is calculated as the charge
weight of explosive used divided by the total volume of treated soils improved
by blasting in one blast sequence, is suitable for blast densification.



The effect of radiation damping could be considered using Hopkinson’s number.
However, the case history indicated that the effect of material damping and
reflection/refraction blast induced waves on peak/residual pore water pressure
was needed to be considered for scaling explosive energy.



No or little increment of penetration resistance in post blasting are confirmed in
the soils contained fines over 30% in percentage passing based on the case
histories of blast densification and in-situ blast induced liquefaction testing. The
boundary of grain size with less effective to blast densification is suggested.
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Table 3-1. Effect of environmental and loading conditions on damping ratio for
normally consolidated and moderately overconsolidated soils (after Dorbry and Vucctic
(1987)

Increasing factor

Damping ratio
Decreases with σ’c; effect decrease with

Confining pressure σ’c
increasing PI
Void ratio e

Decreases with void ratio e

Geologic age

Decreases with tg

Cementation c

May decease with c

Overconsolidation ratio OCR

Not affected

Plasticity index PI

Decreases with PI

Cyclic strain ϒc

Increases with ϒc

Strain rate ϒ̇

Stays constant or may increase with ϒ̇

Number of loading cycles N

Not significant for moderate ϒc and N
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Table 3-2 Summary of employed charge properties in recently conducted blast densification projects and blast induced liquefaction
testing.

Charge
depth (m)

Charge
weight
per
explosive
(kg)

Charge
weight per
blast
casing
(kg)

Initial
calibration
test

3.5

1.0

Pilot test

3.5

Pilot test
(1998)

Site

Treasure
Island
USA

South
Carolina
USA

2003-2004

Charge
layout

Space
between
blast casing
(m)

Detonation
delays (ms)

1.0

Point

-

-

0.5

0.5

Circle

D=4.2

250

The
middle of
the target
layer

16.0-25.4

-

Square
grid

12.2, 9.1

18

10.0

19, 34.0,
11

2005-2006

10.0

15.4

2007

10.0

2011

10.0

9.1
Square
grid

100, 50,
10(min)

12.2

-

15.4

12.2

-

15.4

12.2

-

-
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Soil types
of the
target
layers

Clean and
silty sand

Reference

Ashford and
Rollins (2002)
Ashford et al.
(2004)

Narsilio et al.
(2009),
Clean
sand

Posada (2012)
Finno (2012)

Site

Untreated
area

Charge
depth (m)

Charge
weight
per
explosive
(kg)

Charge
weight per
blast
casing
(kg)

5.0-14.5

1.8-4.0

8.1-9.0

Charge
layout

Circle
British
Columbia
, Canada

EQ drain
test

5-14.0

1.8-3.0

8.4

Pilot test

6.4-10.1

0.2271.36

0.681-4.08
Circle

Pile test

6.4, 8.5

0.45,
1.35

Space
between
blast casing
(m)

Detonation
delays (ms)

Soil types
of the
target
layers

Reference

500

Clean
sand, silty
sand

Rollins (2004)

D=10.0

1,000

Clean
sand, silty
sand

Rollins and
Strand (2007)

4.5

30ms
(between
charges),
250ms
(between
blast
casing)

Clean
sands,
silty sand

Tsujino et al.
(2007)

D=10.0

0.9, 2.70
22.0

Tokachi
Port
Japan, G1, G-2

Blast
densificatio
n

5.0 –
18.5

3.0, 4.0,
6.0

(G-1)
Square
14
(G-2)
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Site

Tokachi
Port,
Japan,
Fourth
wharf

In-situ
liquefaction
Testing
(Pilot)

Charge
depth (m)

Charge
weight
per
explosive
(kg)

5.0

3.0

10.0

3.0

3.5

3.0

7.5

4.0

(Main)

Charge
weight per
blast
casing
(kg)

6.0

7.0

Ishikari
Port
(Pilot and
main),
Japan

In-situ
liquefaction
testing

4.5, 9.0

2.0, 4.0

Christchu
rch, New
Zealand

In-situ
liquefaction
testing

2.7-7.2

0.55-2.80

6.0

Charge
layout

Space
between
blast casing
(m)

Detonation
delays (ms)

Rectang
ular

6.0

300

Square

Soil types
of the
target
layers

Reference

Silty sand,
sandy silt

Sugano et al.
(2002)

6.15

200, 500

Square

4.5

200, (400),
(500)

Clean and
silty sand

Sugano and
Nagasawa
(2009)

Circle

5.0

105-605

Clean and
silty sand

Earthquake
Commission
(2014)
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Table 3-3 Particle size and Coefficient of uniformity and curvature.
Type of
soils

Silt or
clay
soils

Sandy
soils

Gravelly
soils

Site

D60

D50

D30

D10

Uc

Cc

Soil
classification

Tami
Nabu

0.11

0.074

0.02

0.006

17

0.6

-

Ichikawa
City

0.09
0–
0.16
7

0.046
–
0.136

0.071
–
0.010

0.004
–
0.0006

42
–
150

2.0
–
7.5

ML

British
Columbia

0.20

0.19

0.17

0.08

2.3
7

1.6

SP-SM

Ishikari
Port

0.17
0.25

0.25
–
0.22

0.10
–
0.15

0.03 –
0.04

6.6
–
6.8

2.4
–
2.7

SP, SM

Tokachi
Port
Fourth
wharf

0.18
–
3.54

0.07
–
1.25

0.02
–
0.13

0.001
– 0.04

22 173

0.4
–
9.3

SM, ML

South
Carolina

0.20
–
0.24

0.19
–
0.22

0.16
–
0.17

0.11 –
0.13

1.7
–
1.9

1.0
–
1.1

SP, SM

Treasure
Island

0.27
–
0.50

0.24
–
0.41

0.18
–
0.30

-

-

-

SM

Christchu
rch

0.13
–
0.25

0. 19
–
0.23

0.09
–
0.16

0.09 0.11

1.9
–
2.4

0.9
-1.3

SP, SM

Jabba
Dam

0.53
– 4.0

0.47
– 3.0

0.33
– 0.6

0.18 –
0.85

32 91

17 73

0.8 –
37.5

0.17.7

0.78
- 28

0.6 –
6.5

0.11
–
1.23

0.01 –
0.67

Seymour
Falls
Dam
Cold
Water
Creek
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30
–
4.7
12
–
430
13 281

0.8
–
1.1
0.3
–
2.0
0.0
33.2

SP, GW

GW

SM, GW

Treated area in one blast sequence (First coverage)
B

W1

Treated area in one blast sequence (Second coverage)
W2

S/2

W3 . . .

B/2
S

Kimmerling (1994)

Blast casing
(First coverage)

Blast casing
(Second coverage)
Wk

Wk

Narin van Court
and Mitchell (1994)
Test area

Tsujino et al. (2007)
. . . Wn

Treated area per blast casing in
through all blast sequences

Treated area per blast casing in
one blast sequence

Figure 3-1. The differences of the definition of powder factor used in blast densification in the case of two blast coverages used
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Wave front

R2
σ2
Clay

W2

σ <σ1

R1

σ1

Sand

W1

Figure 3-2 The effecf of material damping on stress wave propagation. The stress at
wave front is not same at the same sacled distance σ1 ≠ σ2.

Wave front

R2
σ2

W2

σ1

R1

W1
Homogeneous soil layer

Figure 3-3 The effecf of radiation damping. The compressive stress at the wave front
is the same at the same scaled disance σ1= σ2 if homogerous soil layers embbed.

Wave front

σT-SV, 1 σI-P,2
ρ2V2

R1

ρ1V1

R2 W 2

σT-P, 1
σR-P, 1

σI-P, 1
σR-SV, 1
W1

Figure 3-4 The type of reflection and refraction on stress wave propagation. If ρ1V1 ≠
ρ2V2 , the wave reflection and refraction must occur. The stress at wave front is not same
at the same scaled distance σ1 ≠ σ2.
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Franklin Falls Dam
Franklin Falls Dam
Debbusib Dam, OK terr (Second coverage)
Debbusib Dam, OK terr (First coverage)
Karnafuli Dam (Second coverage)
Karnafuli Dam (First coverage)
Rio Casca III Dam
Jebba Dam (Test 3)
Jebba Dam (Test 3)
Quebee HQ SM-3 Dam
Seuymour Falls Dam
Seuymour Falls Dam

122.0
65.6
9.0
9.7
15.9
32.2
6.2
25.0
24.0
38.0
150.0
110.0
0

50

100
Powder factor (g/m3)

150

200

Figure 3-5 Employed powder factor at Dam site (Data from Gohl et al. 2000, Elliot et
al. 2009, Narin van Court and Mitchell 1994)
Gdansk Harbor
Zeebrgge Harbor
Zeebrgge Harbor
Amsterdam Harbor (Aziehaven)
Amsterdam Harbor (Amerikahaven)
Molikpaq (coverage A)
Molikpaq (coverage B)
Molikpaq I
Molikpaq II

35.0
3.4
14.2
4.6
3.0
22.0
23.0
36.0

52.0
0

50

100
Powder factor (g/m3)

150

200

Figure 3-6 Employed powder factor at Harbor site (Data from Gohl et al. 2000 and
Narin van Court and Mitchell 1994).
Tokachi Port Forth wharf
British Columbia (Untreated area)
British Columbia (Plie test second)
British Columbia (Pile test first)
British Columbia (Pilot third)
British Columbia (Pilot first)
Ishikari Port (Pilot)
Ishikari Port (Main)
Christchurch

29.9
15.1
15.2
5.0

21.2
3.5
5.0
15.0
26.5

0

50

100
Powder factor (g/m3)

150

200

Figure 3-7 Employed powder factor for in-situ liquefaction testing (The powder used
in Main blasting in Ishikari Port was referred from Sugano and Nakazawa 2009).
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Tami Nabu
Nabu
TamiTami
Nabu
Tami Nabu
Kazakhstan
Kazakhstan
Kazakhstan
Kazakhstan
Leningrad
Leningrad
Gorki HEP, Second
Gorki HEP, First
Volga, Lenin HEP
Chicopee, MA
Suncor Tar Sands (Test2)
Suncor Tar Sands (Test1)
Oil Tar Sabd Tailings (Test2)
Power towers, MA
House foundation FL
Trans-X
Kitimat Hospital
Cold water creek (Second blast)
Cold water creek (First blast)
Elliot Lake*
Kelowna*
Stato Kyogo*
South Carolina (First)*
South Carolina (Second)*
South Carolina (Third, Fourth)*
South Carolina*
Ichikawa City*
Tokachi G-2*
Tokachi G-1*

4.0
2.8
1.9
8.3
8.9
10.0
17.6
11.7
8.5
16.5
20.9
6.5
18.7
22.0
7.5
34.7
14.3
37.0
48.0
25.0
15.0
5.0
9.0
53.0
19.0
42.0
13.4
23.2
25.0
15.0
9.5
0

50

100
Powder factor (g/m3)

150

200

Figure 3-8 Employed powder factor for blast densification in various sites (Data from
Gandihi et al. 1999, Golh et al. 2000, Narin van Court and Mitchell 1994 and
Kimmerling 1994). *Trial blast testing.
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15
Dam site
Harbor site

Frequency distribution

In-situ liquefacation test
Other site
10
Larger than
45 (g/m3)

5

0

0 1 5 2 10 3 15 4 20 5 25 6 30 7 35 8 40 9 45 10
Powder factor (g/m3)

Figure 3-9 Frequency distribution of powder factor employed in past blast
densification and in-situ liquefaction testing.

Charge weight per blast casing / Thickness
of target layers (kg/m)

4.0

Dam site
Harbor site

3.5

Other site

In-situ liquefaction testing

3.0

Ivanov (1967)
2.5

Van Impe (1989b)

Proposed
2.0
1.5
1.0
0.5
0.0
0

10
20
30
Thickness of target layers (m)

40

Figure 3-10 Employed charge weight of explosives per blast casing
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Figure 3-11 Subsurface ground acceleration induced using detonation delay of 305ms
(van Ballegooy et al. 2015)

Figure 3-12 Subsurface ground acceleration induced using detonation delay of 105ms

Excess pore water pressure (kPa)

(van Ballegooy et al. 2015).

Time (s)

Figure 3-13 Pore water pressure response measured at Tokachi Port G-1 with a
detonation delay of 30ms
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Ground surface vibration

8ms~55ms 100ms~

Near field

Far field

Body wave Surface wave
Time

Figure 3-14 Typical ground surface vibration response. The first arrived wave typically
vibrates ground surface in a duration 8ms-50ms. A detonation delay of more than 100ms

Pore water pressure

is typically required to separate blast induced waves.

upeak
upeak
uresidual
uresidual

1st blast

Nth blast

Time

Figure 3-15 Illustration of blast induced pore water pressure response. A detonation
delay of more than 250ms is typically required to stabilize pore water pressure response.
Dissipation of residual pore water pressure starts at least one second after completion
of all detonations.
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Figure 3-16 Grain size distribution for cohesive soils of target layers (Data from
Gandihi et al. 1999 and Tsujino et al. 1997)

Clay

Silt

100

Sand
Fine

Coarse

Gravel

Boulders

Persentage passing (%)

80

60

British Columbia
Ishikari Port
Tokachi Port
Treasure Island
Christchurch
South Carolina

40

20

0
0.0001

0.001

0.01

0.1
1
Grain size (mm)

10

100

1000

Figure 3-17 Grain size distribution of target layers consisted of sandy soils (Data from
Andrus et al. 1998, Sugano et al. 2002, Narsilio et al. 2009, Sugano and Nagasawa 2009,
Van Ballegooy et al 2014)
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Figure 3-18 Grain size distribution of gravelly soils of target layers (Data from Solymar
and Reed 1986 and Lipman and Mullineaux 1981).
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Figure 3-19 Suggested boundary of grain size with less effective for blast densification.
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Figure 3-20 SPT N-value of pre and post blasting at Ichikawa City and Tami Nabu site.
(Data from Tsujino at al. 2007, Gandihi et al. 1999)
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Figure 3-21 SPT N-value of pre and post blasting at Tokachi and Ishikari Port, (Data
from Tsujino et al. 2007, Sugano and Nakazawa 2009 and Nakazawa et al. 2011)
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Figure 3-22 Pre and post normalized SPTN-value at Coldwater Creek (Data from
Kimmerling 1994)
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Chapter 4.
CHARACTERISITICS OF GROUND
VIBRATION FROM BLAST INDUCED LIQUEFACTION
ABSTRACT
This chapter summarizes ground vibration from the Ground Improvement Trial carried
out in Christchurch, New Zealand during 2013-2014 to evaluate the effect of soil
improvement on its characteristics from blast induced liquefaction. During the series of
the trials, the ground vibrations were recorded at the improved and non-improved soils.
The followings are resulted; (1) the range of the peak particle velocity (PPV) of the
improved soils falls within the same range of the non-improved soils. The ground
vibration measured at free field from the other sites is compared, which shows that 83%
of the PPVs measured at free ground falls within the range from the Ground
Improvement Trial. (2) The residual pore water pressure Ru-PPV diagram shows that
the magnitude of the PPVs does not significantly change with a different magnitude of
Ru. The comparisons among the coefficients of the regressive power model and P, S,
and R wave velocity show that P-wave velocity has a good correlation to them, however
S and R waves do not. These results indicate that P-waves dominate the ground vibration
at a location where body wave directly arrives and shakes, and that PPV is sensitive to
soil stiffness, not a type of improvements. (3) The particle motions show that the
direction from an explosive to the measured points corresponds to the one of the particle
motions at a short distance, however its direction does not correspond at a remote
distance. Comparing to the results from the other sites, the dominant mode of wave
transitions from P-wave to surface wave at a distance of 50-60m from explosives.
Accordingly, these results indicate that P-waves dominate ground vibration at a short
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distance and surface waves dominate at a remote distance. (4) The predominant
frequency is compared to other sites, which shows that the high frequency ground
motion (i.e., approximately over 10Hz) is induced with the higher PPV and the low
frequency motion (i.e., approximately less than 10Hz) is induced with the smaller PPV.
This implies that the predominant frequency becomes close to the natural frequency of
structures at a remote distance so that careful considerations shold be requred to control
ground vibration from blast-induced liquefaction.
Keywords: Blast induced-liquefaction, wave motion, peak particle velocity, frequency

4.1 INTRODUCTION
The blast-induced liquefaction has been used as an effective soil densification method
for coarse-granular soils since 1930s (e.g., Lyman 1942, Kummeneje and Eide 1961,
Ivanov 1967, Charlie et al. 1992, Gohl et al. 2000, Al-Qassimi et al. 2005, Tsujino et al.
2007, Elliot et al. 2009, Narsilio et al. 2009). In recent decades, the use of blast technique
is extended as an application of in-situ liquefaction testing to investigate the
performance of full scale foundations and the effectiveness of the soil improvements
against liquefaction (e.g., PARI 2003, Ashford et al. 2004, Rollins 2004, Rollins and
Strand 2007, Sugano and Nakazawa 2009, van Ballegooy et al. 2015). Hereafter, the
understanding the relationship between explosive energy and ground vibration resulted
from blast-induced liquefaction is important.
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Gohl et al. (2000) provided the considerations on vibration control for blast
densification as follows:
a) Intensity of ground vibration at remote locations from explosives can be
measured from individual blast.
b) The frequent range of potential damages on structures from blast densification
can be selected based on structural theory.
c) Total duration of detonation in one blast sequence should be minimized because
long-duration shaking possibly causes more damages on structures and
surrounding environments.
d) Effects of sequential detonations on ground motion are resulted from a linear
combination of an individual blast so that optimum detonation delay between
decks and between blast-casings should be determined to minimize an intensity
of ground vibration.
In the past blast densification and in-situ liquefaction testing in terms of
explosive, a variety of the blast specifications has been employed in the various type of
ground conditions (Narin van Court and Mitchell 1994), and the most of the proposed
models to predict peak particle velocity (PPV) are developed using the results from each
site so that the site specific ones are often required to satisfy vibration criteria. In
addition, blasting often accompanies soil densification and generating excess pore water
pressure, which possibly results in a change of soil characteristics during a sequence of
blasting. However, considering the details of soil properties on predicting the intensity
of ground vibration is not practical because blast-induced waves propagate in remote
distance. It is beneficial to develop an empirical model from various blast specifications
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including wide range of detonation delay, charge weight and depth, and site and ground
conditions for the prediction.

4.2 OBJECTIVE
The objective is to evaluate the effect of soil improvement on the characteristics of
ground vibration from blast-induced liquefaction based on the data obtained from the
Ground Improvement Trial carried out in Christchurch, New Zealand during 2013-2014.
(1) The brief of the site evaluation (i.e., soil type, body wave velocity, CPT) and the
field experimental set up (i.e., blast layout, charge weight and depth, and detonation
delay) are described to provide the blast specification employed during the series of the
trials. (2) Peak particle velocity (PPV) and frequency, which are typically used as
vibration criteria, are summarized and compared to the result from other blast induced
liquefaction tests. (3) The effect of liquefaction on intensity of ground vibration and
wave mode on ground vibrations are discussed. The ground vibration records obtained
from the Ground Improvement Trial are summarized in van Ballegooy et al. (2015) so
that only the results associated with the objective are described.

4.3 GROUND IMPROVEMENT TRIAL IN CHRISTCHURCH, NEW
ZEALAND
4.3.1 Backgrounds and project objectives
Darfield region and Christchurch in New Zealand suffered the significant damages from
the 2010 Darfield earthquake and the 2011 Christchurch earthquake. Specifically, due
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to the liquefaction induced large ground settlements and lateral spreading in
Christchurch, the buildings and residential structures supported by shallow foundations
were largely settled after the earthquakes. In addition, the bridges supported deep
foundations and the embankments were also damaged due to liquefaction and lateral
spreading. In the response to the earthquakes, the Ground Improvement Trial was
carried out to make residential land less vulnerable to liquefaction by Earthquake
Commission (EQC) and other organizations from New Zealand and overseas.

4.3.2 Site evaluation
Overview of the soil profiles at Site 4, Avondale is shown in Figure 4-1. The subsurface
soils at Site 4, Avondale consist of the poorly graded sand with silt (SP-SM) to poorly
graded gravel with silt and sand (GP-GM) up to 1.0m to 1.5m. The organic soils consist
of the organic silt (OL) deposit at the same level of Avon River and follows to the
subsurface soils. The mixtures of sandy silt and silty sand (ML-SM) deposit up to 2.0m
to 2.5m. The poorly graded sand to silty sand (SP, SM) is followed to the mixture soils.
The level of the ground water table is same as the level of Avon River at Site 4.
Therefore, the test area at Site 4, Avondale primarily consists of coarse-granular soils
with small amount of silts.
The grain size distribution of the subsurface soils obtained from Natural soil
(NS) and Rapid impact compaction (RIC) at Site 4 is shown in Figure 4-2 (Data from
van Ballegooy et al. 2015). In addition, the particle diameter in 60% passing D60, the
mean particle diameter D50, the particle diameter in 30% passing D30, the effective
particle diameter D10, the coefficient of uniformity (Uc) and the coefficient of curvature
(Cc) are shown in Table 4-1, respectively. The coefficient of uniformity is from 1.9 to
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2.4. The coefficient of curvature is from 0.9 to 1.3. According to Unified soil
classification system (USCS), the subsurface soils are classified as poorly graded sand
(SP) or poorly graded silty sand (SM), as mentioned previously.
The primary and secondary wave velocity (P and S wave velocity) of the
improved zone at Site 4, Avondale were measured in each improvement using the cross
hole seismic testing in pre blasting. The results of the cross hole seismic testing
measured in each improvement are shown in Figure 4-3 - Figure 4-11. The average Pwave velocity was 460, 870, and 330m/s of Natural soil, 910, 950, and 1,000m/s of
Rammed aggregate pier, 910 and 780m/s of Driven timber pile, 690m/s of Continuous
flight auger piles, 1,020 and 920m/s of Low mobility grout, 440m/s of Resin injection,
420m/s of Gravel raft, 390m/s of Soil cement raft, 400 and 530m/s of Horizontal beam
deck, respectively. The average S-wave velocity was 115, 119, and 122m/s of Natural
soil, 125, 134, and 118m/s of Rammed aggregate pier, 122 and 133m/s of Driven timber
piles, 120m/s of Continuous flight auger piles, 127m/s of Low mobility grout, 149m/s
of Resin injection, 93m/s of Gravel raft, 123m/s of Soil cement raft, 105 and 152m/s of
Horizontal beam deck, respectively. Accordingly, the average P-wave velocity and Swave velocity of each improved soil were higher than the values measured in Natural
soils. The average P and S wave velocity of Gravel raft and Soil cement raft had the
similar values to Natural soil. The average P and S wave velocities of Continuous flight
auger piles and Horizontal beak deck were slightly higher than the values of Natural
soils. Rammed aggregate piers, Driven timber piles and Low mobility grout highly
increased the P and S wave velocities comparing to the values of Natural soils.
Therefore, densification method highly improved the soil stiffness. Pile supporting and
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horizontal beam deck methods moderately improved the soil stiffness. Rafting method
did not improve soil stiffness well. The more details of P-wave velocity and S-wave
velocity are reported in Van Ballegooy et al. (2015).
The results of the cone penetration test in each improvement are shown in Figure
4-3-Figure 4-11, In addition, the relative density in each improvement evaluated using
Equation 4-1 developed by Kulhawy and Mayne (1990) is shown in each Figure.

 qc 
Dr  1.8  ' 0.5

 v 

0.5

Equation 4-1

Where qc is cone tip resistance in kPa, σ’v is vertical effective stress in kPa.
The cone tip resistance of Natural soils (4-N-1, 4-N-2, 4-N-3) fell within the
range from 0-5MPa and the average was 2MPa above the ground water table (GWT).
The cone tip resistance below the GWT fell with from 5-10MPa and the average was
8.1MPa. The relative density Dr of Natural soils fell within 50-70% below the GWT.
The cone tip resistance of Rammed aggregate piers (4-RAP-1, 4-RAP-2, and 4-RAP-3)
was in the range from 0-5MPa above GWT, and its values significantly varied below
the GWT. The relative density Dr of 4-RAP-1 and 4-RAP-2 fell within the range of 3580% above the GWT and 60-70% below the GWT. The cone tip resistance of Driven
timber piles (4-DTP-1, 4-DTP-2) above the GWT fell within 0-5MPa, and its values
significantly varied below the GWT. The relative density Dr of 4-DTP-1 above GWT
fell within 40-100% and its values increased below the GWT. However, the relative
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density of 4-DPT-2 was approximately 50-60% above and below the GWT and its
values were slightly smaller than the one of 4-DPT-1. The cone tip resistance of
Continuous Flight Auger piles above the GWT varied from 0-10MPa and was
approximately 10MPa below the GWT. The relative density fell within 60-80% below
the GWT. The cone tip resistance of Low mobility grout above the GWT significantly
varied as same as other improvements and the values was around 7MPa below the GWT.
The relative density Dr was approximately 60% below GWT. The cone tip resistance of
Resin injection increased with increase of a depth (from 1 MPa to 12MPa). The relative
density of Resin injection also increased with increase of a depth except near the ground
surface. The cone tip resistance of Gravel raft and Soil cement raft increased with
increase of depth. The relative density in each improvement was fell within 30-70%
above the GWT and 50-70% below GWT. The cone tip resistance of Horizontal beam
deck above the GWT fell within 0-5MPa and increased with increase of depth below
the GWT. The relative density of Horizontal beam deck fell within the range from 3060% up to a depth of 4m and 50-70% below the depth.
The cone tip resistance significantly varied near ground surface and its values
increased with increase of depth below the GWT regardless of the type of the
improvements. The relative density above GWT significantly varied as well, however
the average value of relative density above GWT was approximately 50% and was in
the range from 60% to 70% below GWT regardless of the type of the improvements.
The more details of CPT were reported in Van Ballegooy et al. (2015).
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4.3.3 Experimental set up
The series of the Ground Improvement Trial were conducted at the test sites near Avon
River where liquefaction and lateral spreading occurred in the 2011 Christchurch
earthquake. At the Site 4 in Avondale, the two trial blasts and seven production blasts
were carried out to investigate the performance of soil improvement techniques in
liquefiable grounds. Experimental setup relating blast properties employed at Site 4 are
described in the following.

4.3.3.1 Employed blast layout
The blast layout employed in the Trial blast No.1 and No.2 is shown in Figure 4-12. The
single blast circle was used in both the Trial blast No.1 and No.2. The eight blast casings
were evenly placed along with the blast circle in both the Trial blast No.1 and No.2. In
The trial blast No.2, the blast casings were placed in same blast circle used in the Trial
blast No.1 and positioned between the blast casings used in the Trial blast No.1 as shown
in Figure 4-12.
The blast layout employed in the production blast No.2 is shown in Figure 4-13.
The five blast circles were prepared in the production blast No.2. Natural Soil and the
two improvements (Rammed aggregate piers and Horizontal beam deck) were
simultaneously examined at the same test zone. The circles were placed at the corners
and the center of the test area. Each circle had a diameter of 10.0m. The distance of each
circle was approximately 12m to 20m (distance between the centers of each circle).
Each improvement was constructed within each circle. For example, the total twentytwo of rammed aggregate piers were constructed within the circle. The eight blast
casings were evenly placed along with the blast circles. The five concrete blocks and
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the steel plates were placed in each circle to apply surcharge loads. The concrete block
had approximately a 1m3 volume. The same blast layout was used in the production
blast No.1.
The blast layout employed in the production blast No.3 is shown in Figure 4-14.
The small blast circle that had a diameter of 5.0m was placed at the center of the test
area and the four blast circles that had a diameter of 10.0m were placed around the small
blast circle. Driven timber piles (DTP), Rammed aggregate piers (RAP) and Continuous
auger pile (CFA) were simultaneously examined at the same test zone. The eight blast
casings were evenly placed in each blast circle, and the four blast casings were placed
in the small blast circle. The five steel plates were placed on the ground surface in the
test zone. The five concrete blocks and the steel plates were placed in the improvements
of DTP and RAP to apply surcharge loads on the improved soils as well.
The blast layout employed in the production No.5A and No.5B is shown in
Figure 4-15. The same charge layout was used in the production blast No.7. The four
blast circles were placed in the test area. The inner circle had a diameter of 10.0m and
the outer circle had a dimeter of 15.0m. The ten blast casings were evenly placed in the
inner and outer circles. The improvements were placed inside of the inner circles as
shown in Figure 4-15. The five blocks and the steel plates were placed inside of the
inner circle in each improvement to apply surcharge loads as well.

4.3.3.2 Employed charge weight of explosive
In the trial blast No.1, a charge of 1.2kg placed in a depth of 4.0m and 8.5m was set in
the upper and lower decks. In trial blast No.2, a charge of 1.1kg placed in a depth of
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4.0m was set in the upper deck and a charge of 2.7 kg placed in a depth of 8.5m was set
in the lower deck. In the production blast No.1, No.2 and No.3, a charge of 1.1kg and
2.7kg was placed in depth of 4.0m and 8.5m in the upper and lower decks, respectively.
The small charge of 0.55kg placed in the upper deck was used for Resin injection (RES)
in the production blast No.1. In production blast No.5A and No.5B, a charge of 2.4kg
and 2.8kg was placed in a depth of 7.5m and 11.5m in the middle and lower decks of
the inner and outer blast casings, respectively. In production blast No.7, the charge of
0.55kg was placed in a depth of 4.0m in the upper deck of the inner and outer blast
casings, respectively.

4.3.3.3 Employed blast pattern and detonation delay
The blast patterns employed in the Trial blast No.1 and No.2 were shown in Figure 4-16
and Figure 4-17. The explosives were detonated using a detonation delay of 315ms in
the Trial blast No.1 and No.2. The explosives placed in the lower decks were firstly
detonated, and the explosives placed in the upper decks were lately detonated. The order
of detonation employed in the Trial blast No.1 and No.2 were shown in Figure 4-16 and
Figure 4-17.
The blast pattern employed in the production blast No.1 is shown in Figure 4-18.
The detonation was divided into the first and second stage. The explosives placed in the
blast circles of Rammed aggregate piers (RAP), Natural Soil (NS) and Rapid impaction
compaction (RIC) were firstly detonated and the explosives placed in the blast circles
of Low mobility grout (LMG) and Resin injection (RES) were secondly detonated after
all of the detonations for RAP, NS and RIC completed. The explosives between the blast
circles of RAP, NS and RIC were alternately detonated in the order RAP → NS → RIC
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using a detonation delay of 105ms and the explosives placed in each blast circle were
detonated in a detonation delay of 315ms. The explosives placed in the blast circles of
LMG and RES were alternately detonated as well using the same detonation delay as
the first stage. The same blast pattern and detonation delay were employed in production
blast No.2.
The blast pattern employed in the production blast No.3 is shown in Figure 4-19.
The detonation was divided into the first and second stage. The explosives placed in the
blast circles of Rammed aggregate piers (RAP) and Driven timber piles (4-DTP-1) were
firstly detonated and the explosives placed in the small blast circle, Driven timber piles
(4-DTP-2) and Continuous flight auger pile (4-CFA-1) were secondly detonated after
the detonations of RAP and 4-DTP-1 completed. The explosives placed in the blast
circles of RAP and 4-DTP-1 were alternately detonated using a detonation delay of
155ms and 160ms and detonated using a detonation delay of 313ms in each blast circle.
The explosives placed in the small blast circle, 4-DTP-2 and 4-CFA-1 were also
alternately detonated using a detonation delay 105ms and 315ms. The order of
detonations employed in the production blast No.3 is shown in Figure 4-19.
The blast pattern used in the production blast No.5A and No.5B is shown in
Figure 4-20 and Figure 4-21, respectively. The explosives placed in the inner circles
were initially detonated in the production blast No.5A and the explosives placed in the
outer circles were lately detonated in the production blast No.5B. In production No.5A,
the explosives placed in the inner circle of Gravel raft (GR) firstly detonated and the
explosives placed in Natural Soil (NS), Horizontal beam deck (HBD) and Soil-cement
raft (SCR) were detonated in the sequence. The detonations were conducted in the order
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of GR → NS → HBD → SCR using the detonation delay of 126ms. The explosives
placed in the each inner circle was detonated using the detonation delay of 504ms as
shown in Figure 4-20. In production blast No.5B, the explosives placed in the outer
circles of Natural Soil were initially detonated and the detonations were continued using
the detonation delay of 175ms. The order of detonations employed in production blast
No.5B is shown in Figure 4-21.
The blast pattern employed in production blast No.7 was shown in Figure 4-22.
The explosives placed in the blast circle of Gravel raft were initially detonated and the
explosives placed in the blast circles of Soil cement raft, Natural Soil and Horizontal
beam were detonated in the sequences (GR → SCR → NS → HBD). The explosives in
the production blast No.7 were detonated in the order of the inner → the outer circles in
clockwise in each improvement as shown in Figure 4-22. The explosives were detonated
in a detonation delay of 144ms. The order of detonations employed in production blast
No.7 was shown in Figure 4-22.
In every blast event, the explosives placed in the lower decks were initially
detonated and the explosives placed in the middle and upper decks were detonated after
all of explosives placed in the lower decks detonated in the sequences as shown in
Figure 4-23.

4.3.3.4 Location of sensors
In the Trial blast No.1 and No.2, the 3D geophone receivers were placed in a distance
12m, 20m and 50m from the center of the blast circle. In the production blast No.1, No.2,
No.3 No.5A, No.5B and No.7, the 3D geophone receivers, the pore water pressure
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transducers and the profilometers were placed at the center of the blast circles in order
to measure ground vibrations and pore water pressure response during blasting. The
location of each sensor was shown in Figure 4-12 - Figure 4-15. In all blast events, the
3D geophone receivers were placed between each improvement and were placed in a
depth of 1.0m from the ground surface. The pore water pressure transducers were placed
in a depth of 2.7-15.8m from the ground surface.

4.3.3.5 Used type of improvements
The total eight types of improvements were examined including Rammed aggregate
piers (RAP), Driven timber piles (DTP), Rapid impact compaction (RIC), Resin
injection (RES), Low mobility grout (LMG), Gravel raft (GR), Soil cement raft (SCR)
and Horizontal beam deck (HBD) at Site 4, Avondale. Details of each improvement
were reported in Van Ballegooy et al. (2015) and other related publications. Here, a
brief of each improvement was described.
Rammed aggregate piers: Rammed aggregate piers are a pier consisted of rammed
crushed gravels displaced by a technique with excavator-mounted mobilram base
machine fitted with a high frequency vibratory hammer (Wissmann et a. 2015). The
constructed rammed aggregate piers had a diameter of 600mm and displaced into a
depth of 2m - 4m from ground surface. Each rammed aggregate piers were placed in a
space of 1.5m to 3.0m with triangular patterns.
Driven timber piles: Driven timber piles are a timber pile placed into liquefiable soils
using the vibrating plate method. Soil shear strength are improved in the vicinity of
timber piles due to densification and holding the improved ground zones by group of
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timber piles. Driven timber piles were vertically placed in the ground in a triangular grid
pattern to at least 4m depth below the ground surface (Van Ballegooy et al. 2015).
Rapid impact compaction: Rapid impact compaction is a method of densifying soils
near ground surface to increase bearing capacity and stiffness by dropping mounted on
excavator (Van Ballegooy et al. 2015).
Resin injection and Low mobility grout: Resin injection and Low mobility grout are a
compaction method for granular materials by injecting cement into grounds and creating
cemented soil to densify loose portions (Van Ballegooy et al. 2015).
Gravel raft: Gravel raft is a compacted raft with gravels using excavators. Gravel raft
was the construction of a 1.2m-deep compacted raft of engineered aggregate (gravel) to
provide a stable platform to houses and buildings which were built on vulnerable to
liquefaction (Van Ballegooy et al. 2015).
Soil cement raft: Improved soil cement rafts provide a stable platform to prevent
foundations and buildings from tilting due to earthquake and liquefaction. Soil cement
raft was the construction of a 1.2m thick compacted crust made of cement-stabilized
soil with reinforcing mesh called a geogrid (Van Ballegooy et al. 2015).
Horizontal beam decks: Horizontal beam decks are a beam made from the soil present
under an existing house and introduced grout (a mixture of water and cement) which is
mechanically mixed together, creating cylindrical-shaped, horizontal beams of cementstabilized soil (Van Ballegooy et al. 2015). The horizontal beam decks were constructed
just beneath non-liquefiable crust in order to provide thicker and stiffer layers to nonliquefiable crust and less damages on structures.
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4.4 RESULTS OF GROUND VIBRATION
4.4.1 Peak particle velocity
In blasting, peak particle velocity (PPV) is often correlated with scaled distance, SD,
which is a ratio of a hypocentral distance to square root or cube root charge weight of
explosive, because an intensity of ground vibrations strongly depends on the explosive
energy. Square root scaled distance is typically used for columnar charges, and cube
root scaled distance is used for point charges or concentrated charges (Ivanov 1967,
Narin van Court and Mitchell 1994). During the Ground Improvement Trial, the
columnar charge geometry is employed for the non-improved and the improved soils so
that square root scaled distance is used to develop the relationship between PPV and
scaled distance. Several literatures (e.g., Dowding 1996) indicate that use of the
geometric mean (square root of the three components of particle velocity) as an intensity
of ground vibration is conservative so that the maximum single value of three
components is used as PPV for the correlation. The relationship between PPV and
square root scaled distance, SD, is typically described using power model as shown in
Equation 4-2.

 R 
PPV  C 

 W

-n

Equation 4-2
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where C is a value of peak particle velocity of a one unit of square root distance, n is
attenuation coefficient, R is a hypocentral distance from the explosives, W is a charge
weight of explosives per delay. TNT equivalent is usually used.
Figure 4-24 shows the peak particle velocity measured in the non-improved and
the improved soils. The numbers shown in each figure are the coefficient, C, and the
attenuation coefficient, n, in Equation 4-2 for the mean regressive curves analysis. The
maximum PPVs measured in each improvement were 0.26m/s, 0.25m/s, 0.24m/s of 4NS-1, 4-NS-2, 4-NS-3 in Natural Soil, 0,25m/s, 0.25m/s, 0.25m/s of 4-RAP-1, 4-RAP2, 4-RAP-3 in Rammed aggregate piers, 0.24m/s, 0.25m/s of 4-DTP-1, 4-DTP-2 in
Driven timber pile, 0.22m/s of 4-CFA-1 in Continuous flight auger pile, 0.25m/s of 4LMG-1 in Low mobility grout, 0.25m/s of 4-RES-1 in Resin injection, 0.25m/s of 4GR-1 in Gravel raft, 0.25m/s of 4-SCR-1 in Soil cement raft and 0.25m/s, 0.25m/s,
0.25m/s of 4-HBD-1, 4-HBD-2, 4-HBD-3 in Horizontal beam deck, respectively. Figure
4-25 shows the range of PPVs for all the types of improvements. The results show that
the maximum PPVs fall within the range of 0.22-0.26m/s, the PPVs decrease with
increase of SD, and all the data points of the improved soils fall within the same range
as the one of the non-improved soils regardless of the type of the improvements. The
regressive equations of the upper, the lower boundary, and the mean curve from the
Ground Improvement Trial are shown in Equation 4-3-Equation 4-5. The coefficient, C,
is 5.47, 1.17, and 2.75 for the upper and lower boundaries and the mean curve,
respectively, and the attenuation coefficient, n, is 1.46 for them. The number of data
points N plotted in Figure 4-25 is 467, and the 95% of the data points falls within the
boundaries. So that, the PPVs measured in each improved soil fall within the same range
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as the one of Natural soils (non-improved soils) regardless of the type of the
improvements. Therefore, the results show that the PPVs induced from the series of the
Ground Improvement Trial are less sensitive to the soil improvements.

 R 
PPV  5.47 

 W

 R 
PPV  1.17 

 W

1.46

(Upper boundary)

Equation 4-3

(Lower boundary)

Equation 4-4

(Mean)

Equation 4-5

1.46

 R 
PPV  2.75 

 W

1.46

PPV measured at free filed from blast-induced liquefaction testing has been
reported in many literatures. Here, the PPVs measured at free filed from blast-induced
liquefaction testing are summarized in order to compare them to the results from the
Ground Improvement Trial. Figure 4-26-Figure 4-28 summarizes the PPVs measured at
free filed with the employed charge weight of explosive, charge depth, and detonation
delay, including the data from the reclaimed silty and clean sandy ground (PARI 2003,
and Ashford et al. 2004), the alluvially deposited sandy ground (Rollins 2004), the
reclaimed silty ground (Tsujino et al. 2007), the well graded gravelly ground (Rollins et
al. 2004 and Elliot et al. 2009), and the others (Golh et al. 2001, 2003). It is noted that
there is no information of the type of explosive in the references so that both TNT
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equivalent and non TNT equivalent is possibly used. Table 4-3 summarizes the
empirical equation of PPV measured at free field. It is noted that there is no information
of explosive type in the references so that both TNT equivalent and non-TNT equivalent
is possibly used. Figure 4-28 shows that the PPVs measured at free field fall within the
same range regardless of site conditions, and the 83% of the data points falls within the
range of the one of the Ground Improvement Trial. So that, it can be seen that the range
of the PPVs measured at free field are almost same as the ones measured in Ground
Improvement Trial regardless of the site conditions. The regressive equations of the
upper and lower boundary and the mean curve from the other blast-induced liquefaction
testing are shown in Equation 4-6-Equation 4-8. The coefficient, C, is 3.30, 0.63, and
1.47 for the upper and lower boundaries, and the mean curve, respectively, and the
attenuation coefficient, n, is 1.33 for them. The number of data points N plotted in
Figure 5 is 191, and the 95% of the data points falls within the boundaries.

 R 
PPV  3.30 

 W

-1.33

 R 
PPV  0.63 

 W

-1.33

 R 
PPV  1.47 

 W

-1.33

(Upper boundary)

Equation 4-6

(Lower boundary)

Equation 4-7

(Mean)

Equation 4-8
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4.4.2 Frequency
Frequency is a fundamental component of wave. It is often considered as a one of
important criteria of ground vibration. The few literatures reported the frequency of
ground vibration from blast-induced liquefaction, although the most of them paid
attentions to an amplitude of particle velocity. Here, the predominant frequency of
ground vibration measured in Rapid impaction compaction (RIC) is compared to the
one measured in free field from blast-induced liquefaction.
The ground vibration is measured at an epicentral distance of 12, 20, and 50m
away from blast circle for RCI. The predominant frequency is 24, 15, and 10Hz for a
distance of 12, 20, and 50m, respectively. Therefore, the result shows that the
predominant frequency decreases with increase of an epicentral distance from explosive.
Figure 4-27 compares the predominant frequency measured at free field to Rapid Impact
Compaction (RIC). Figure 4-27 shows that the larger PPVs are induced with high
frequency motion (i.e., approximately over 10Hz) and the smaller PPVs are induced
with low frequency motion (i.e., approximately less than 10Hz). In other words, the
predominant frequency decreases with increase of SD. The tendency of the magnitude
of PPV and the predominant frequency from RIC is almost same as the ones from free
field.
Kramer (1996, pp.91) mentioned that ”… as seismic waves traveling away from
a fault, their higher-frequency components of seismic waves are scattered and absorbed
more rapidly than are their lower-frequency components. … As a result, the
predominant period increases with increase of distance.” As shown in Figure 4-32, the
predominant frequency decreases with increase of SD. This may indicate that the high112

frequency components of blast-induced waves are scattered and absorbed with distance
and only the low-frequency components of blast-induced waves are significant at a
remote distance as like seismic waves. The above results and discussion also imply that
the predominant frequency become close to the natural frequency of structures at a far
distance as mentioned by Dowding and Duplaine (2004) so that careful considerations
should be required to control ground vibration from blast-induced liquefaction.

4.5 DISCUSSION
4.5.1 Liquefaction and intensity of ground motion from blast induced
liquefaction
During a sequence of blasting, residual pore water pressure increases with increase of a
number of detonations, which possibly changes body wave velocity (and possibly
surface wave velocity) of liquefied soils. Figure 4-30 shows the relationship between
the PPVs measured at Natural soil (i.e., non-improved soil) and Continuous flight augur
pile (CFA) and the residual pore water pressure ratio Ru measured at a depth of 2.76.5m with the different level of SD. The range of the PPVs from NS is 0.17-0.25m/s
with Ru of 0.5-1.2 for SD of 5-6m/kg0.33, 0.08-0.15m/s with Ru of 0.32-1.17 for SD
of 6-10m/kg0.33, and 0.03-0.06m/s with Ru of 0.66-1.11 for SD of 9-16m/kg0.33. The
range of the PPVs from CFA is 0.11-0.21m/s with Ru of 0.69-1.10 for SD of 56m/kg0.33, 0.05-0.15m/s with Ru of 0-0.71 for SD of 7-13m/kg0.33, and 0.02-0.03m/s
with Ru of 0.63-0.67 for SD of 13-18m/kg0.33. The results from NS and CFA show
that the magnitude of PPV increases with decrease of SD, however it does not
significantly change with a different magnitude of Ru. Therefore, the results at least
113

indicate that PPV from blast-induced liquefaction is less sensitive to a magnitude of
residual pore water pressure ratio Ru.
Blasting accompanies large residual pore water pressure and liquefaction during
a sequence of blasting. No matter how blast-induced incident/reflected/refracted waves
reach ground surface, their waves propagate through both non-liquefied and liquefied
soils.
Liquids have no shear stiffness and cannot sustain S-waves. Liquefied soils
generally have very low shear stiffness, then S-waves should significantly attenuate and
diminish during a propagation through liquefied ones. In other words, only P-waves can
be critical on ground vibration at a location where blast-induced waves directly arrive
at ground surface and propagate in liquefied soils.
It is well known that soil liquefaction from earthquakes particularly de-amplified
ground motions in the period range less than 1s (e.g., Tokimatsu and Suzuki 2009)
because the vibration transmissibility (i.e., function of natural frequency, damping ratio,
and frequency of wave) decreases with reduction of shear stiffness. As shown in Figure
4-30, however, the magnitude of the PPVs does not significantly change although the
large residual pore water pressure and liquefaction are induced. This fact implies that
soil liquefaction does not amplify or de-amplify blast-induced ground motion.
Liquefaction may not be critical on the vibration transmissibility for blast-induced
waves. There is no measurement of soil stiffness during the sequence of blasting and
liquefaction, so that the further researches are needed to understand P wave – soil
interaction and its effect on ground vibrations.
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4.5.2 Intensity and wave mode
Figure 4-27 shows the relationship among the body wave (P and S) velocity, Rayleighwave velocity of subsurface soils and the coefficients in equation (1). R-wave velocity
is estimated using the equation by Achenbach (1975). Figure 4-29 shows that the
coefficient, C, and the attenuation coefficient, n, increase with increase of P-wave
velocity, however it seems that there is no strong relationship among the coefficients, S
and R wave velocity. As shown in the figures, P-wave velocity has a good correlation
with the coefficients (R2=0.67 and 0.61 for C and n, respectively), however S and R
wave velocity does not (R2=0.03 and 0.003 for C and n for S-wave velocity, R2=0.03
and 0.002 for C and n for R-wave velocity, respectively).
Figure 4-31 shows the particle motion measured at the epicentral distance of 12,
20, and 50m away from blast circle in a duration of 0-1,000ms in the LongitudinalVertical (L-V), the Transverse-Vertical (T-V), and the Transverse-Longitudinal (T-L)
directions. The angle, i, shown in the L-V figures is the angle from an explosive to the
measured points (i=tan-1[H/D], where D is an epicentral distance and H is a depth of a
source). The maximum displacements are 6.0, 1.4, and 1.2mm in the vertical direction,
9.0, 2.3 and 1.2mm in the longitudinal direction and 6.0, 1.0m and 0.9mm in the
transverse direction at the epicentral distance of 12, 20, and 50m, respectively. So that,
the results show that the maximum displacement in each direction decreases with
increase of the epicentral distance. The maximum and smallest displacement are
induced in longitudinal and transverse direction in each distance, respectively. The L-V
diagrams show that the angle, i, and the direction of the particle motion are 33 ˚ and 31˚,
22˚ and 23˚ at the epicentral distance of 12 and 20m, respectively, therefore, their angles
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almost correspond at that distance. However, its angle and the direction of the particle
motion are 9˚ and 45˚ at the epicentral distance of 50m so that the difference is clear
comparing to the one measured at the epicentral distance of 12 and 20m.As shown in
Figure 4-31, the direction of the particle motions is clearly different with distance. This
implies that a dominant mode of wave may transition from P-waves to other modes of
wave. Here, the effect of wave mode on ground motion is discussed comparing to the
data from other literature.
Kim and Lee (2000) reported the ground motion measured in a depth of 5.57.5m and 18m away with the charge weight of explosive of 1-3kg placed in a depth of
28-44m from blast testing. The particle motions showed that the particles mainly
displaced in the longitudinal and vertical direction, not transverse direction, and the
direction of the particle motion corresponded to the angle from the explosive to the
geophone. These observations shows that the directly arriving wave (i.e., P-wave)
dominate the ground motion. Tsujino et al. (2007) reported the ground motion measured
at the different epicentral distance from explosives from blast densification. The
explosives were placed in a depth of 10 and 14m with the charge weight of explosive of
3kg. The ground surface motion recorded at the epicentral distance of 50m away from
explosives showed that both body and surface wave was explicit and produced same
magnitude of the particle velocity. However, the surface wave became more critical at
the epicentral distance of 100m and produced the higher particle velocity than the one
by the body waves. At a distance of 175m away, the body waves almost attenuated and
only the surface wave dominated the ground motion. Dowding and Duplaine (2004)
discussed the effect of wave mode on ground vibration from blast densification. The
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ground motion recorded at the epicentral distance of 18m away from explosives showed
that peak particle velocity was induced by the compressive body waves. However, the
ground motion measured at 60m away showed that the surface waves induced the higher
particle velocity than the one by body waves. The earlier arriving waves (i.e., P-waves)
induced the high frequency peaks at 40Hz and the later arriving waves induced the low
frequency peaks at 4-6Hz. So that, the later arriving waves dominated the ground motion
at 60m away.
The above reported results indicate that the dominant mode of wave on ground
motion transitions from body wave to surface wave at a certain distance. Considering
the results from Tsujino et al. (2007) and Dowding and Duplaine (2004), the surface
waves become explicit and critical at a distance of 50-60m from the explosives. As
shown in Figure 4-31, the direction of an explosive to the measured points corresponds
to the direction of the particle motion at the epicentral distance of 12m and 20m away
from blast circle. However, the difference is clear at the epicentral distance of 50m.
These observed facts match with the results from Tsujino et al. (2007) and Dowding
and Duplaine (2004). Accordingly, these results indicate that body waves dominate
ground motion at a short distance and surface waves dominate at a remote distance.

4.6 SUMMARY AND CONCLUSION
This chapter summarizes the ground vibration from the Ground Improvement Trial
carried out in Christchurch, New Zealand during 2013-2014 in order to evaluate the
effect of soil improvement on its characteristics from blast-induced liquefaction. The
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employed charge weight of explosive, charge depth, and detonation delay are 0.552.8kg, 4.0-11.5m and 105-504ms, respectively. The results of the PPV and the
frequency are compared to the ones measured at free field where the reclaimed sandy
and silty soils, the alluvially soils, and the gravelly soils deposited. The followings are
concluded:
(1)

The measured maximum PPVs from the Ground Improvement Trial are in the
range of 0.22-0.26m/s. The range of the PPVs of the improved soils falls within
the same range of the non-improved soils. In addition, the comparison shows that
the 86% of the PPVs measured at free field falls within the range from Ground
Improvement Trial.

(1)

Predominant frequency is compared to the one measured at free field. The results
show that the larger PPVs are induced with the high frequency (i.e., approximately
over 10Hz), and the smaller PPVs are induced with the low frequency (i.e.,
approximately less than 10Hz). This result implies that the predominant frequency
become close to the natural frequency of structures at remote distance so that
careful considerations shold be requred to control ground vibration from blastinduced liquefaction.

(2)

The comparisons among the coefficients of regressive power model and seismic
wave velocities show that P-wave velocity has a strong relationship with the
coefficients. This indicates that PPV is sensitive to soil stiffness, not to a type of
improvements.

(3)

The residual pore water pressure Ru-PPV diagram with the square root scaled
distance (SD) shows that PPV is not sensitive to a magnitude of Ru. Considering
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that S-waves should attenuate and diminish during a propagation through liquefied
soils, the result indicates that P-waves dominate ground vibration at a location
where blast-induced wave directly arrives and shakes.
(4)

The particle motions show that the angle from an explosive to the measured points
corresponds to the direction of the particle motions at a short distance, however
its direction does not correspond at a remote distance. Comparing to the results
from other sites, the dominant mode of wave transitions from P-wave to surface
wave at a distance of 50-60m from explosives. Accordingly, these results indicate
that P-waves dominate ground vibration at a short distance and surface waves
dominate at a remote distance.
The above conclusions are valid for the blasting carried out at a shallow to

moderate depth of 3.5-23.0m, detonation delay of 25ms-2s and charge weight of
explosive of 0.5-14kg. In remarks, the similarities (i.e., the relationship between
predominant frequency and distance, surface waves are only explicit at a far distance)
and the differences (i.e., particle motion, dominant mode of wave) from earthquake
induced ground vibration can be seen in blast-induced liquefaction. Further studies are
needed to make the use of explosives as an efficient application of in-situ soil dynamic
testing.
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Table 4-1 The properties of the subsurface soils at the Site 4, Avondale

D60
(mm)
D50
(mm)
D30
(mm)
D10
(mm)
Uc
Cc
Fc %

4-RIC1

4-NS-1A

4-NS-1B

4-NS-1C

4-RIC-1D

4-NS-2C

4-NS-2D

0.22

0.13

0.25

0.23

0.14

0.18

0.17

0.19

0.11

0.23

0.20

0.13

0.16

0.16

0.14

0.09

0.18

0.16

0.09

0.12

0.14

0.09

-

0.11

0.10

-

0.08

0.09

2.4
1.0

20

2.2
1.1
2

2.3
1.1
2

2

2.2
0.9
4

1.9
1.3
19
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Table 4-2 The employed blast properties
Type of
Improvements
Trial blast
No.1
Trial blast
No.2

Charge
depth
(m)
4.0
8.5
4.0
8.5

Charge
weight
(kg)
1.2
1.2
1.1
2.7

Diameter of
circle (m)

Detonation
delays (ms)

RAP
10.0
315
RIC
RAP
10.0
315
RIC
NS
RAP
(0.55)
Production
4.0
RES
1.1
10.0
315
No.1
8.5
LMG
2.7
RIC
NS
Production
4.0
1.1
RAP
10.0
315
No.2
8.5
2.7
HBD
DTP
Production
RAP
4.0
1.1
10.0
315
No.3
CFA
8.5
2.7
DTP
NS
Production
HBD
7.5
2.4
10.0 (inner)
504
No.5 5A
SCR
11.5
2.8
15.0 (outer)
GA
NS
Production
HBD
7.5
2.4
10.0 (inner)
175
No.5 5B
GR
11.5
2.8
15.0 (outer)
SCR
NS
Production
HBD
10.0 (inner)
4.0
0.55
144
No.7
SCR
15.0 (outer)
GR
** NS: Natural soils, RAP: Rammed aggregate piers, RIC: Rapid impact compaction,
RES: Resin injection, HBD: Horizontal beam deck, GR: Gravel raft, SCR: Soilcement raft, DTP: Driven timber pile, LMG: Low mobility grout
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Table 4-3 Empirical equations of ground vibration from blast induced liquefaction
testing
Measured
Depth
depth
explosives
(m)
placed (m)

Equation
0.74

1

 R 
PPV  0.26 

 W

1.60

2

 R 
PPV  2.95 

 W

1.52

3

 R 
PPV  4.04 

 W

1.87

4

 R 
PPV  4.91

 W

5

 R 
PPV  1.48 

 W

6

 R 
PPV  1.02 

 W

1.35

7

 R 
PPV  3.08 

 W

1.09

8

 R 
PPV  1.05 

 W

 R 
PPV  2.71

 W

1.62

9

 R 
PPV  1.97 

 W

1.42

10

Detonation
delays
(ms)

Reference

-

-

-

Narin van
Court and
Mitchell
(1994)

Ground
surface

3.6

250

Rollins et al.
(2000)

NR

NR

-

Golh et al.
(2001)

NR

NR

-

Gohl et al.
(2003)

Ground
surface

5-18.5

250

PARI
(2003)

Ground
surface

3.6

250

Ashford et
al. (2004)

Ground
surface

5.35

500

Rollins et al.
(2004)

NR

6.1-15.5
5-14

250

Rollins
(2004)

Ground
surface

7.5-10.5

250

Tsujino et
al. (2007)

Various
objects
locating
in the test
area

8.2-22.4

25ms, 2s

Elliot et al.
(2009)

1.19

1.21

** NR: Not reported
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Figure 4-1 Soil profiles at Site 4, Avondale (data from Van Ballegooy et al. 2015)
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Figure 4-2. The grain size distribution of the subsurface soils at Site 4, Avondale (Data
from Van Ballegooy et al. 2015)
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Figure 4-3. The soil profiles of Natural soils at Site 4, Avondale (Data from Van
Ballegooy et al. 2015)
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Figure 4-4. The soil profiles of Rammed aggregate piers measured between columns at
Site 4, Avondale. (Data from Van Ballegooy et al. 2015)

125

CPT Tip Resistance qc (MPa)
0

5

10

Crosshole P-Wave Velocity, Vp (m/s)

Relative density Dr (%)

15

20

0

50

100 0

500

1,000

Crosshole S-Wave Velocity, Vs (m/s)

2,000 0

1,500

100

200

300

0
4-DTP-1

4-DTP-1

4-DTP-1

4-DTP-1

4-DTP-2

4-DTP-2

4-DTP-2

4-DTP-2

-1
1

Improved zone

Depth (m)

-2
2

-3
3

-44

-55

-66

-77

Figure 4-5. The soil profiles of Driven timber piles measured between timber piles at
Site 4, Avondale (Data from Van Ballegooy et al. 2015)
CPT Tip Resistance qc (MPa)
0

5

10

Relative density Dr (%)

15

20

0

0

Crosshole P-Wave Velocity, Vp (m/s)
100

0
4-CFA-1

0

500

1,000

1,500

2,000 0
0

0
4-CFA-1

4-CFA-1

-1

-1

-2
2

-2

-2

-2

-3
3

-3

-3

-3

Depth (m)

-1

Depth (m)

Crosshole S-Wave Velocity, Vs (m/s)
100

200

300

4-CFA-1

-1
1

Depth (m)

Depth (m)

50

-4
4

-4

-4

-4

-5
5

-5

-5

-5

-66

-6

-6

-6

-77

-7

-7

-7

Figure 4-6. The soil profiles of Continuous flight auger piles measured adjacent natural
soils at Site 4, Avondale (Data from Van Ballegooy et al. 2015)
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Figure 4-7. The soil profiles of Low mobility grout measured between low mobility
grout at Site 4, Avondale (Data from Van Ballegooy et al. 2015)
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Figure 4-8. The soil profiles of Resin injection at Site 4, Avondale (Data from Van
Ballegooy et al. 2015)
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Figure 4-9. The soil profiles of Gravel raft measured adjacent natural soils at Site 4,
Avondale (Data from Van Ballegooy et al. 2015)
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Figure 4-10. The soil profiles of Soil cement raft measured adjacent natural soils at Site
4, Avondale (Data from Van Ballegooy et al. 2015)
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Figure 4-11. The soil profiles of Horizontal beam deck measured across a horizontal
beam at Site 4, Avondale (Data from Van Ballegooy et al. 2015)
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Figure 4-12. The blast layout employed in the Trial blast No.1 and No.2

130

Figure 4-13. The blast layout employed in the production blast No.2
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Figure 4-14. The blast layout employed in the production blast No.3

132

Figure 4-15. The blast layout employed in the production blast No.5A, No.5B and No.7
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Figure 4-16. The blast pattern employed in the Trial blast No.1
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Figure 4-17. The blast pattern employed in the Trial blast No.2
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Figure 4-18. The blast pattern employed in the production blast No.1
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Figure 4-19. The blast pattern employed in the production blast No.3
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Figure 4-20. The blast pattern employed in the production blast No.5A.
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Figure 4-21. The blast pattern employed in the production blast No.5B.
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Figure 4-22. The blast pattern employed in the production blast No.7.
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Figure 4-23. The pattern of detonations used at the Site 4, Avodale.
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Figure 4-24. The relationship between peak particle velocity (PPV) and square root
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Figure 4-30. Peak particle velocity at a different magnitude of residual pore water
pressure ratio with a different level of square root scaled distance. The residual pore
water pressure shown in the figures is an averaged value measured in a depth of 2.76.5m.
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Figure 4-32. Comparison of the predominant frequency meaured at free grounds to the
one measured in Rapid Impact Compaction. For the use of the data from Dowding and
Duplaine (2004), the depth of explosive did not provided so that it is assumed that a
hypocentral distance equals to a epicentral distance.
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Chapter 5.
BLAST-INDUCED GROUND SURFACE
SETTLEMENT: OBSERVATIONS AND EMPIRICAL
ESTIMATION
ABSTRACT
Ground surface settlement resulting from blast densification is a direct indicator of the
extent of soil densification, which tells how much soils are compacted. This paper
provides the observations and the empirical estimation of ground surface settlement to
improve understanding of the relationship between explosive energy and ground surface
settlement from blast-induced liquefaction. To meet the objective, a database of recent
blast-induced liquefaction testing is gathered and used. The following observations are
found: (1) For the most sites, the stiff layers as well as the silt and silty clay layers
become the boundary between the compacted and the non-compacted layers, because
these layers function as a barrier to prevent from generating excess pore water pressure.
(2) Settlement above ground water table (i.e., settlement of unsaturated soils) is less than
10% of the maximum ground surface settlement in the most cased. This shows that
ground surface settlement from blast-induced liquefaction is mostly induced due to a
compression of saturated soils. (3) Various ground surface settlement conditions are
achieved by different charge layouts because the concentration of explosive energy
depends on the charge layouts. (4) Generation of residual pore water pressure does not
initiate ground surface settlement from blast-induced liquefaction. The energy input
described by average Hopkinson’s number, HNavg, is critical on the initiation of ground
surface settlement. (5) The maximum post-test ground surface settlement is highly
dependent on the total energy of the buried explosives and the initial relative density.
Powder factor, PF, is a useful energy input for estimating the maximum post-test ground
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surface settlement for coarse-granular soils in multiple blasts. (6) The noticeable ground
surface settlement can be estimated using HNavg regardless of the soil types and the
charge layout. Ground surface settlement is induced when HNavg is over 0.14-0.19.
Based on the above observations, the new empirical model to predict ground surface
settlement resulting from blast-induced liquefaction is proposed.
Keywords: Blast induced liquefaction, Ground surface settlement, Energy input,
Dynamic soil compaction

5.1 INTRODUCTION
Blast-induced liquefaction has been used as a soil densification in geotechnical
engineering field to densify loose coarse granular soils and to mitigate liquefaction
induced ground failures since the 1930s (e.g., Ivanov1967, Charlie et al. 1992, Gohl et
al. 2000, Al-Qassimi et al. 2005, Tsujino et al. 2007, Elliot et al. 2009, Narsilio et al.
2009). In recent decades, the used of the blast technique has been extended to investigate
the performance of full scale foundations (e.g., Ashford and Rollins 2002; Ashford et
al. 2004, Rollins 2004, Rollins and Strand 2007) and various types of soil improvements
against liquefaction as an in-situ liquefaction testing (e.g., PARI 2003, Sugano and
Nakazawa 2009, van Ballegooy et al. 2015. Accordingly, estimation of ground surface
settlement is objectively important in designing of blast-induced liquefaction.
Explosive is only a source relating to the phenomena from blast-induced
liquefaction, and ground surface settlement is a direct indicator of the extent of soil
densification. Correlating explosive energy with ground surface settlement is a useful
way to estimate the potential ground surface settlement from blast-induced liquefaction.

146

Narin van Court and Mitchell (1994) collected the case histories of the blast
densification projects and correlated the observed ground surface settlement with
explosive energy. However, the regressive model developed by Narin van Court and
Mitchell (1994) did not predict the settlement robustly, the possible reason is that the
relevant factors, such soil density and soil type, were not fully accounted. The recent
blast densification projects (e.g., Gohl et al 2003, Tsujino et al. 2007) showed that the
different explosive energy caused a different magnitude of ground surface settlement,
which indicates that the achieved ground surface settlement is influenced by the initial
soil conditions as well as the explosive energy contributions. Although a few semiempirical approaches have been proposed to predict blast-induced ground surface
settlement (e.g., Wu 1996; Nakazawa and Sugano 2013), these approaches mainly focus
on the contribution of excess pore water pressure on ground surface settlement, and thus,
they do not fully account for the explosive energy contribution.

5.2 OBJECTIVE
The objective is to improve the understanding the relationship between explosive energy
and ground surface settlement from blast-induced liquefaction. To meet the objective, a
database of recent blast-induced liquefaction testing is gathered and used. An empirical
model, which is fit from the available data, is presented to estimate the ground surface
settlement resulting from blast-induced liquefaction. The developed empirical model is
compared and contrasted to similar models developed to predict earthquake-induced
ground surface settlements caused by liquefaction. The developed model is useful as a
preliminary tool for engineers to design blast-induced liquefaction testing safely.
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5.3 DATABASE OF RECENT BLAST-INDUCED LIQUEFACTION
TESTING
Table 5-1 shows the blast test properties of recently conducted blast densification and
in-situ blast-induced liquefaction testing. The data shown in Table 5-1 are collected
from British Columbia, Canada (Rollins 2004, Rollins and Strand 2007), Treasure
Island, California (Ashford and Rollins 2002, Ashford et al. 2004), Tokachi Port, Japan
(PARI 2003, Tsujino et al. 2007), Ishikari Port, Japan (Sugano and Nakawaza 2009),
Ichikawa City, Japan (Tsujino et al. 1997, 2007), Maui, Hawaii (Rollins 2004), and
Christchurch, New Zealand (van Ballegooy et al. 2015). Blast test properties are
generally categorized into dimensional parameters (e.g., charge depth, charge layout,
charge space), time parameters (e.g., detonation delay), and explosive energy
parameters (e.g., charge weight, type of explosive). The aforementioned blast test
properties control the contribution of explosive energy to dynamic soil response during
a sequence of blasting.
The blast patterns, which are shown schematically in Figure 5-1, have been used
for both blast densification and in-situ liquefaction testing; namely, area blast patterns,
linear blast patterns, and combinations thereof. The area blast pattern is employed at the
Treasure Island, the British Columbia and the Christchurch sites, and the linear blast
pattern is employed at the Tokachi and Ishikari Port sites where explosives are detonated
from the lower decks to the upper decks. At the Maui site, two lines are set up and the
explosives are alternately detonated, and no blast patterns are reported for the Ichikawa
City site.
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In the series of blasting recorded at the Ishikari Port site, the ground surface
covered by the pavement experienced the less blast-induced ground surface settlement
than the ground surface in the free-field (i.e., level ground condition unaffected by
structural elements). In addition, at the same site, the larger ground surface settlements
were recorded at a location with an embankment on the ground surface. Clearly, the
ground surface condition influences the magnitude of recorded ground surface
settlement during a sequence of blasting. Herein, to minimize the effects of ground
surface conditions on the ground surface settlement, only the results from free-field
conditions are used.
A magnitude of blast-induced ground surface settlement changes as a function
of time, because it is linked to the dissipation of residual excess pore water pressure
(e.g., Rollins 2004, Narsilio et al. 2009). To be consistent, the ground surface settlement
at each site was measured after the residual excess pore water pressure completely
dissipated; accordingly, the reported post-test ground surface settlement is
approximately the maximum value from each blast sequence.
Explosives are composed of several chemical compounds and have varying
energy densities. TNT equivalent (Trinitrotoluene) charge weight, which has an energy
density of 4,184 J/g, is generally used to correlate the differences of energy density;
accordingly, 0.72kg of PETN, 0.95kg of DYNO® Xtra, and 1.19kg of ULTEX® are
equivalent to 1.0kg of TNT, respectively. To normalize the differences between
explosive types and their respective energy densities, TNT equivalent charge weight is
used to calculate energy input hereafter.
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5.4 ENERGY INPUT
5.4.1 Powder factor
Powder factor is used to determine an optimum charge weight of explosives placed in a
test area in blast densification (Tsujino et al. 2007); however, the differing definitions
of powder factor can be found in the literatures (see Kato 2017). Herein, the powder
factor defined by Kimmerling (1994) is used. More specifically, the powder factor
defined by Kimmerling (1994) is the ratio of the charge weight of explosives to the
volume of soil treated during one blast sequence; i.e.,

PF 

Wtotal Wtotal

V
Ho  A

Equation 5-1

where Wtotal is the total charge weight of explosives detonated during one blast sequence,
V is the treated soil volume, Ho is the thickness of the compacted layer, and A is the
treated area during one blast sequence.
According to Kimmerling (1994), the treated area, A, is the planned treated area
plus one-half the borehole spacing of a borehole located outside the perimeter of the
blast during one blast sequence. Notably, the typical range of charge spacing is 4.5-11
m for square blast layout (Narin van Court and Mitchell 1994) and 4-10m in diameter
for circular blast layout (Ashford et al. 2004, Rollins 2004, Rollins and Strand 2007 and
van Ballegooy et al. 2015), and the powder factor calculated with Equation 5-1 should
be used within the aforementioned spacing ranges.
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5.4.2 Hopkinson’s number
Hopkinson’s number, HN, normalizes the charge weight of explosives by the distance
from an explosive to a point-of-interest, and HN is typically used to evaluate the blastinduced stresses in soils (Ivanov 1967; Narin van Court and Mitchell 1994). The
Hopkinson’s number is specifically defined as the ratio of the cube root of the charge
weight of the explosives, W, to a hypocentral distance from the explosive to a point-ofinterest, R; i.e., HN = (W)1/3/R (Ivanov 1967). To account the effect of multiple blasts
on ground surface settlement, the average Hopkinson’s number, HNavg, is proposed and
used,

HN avg 

n

3

Wk
k 1

1 n
 Rk
n k 1

Equation 5-2

where W is a charge weight of explosives per delay, R is a hypocentral distance from
the explosive to a point-of-interest, and n is a number of blast during one blast sequence.

5.5 OBSERVATIONS OF BLAST-INDUCED GROUND SURFACE
SETTLEMENT
5.5.1 Boundary between compacted and non-compacted layers
During a sequence of blasting, blast-induced waves propagate within the treated soil
layers (i.e., the layers designated for ground improvement or the layers designated for
liquefaction initiation) and the surrounding soil layers. Given the heterogeneity of soil
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beds, a wide range of soil types, from coarse-grained to fine-grained soils, can be
possibly shaken during a sequence of blasting. Narin van Court and Mitchell (2001)
indicated that explosive compaction is possibly effective in granular soils, fine-grained
soils with clay fractions, fc, less than approximately 5 to 10%, and silts with fc less than
75 to 80%, although the preceding fc thresholds for different soils is not well defined.
Tsujino et al. (1997, 2007) showed that the silty sands (fc ≈ 30%) and the silts (fc ≈ 58%)
were compacted during a sequence of blasting, which they attributed to an increase of
excess pore water pressure within the soils following the blasting. In addition, the postblasting SPT N-values measured by Tsujino et al. (1997, 2007) showed that the
penetration resistance of the sandy silt and silt layers increased. In short, the previous
blast-induced compaction research (e.g., Narin van Court and Mitchell 2001; Tsujino et
al. 1997, 2007) has shown that the amount of blast-induced compaction of the affected
soil layers cannot be empirically correlated to soil classification or soil density, which
is the case for a simplified earthquake-induced liquefaction potential evaluation (e.g.,
Tokimatsu and Seed 1987; Ishihara and Yoshimine 1992). Here, the observed between
the compacted and non-compacted layers is showed. The boundary is estimated using
the Sondex tube and comparing pre and post in-situ test results.
Table 5-2 shows the description of the boundary between non-compacted and
compacted layers. For the most sites, the stiff layers as well as the silt and silty clay
layers become the boundary. For instance, Finno et al. (2015) showed that the excess
pore water pressure measured outside a silt/clay layer with a thickness of approximately
50 cm thickness was approximately 60 to 80 kPa less than the excess pore water
pressures measured in nearby liquefied soil layers during blast densification. In addition,
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Finno et al. (2015) showed that the CPT cone tip resistance and the CPT sleeve friction
measurements within the vicinity of the thin silt/clay layer were relatively unchanged in
the post-blasting as compared to the pre-blasting values; however, the cone tip
resistances and the sleeve friction measurements within the liquefied soil layers
increased after the blasting. Accordingly, the thin silt/clay layer functioned as a barrier
during the blast testing. Note that Finno et al. (2015) used a charge weight of 15.5 kg
per explosive, and this charge weight was higher than the charge weights typically used
during recent blast-induced liquefaction testing. Therefore, it follows from the Finno et
al. (2015) observations that stiff, silt and silty clay layers can easily act as a barrier
between compacted and non-compacted soil layers if smaller charges are used.

5.5.2 Distance from charges to non-compacted layer
Ivanov (1967) originally suggested the empirical equation to estimate the distance from
the charge placed at a bottom deck within a blast casing to the non-compacted layer,
hcomp, which is shown schematically in Figure 5-2. The Ivanov (1967) equation is

hcomp  k1W 1/3

Equation 5-3

In Equation 5-3, hcomp was estimated by modifying W, and the proportionality
constant, k1, links hcomp and the cube root of W. In recent decades, during a blast
densification, the larger explosive charge weights are being used, and the explosive are
being placed at a deeper depth as recognizing that effective overburden stress is critical
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on generating residual pore water pressure. In fact, residual pore water pressure
measured at a greater depth was smaller than the one measured at a shallower depth
(e.g., Rollins and Strand 2007, van Ballegooy et al. 2015). In order to account for the
effect of effective overburden stress on estimating the distance, the new equation is
proposed as following (Equation 5-4),

1

hcomp  k1 W 

1
3

 Patm  2


  v 

Equation 5-4

where k1 is an empirical coefficient, Patm is the atmospheric pressure, and σ′v is the
vertical effective stress at the explosive depth.
Table 5-2 provides the estimates of k1 for different soil conditions. The
coefficient k1 in the site where uniform medium dense sand layers deposited is in the
range from 4.1 to 6.7, and the average was 5.5.

5.5.3 Settlement above ground water table
Generally speaking, unsaturated soils behave in different manner from saturated soils.
Response of soils above ground water table (GWT) is different due to degree of
saturation less than 1.0 so that it is necessarily known whether densification of soils
above GWT occurs or not to control ground surface settlement. Sondex tube is often
used to measure whole settlements along with depth from blast-induced liquefaction.
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Rollins (2004) and Rollins and Strand (2007) reported the settlement along with
depth from in-situ liquefaction testing carried out at British Columbia, Canada. GWT
located at a depth of 2.3m below the ground surface. The charges were placed in a depth
of 6.4-10.1m with charge weight of explosive 0.227-2.7kg. The Sondex tube record
showed that the settlement above GWT was about 0-0.01m and approximately 0-9.1%
of the maximum post-test ground surface settlement. van Ballegooy et al. (2015)
reported the settlement along with depth from the Ground Improvement Trial carried
out Christchurch, New Zealand. GWT located at a depth of 1.0-1.5m. The charges were
placed in a depth of 2.5m and 7.5m with a charge weight of 1.1-2.7kg. The Sondex tube
record showed that the settlement above GWT is less than 0.01m and approximately
4.3-6.2% of the maximum post-test ground surface settlement. Table 5-2 shows that the
range of ground settlement above GWT is 0-0.01m, and the ratio of the settlement above
GWT to the maximum post-test ground surface settlement is less than 10% in the most
cases. These results show that ground surface settlement is mostly induced due to the
compression of saturated soils from blast-induced liquefaction. Therefore, it can be said
that the settlement above GWT is negligible in blast densification regardless of charge
weight and charge depth.

5.5.4 Measured ground surface shape and settlement
Shape of ground surface settlement is a trace of a result from blast induced liquefaction.
In other words, the shapes are the indicator how explosive energy is concentrated in
soils during a sequence of blasting. This part compares the characteristics of shape of
ground surface settlement from the circular, square, line layout. Figure 5-3 shows the
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shape and magnitude of ground surface settlement induced during one blast sequence at
each site.
Circular charge layout: In British Columbia site, the maximum post-test ground
surface settlement, Hmax, was 0.11-0.40m for each blast sequence. The results showed
that the settled area (i.e., the distance from the center of test zone to zero ground
settlement) did not significantly change even though the maximum ground surface
settlement and the curvature increased. The largest average Hopkinson’s number, HNavg,
was obtained at the center of test zone in each blast, and its distribution decreased with
increase of distance. Interestingly, the shape of the ground surface settlement was
similar to the distribution of HNavg in all blast sequences. In Treasure Island site, the
two blast circles were employed in both the first and second blast (see Ashford and
Rollins 2002, Ashford et al. 2004). The maximum post-test ground surface settlement,
Hmax, of 0.08m was measured at the center of test zone (not the center of the blast circle).
The largest HNavg was obtained at the center of the test zone, and its distribution
decreased with increase of distance from the test zone in both the first and second blast.
In Christchurch site, the maximum post-test ground surface settlement, Hmax, was 0.10m.
The largest HNavg was obtained at the center of the test zone as same as British Columbia
site, its distribution decreased with increase of distance as well. In every case from
circular layouts, the maximum ground surface settlement occurs at a location where the
largest HNavg is obtained.
Square charge layout: In Tokachi Port G-1 site, the maximum post-test ground
surface settlement, Hmax, was 0.43m. The range of ground surface settlement in the test
zone was 80-100% of its maximum value so that the ground surface settlement was
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uniformly settled around the test zone. In Tokachi Port G-2 site, the maximum post-test
ground surface settlement, Hmax, was 0.88m for the first blast and 0.56m for the second
blast, respectively. The range of the magnitude of the ground surface settlement of its
maximum value in the test zone was 40-100% for the first blast, 60-100% for the second
blast, 90-100% for the finial ground surface settlement (i.e., sum of the settlement from
the first and second blast). Although the ground surface around the center of the test
zone roughly settled in both the first and second blast, the finial ground surface
settlement was uniformed within the test zone. In Ishikari Port site, the maximum posttest ground surface settlement, Hmax, was 0.34m. The range of its magnitude of ground
surface settlement was 80-100% of its maximum value so that the ground surface
settlement was uniformly settled around the test zone as same as Tokachi Port site. In
Ichikawa City site, the maximum post-test ground surface settlement, Hmax was 0.12m
for the first blast, 0.24m for the second blast, respectively. Although the same blast
specification was employed in the first and second blast, the magnitude of maximum
post-test ground surface settlement, Hmax was different. In addition, the curvature ratio
was close to the one of Tokachi G-1, G-2 site. The reason is possibly that the target layer
consisted of cohesion soils, which resulted in smaller ground surface settlement and
different tendency. The above case histories showed that the largest HNavg was obtained
at the center of the test zone in square charge layout as same as circular layout.
Line charge layout: In Maui site, the maximum post-test ground surface
settlement, Hmax, was 0.07m for the first blast and 0.08m for the second blast,
respectively. The maximum ground surface settlement was measured along with the
charge line, and the settlement rapidly decreased with distance. The largest average
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Hokinson’s number was obtained on the charge line, and its value decreased with
distance as well.
The above observations show that a different charge layout results in the
different shape of ground surface settlement, magnitude of ground surface settlement is
strongly affected by concentration of explosive energy, and the maximum post-test
ground surface settlement occurs at the location where the largest HNavg obtained
regardless of the charge layouts.

5.6 ENERGY INPUT AND POST-TEST VOLUMETRIC STRAIN
The achieved ground surface conditions must relate to explosive energy because
explosives are only the source of inducing ground settlements from blast-induced
liquefaction. In this section, the relationship between energy input and post-test
volumetric strain is summarized. Figure 5-4 shows the relationship between HNavg and
the post-test volumetric strain with residual pore water pressure. The black dots shown
in Figure 5-4 are the residual pore water pressure ratio from the sites where the sufficient
residual pore water pressure measurements are taken. Post-test volumetric strain is
evaluated as the ratio of ground surface settlement, H, to the thickness of the densified
layers, Ho, (i.e., εv=H/Ho).

5.6.1 Residual pore water pressure and post-test volumetric strain
In blast-induced liquefaction, a large amount of residual pore water pressure, ru, and
liquefaction is often accompanied during a sequence of blasting. The magnitude of ru is
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often correlated with the explosive energy in blast-induced liquefaction. Eller (2011)
collected the in-situ pore water pressure records from the recent blast-induced
liquefaction testing and developed the relationships between energy input and ru. The
magnitude of residual pore water pressure ratio summarized by Eller (2011) and Chapter
3 is compared to the achieved ground surface settlement.
The annotated numbers in Figure 5-4 are the ru values that initiated ground
surface settlement for the respective sites; accordingly, it can be seen that ground surface
settlements are initiated with the ru ranging from 0.14 to 0.73. Recall that the soils at the
Ishikari Port is characterized as poorly-graded sand (SP) and silty sand (SM), and the
range of the relative density of the soil is approximately 45-55%. The ru values that
initiated ground surface settlement at the site are in the range of 0.48-0.77. The soils at
the British Columbia is characterized as poorly-graded clean/silty sand (SP, SP-SM)
with the range of the relative density 35-50%. The ru values at the site are in the range
of 0.07-0.36. Furthermore, the soils at Treasure Island site is characterized as poorlygraded clean/silty sands (SP-SM) with the range of the relative densities of
approximately 30-50%, the ru values are in the range of 0.20-0.31. The soils at the
Christchurch site is characterized as poorly-graded sand (SP) and silty sand (SM) with
relative density of 60-70%. The ru values are in the range of 0.15-0.32. The soils at the
Ichikawa City site are characterized as silty sand to low-plasticity silt (ML), and the ru
values are in the range of 0.14-0.32. Accordingly, assuming that the relative density
determinations and the excess pore water pressure measurements at each site are robust,
the aforementioned comparisons indicate that ru is a poor predictor of the initiation of
ground surface settlement from blast-induced liquefaction. In addition, as considering
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the relationship among HNavg, the residual pore water pressure ru, and the post-test
volumetric strain εv in Figure 5-4, the generation of excess pore water pressure is
initially triggered with increase of HNavg, then the volumetric strain consequently
increases with increase of HNavg.

5.6.2 Maximum post-test volumetric strain
The relationships between the maximum post-test volumetric strain and powder factor
for coarse-granular soils deposited in multiple blasts are plotted in Figure 5-5. The data
from Gohl et al. (2000), Gohl et al. (2003) and Wu (1996) are also plotted in Figure 5-5.
The annotated numbers in Figure 5-5 are the initial relative densities that are evaluated
using the results from CPT or SPT before each blasting.
Equation 5-5 is the proposed non-linear regressive curves considering the initial
relative densities and powder factor as shown in Figure 5-5, and Figure 5-6 shows the
comparison between the predicted and measured εv-max. The predicted maximum posttest volumetric strain falls within ±2.0% of the measured maximum post-test volumetric
strain. The coefficient of correlation r of the proposed model is 0.91.

 v max  217

PF 0.59
Dr1.55

where PF is powder factor (g/m3) and Dr is relative density (%).
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Equation 5-5

5.6.3 Threshold energy input
Controlling the area of ground surface settlement from blast-induced liquefaction is of
considerably importance to avoid damages on the surrounding structures. As shown in
Figure 5-3 ground surface settlement induced by blast-induced liquefaction occurs not
only the inside of test area and also the outside of test area. Moreover, the settled area
changes with the employed blast layout and charge weight as discussed previous
sections. Therefore, the settled area associated with blast-induced liquefaction is needed
to be predicted prior to blasting considering the effects of soil characteristics and blast
properties. In this analysis, a noticeable ground settlement area is determined as
volumetric strain less than 0.1% because it is difficult to identify very small ground
surface settlement under in-situ condition accurately.
Table 5-4 summarizes the range of the threshold HNavg in each site. The HNavg
initiating ground surface settlement is in the range of 0.14-0.25 regardless of soil
characteristics. The range of HNavg is 0.14-0.19 for the sites where clean and silty sands
(SP, SP-SM, SM) deposited, 0.15-0.19 for the site where silt soils (ML) deposited, 0.150.17 for the site where gravelly soils (SM, GM) deposit, and 0.23-0.25 for the site where
dense clean/silty sands (SP, SM) deposited, respectively. For the sites where the circular
and square layout are employed, the loose to dense clean/silty sands and silts deposited,
however, the range of the threshold HNavg is in the same range as indicated in above. In
addition, the range of the values of the line layout where gravelly soils deposited falls
within the same range as the one of loose to dense clean/silty sands. The threshold
Hopkinson’s number recommended by Van Impe (1989b) and Ivanov (1967) are also
shown in Table 5-4. The threshold value by Van Impe (1989) is within the range of this
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study. The threshold values of fine-medium grained sands in very loose (Dr=0-20%)
and loose (Dr=30-40%) conditions recommended by Ivanov (1967) is smaller than this
study. This is possibly because the initial relative density in the collected data is
relatively higher than the values, which induced a smaller area of settlement.
So that, the above results show that the threshold HNavg falls within the same
range regardless of soil type, charge layout, initial relative density. Therefore, HNavg is
a useful energy input to evaluate the area of ground surface settlement.

5.7 ESTIMATION OF BLAST-INDUCED GROUND SURFACE
SETTLEMENT
5.7.1 Proposed model
Blast-induced post-test ground surface settlement or volumetric strain is strongly
affected by energy input and initial soil conditions as discussed above. The post-test
volumetric strain for coarse-granular soils in multiple blasting can be evaluated
considering initial soil relative density and energy input of powder factor and HNavg.
The new empirical model to predict post-test volumetric strain from blast-induced
liquefaction is proposed in Equation 5-6. The sensitivity of relative density and powder
factor is shown in Figure 5-7.

v 

 v max

1  EXP  0.41Dr  102 HN avg  PF 0.56  2.2 PF 0.23 
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Equation 5-6

5.7.2 Evaluating procedures
1. Evaluating the thickness of the compacted soil layers using the Equation 5-4. Silt,
clay or other cohesive soil layers are less densified than coarse-granular soils in
blast-induced liquefaction, in addition dense layers are also less densified. If these
kinds of soil layers embedded within the estimated thickness of compacted soil
layers, the boundary between the compacted and non-compacted soil layers will be
them.
2. Calculating powder factor and average Hokinson’s number, HNavg, using Equation
5-1 and Equation 5-2.
3. Estimating the relationship between HNavg and post-test volumetric strain using
Equation 5-5 and Equation 5-6.
Again, this evaluating procedure is developed based on the results from recently
conducted blast densification and in-situ liquefaction testing. The data collected from
them contains the following range of information; the soil characteristics (coarsegranular soil and relative density, Dr, 30-70%) and the blast properties (charge weight,
W, 0.2-6.0kg, charge depth 2.7-18.5m, square and circular layout, detonation interval
30-1,000ms, area and linear blast pattern). The proposed model and procedures are valid
within above the soil characteristics and the blast properties.
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5.8 DISCUSSION
5.8.1 Number of detonation
“Multiple” and “single” blast is often accompanied by several series of blasting.
Number of “shaking” for the soils surrounding the explosives increases with increase of
number of blast. Gohl et al. (2000) indicates that larger ground surface settlements are
followed in series of multiple blasting comparing the results from single blasting so that
multiple blasting is more effective than single blasting. If same amount of energy input
is used, cumulative explosive energy soils received during blast sequence should be
same for both multiple and single blasting. The important differences between multiple
and single blasting are followings:
1) Number of shaking
2) Duration of residual pore water pressure remaining in liquefied soils during
blasting
Multiple blasts obviously induces larger number of shaking and longer duration
of residual pore water pressure than single blasting.
It is well known that settlement of coarse-granular soils increase with increase
of a number of cyclic loading (e.g., Silver and Seed 1971). In blast-induced liquefaction,
the achieved ground surface settlement also affected by a number of blasting in blast
densification. Gohl et al. (2000) postulated that multiple blasts induce uniform ground
surface settlements and increase the magnitude of ground surface settlement, because
the soils surrounding explosives are locally loosened by the initial detonation and
subsequent blasting re-densified the loosened zones. As shown in Table 5-1, the various
number of blast casing are placed in both blast densification and in-situ liquefaction
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testing so that a number of detonation varies in each site. For example, in Maui site, the
eight blast casings were used so that the number of detonation was eight, however in
Tokachi Port site, the sixteen blast casings with four decks placing were used so that the
number of detonation was sixty-four. The number of detonations in Tokachi Port site
was eight times as large as Maui site. Figure 5-8 compares the ratio between the
predicted post-test εv-max and the measured post-test εv-max to the number of detonation
N. The range of the ratio is 0.6-1.2 with a number of blast N from 16-64. At least, the
Figure 5-8 indicates that the ratio seems to increase when the number of blast N is less
than around 30, and its effect seems to be insignificant when the number of blast, N, is
over 30. To confirm the effect of a number of blast, further researches is needed.

5.8.2 Detonation delay
Various detonation delays in blast densification and in-situ liquefaction testing are used
as shown in Table 5-1. Narin van Court and Mitchell (1994) discussed the effect of
timing of detonation for blast densification and mentioned that detonation delay was
mainly determined considering the following factors:
1) Minimizing impacts on surrounding environments from blasting.
2) Interacting effectively with soils to maximize building up of residual pore water
pressure
3) Setting frequency of detonations as same as natural frequency of soils to achieve
better densification.
Important factors for the achieved ground surface conditions and post-test
volumetric strain are the second and third ones.

165

Ivanov (1983) indicated that buildup of residual pore water pressure is resulted
from the cumulative effect from explosive energy and using time delays which equal to
half the time required to dissipate residual pore water pressure results in greater
compaction around the charges. Narin van Court and Mitchell (1994) provided the
additional explanations for that insight that liquefied layers are greatly compacted if
timing of detonation for the entire compacted layers has enough time to settle between
detonations because residual pore water pressure still exist and there is sufficient
duration for re-arranging the location of particles. The third factor seems to be opposite
from the second one. Natural frequency of various soils is typically in the rage from
20Hz to 30Hz (Hertwig et al. 1933, Terzerge et al. 1996). This range of frequency is
often employed in vibratory compaction of coarse-granular soils. In blast densification,
a shorter detonation delay are sometime used to densify coarse-granular soils effectively
based on this point of the view. Then, 30ms of detonation delay (i.e., nearly 30Hz) has
been used in the several blast densification projects (e.g., Stewart et al. 1988, Tsujino et
al. 2007). However, LaFosse and Gelonnino (1991) showed that 55-125ms of interval
delays could decrease the degree of peak particle velocity (PPV) measured at ground
surface comparing the case of 8ms detonation interval employed. This observed fact
indicates that blast-induced waves separately propagate in soils, and vibration
attenuated before the next blast loads arriving when a detonation delay of 55-125ms is
used.
The typically employed detonation delay between decks or blast casings for blast
densification varies from 30 to 2,000ms (Van Impe 1989b). In the collected data, the
range of detonation delays was 30 to 1,000ms. Figure 5-9 compares the ratio of the

166

predicted post-test εv-max/the measured post-test εv-max to detonation delay. The data are
scattered, and no consistent trends between them can be seen. In addition, the employed
detonation delay is obviously shorter than the rate of dissipation of excess pore water
pressure so that the indication by Ivanov (1983) and Narin van Court and Mitchell
(1994) is not satisfied. Further research is required to conclude the effect of detonation
delay on the ground surface settlement as well.

5.8.3 Initiation of ground surface settlement
It is well known that both generating excess pore water pressure and inducing
volumetric strain under cyclic loading is triggered by increment of maximum shear
strain (e.g., Dobry 1982). Since many investigations have been conducted to quantify
the value of threshold shear strain by lab tests (e.g., Dobry et al. 1982) and a field test
(Chang et al. 2007), Dobry and Abdoun (2011) concluded that the volumetric threshold
strain, γtv, for normally consolidated sandy soils falls nearly 0.01% regardless of relative
density, soil fabric, effective confining stress, and prior shear straining at levels lower
than the threshold shear strain.
Figure 5-10 shows the comparison between post-test volumetric strain and peak
radial compressive strain for each site. Peak radial compressive strain εr-pk is estimated
using wave propagation theory in unbounded media (i.e., εr-pk=PPV/VP, PPV is peak
particle velocity and VP is P-wave velocity). It is assumed to estimate, εr-pk, that PPV of
the compacted layer is same as the values of subsurface ground (PPV is reported in each
literature) and the P-wave velocity of the compacted layers is 1,600 (m/s) in each site
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during blast sequence. Figure 5-10 indicates that the volumetric threshold peak radial
compressive strain, εr-pk,tv, in blast-induced liquefaction may exist and the post-test
volumetric strain, εv, of each site is initiated by the peak radial compressive strain, εr-pk,
in the range of approximately 0.005-0.01% regardless of sites and soil profiles except
the Tokachi Port site. Note that Treasure Island, Ishikari Port, Tokachi Port, and
Ichikawa City sites are the reclaimed lands (see Ashford et al. 2004, PARI 2003, Sugano
and Nakazawa 2009, Tsujino et al. 1997, 2007), and the soils at British Columbia site
deposited in Holocene age (Wride et al. 2000). Therefore, the soils deposited at each
site are essentially normally consolidated condition. In addition, their values are almost
same as the volumetric threshold strain, γtv, regardless of the factors concluded by Dobry
and Abdoun (2011) although the mode of strain is different.
Vucetic (1994) concluded that threshold shear strain to generate pore water
pressure for coarse-granular soils falls within the same range of the volumetric threshold
strain γtv. However, the residual pore water pressure in each site is generated by the
smaller value of HNavg than the value of HNavg that initiated the post-test volumetric
strain as mentioned in previous section. This indicates that the peak radial compressive
strain to generate residual pore water pressure is smaller than the value of the volumetric
threshold radial compressive strain εr-pk,tv. Veyera and Charlie (1990) showed using a
split Hopkinson’s bar testing that one dimensional compressive wave could induce
residual pore water pressures in a saturated clean sand under undrained condition.
Fragaszy and Voss (1988) indicated using a triaxial cell device measuring the
Skempton’s B value that particle crashing is a possible reason for causing plastic
deformation and inducing residual pore water pressure of poorly graded saturated sand

168

under undrained isotropic compression. In addition, Fragaszy and Voss (1988) indicated
that initial dry density was not sensitive to the generation of excess pore water pressure
under isotropic compression. These laboratory studies indicate that different
mechanisms from earthquake induced liquefaction may work in blast-induced
liquefaction. P-wave dominates the soil behavior at a location where blast-induced loads
directly shake. Again, although further researches should be conducted to confirm the
mechanisms of ground surface settlement from blast-induced liquefaction, the threshold
peak radial compressive strain εr-pk,tv to initiate volumetric strain may be almost same as
the value of volumetric threshold strain γtv. However, the threshold peak radial
compressive strain to generate residual pore water pressure is different from its
threshold value in blast-induced liquefaction.

5.8.4 Differences between earthquake and blast-induced settlement
The simplified procedures to evaluate earthquake-induced ground settlement (e.g.,
Tokimatsu and Seed 1987, Ishihara and Yoshimine 1992) have been developed based
on a relationship between maximum cyclic shear strain γcyc and post volumetric strain
εv. The simplified procedures have been elaborated on estimating the relationship
between cyclic shear stress ratio (CSR) or factor of safety against liquefaction and initial
soil density estimated using in-situ test results (i.e., SPT, CPT) although it has been
indicated that propagation of P-wave and Love wave is a possible reason for casing
excess pore water pressure (Holzer and Youd 2007) and vertical ground motion could
cause an addition settlement (Pyke et al. 1975). As illustrated in Figure 5-11(A), the
propagation of the transmitted S-waves mainly shakes the liquefiable soils in horizontal
direction during earthquakes (possibly, the reflected S-waves also shake the liquefied
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soils in a certain magnitude, however its effect is not explicitly considered in the
simplified procedures). The soils are sheared by the propagation of S-waves in
horizontal direction, and increase of cyclic shear strain and degradation of shear
modulus are induced with increase of excess pore water pressure. Silver and Seed (1971)
showed that the initial relative density, the amplitude of cyclic shear strain, and number
of cyclic loading are critical factors on post volumetric strain subjected to earthquake
loading. Recent field investigations showed that the large ground settlements were
observed in the sites where the peak ground acceleration measured at ground surface in
near settled grounds and was in the range of 0.16-0.30g in Tokyo bay area, Japan, 2011
Tohoku earthquake (Yasuda et al. 2012), 0.37-0.52g in the central business district of
Christchurch, New Zealand, 2011 Christchurch earthquake (Cubrinovski et al. 2011).
The minimum ground surface acceleration for initiating ground settlement has also been
evaluated using laboratory experiments or earthquake case histories since it is well
known of the volumetric threshold strain (Dobry 1982). Magistris et al. (2014)
summarized the threshold acceleration using earthquake case histories and showed
using statistical analysis that its value falls within the range of 0.07-0.1g with a
cumulative probability of 1%. Herein, the final ground settlement induced by
earthquake is affected not only by the soil characteristics but also by the property of
waves and loadings. However only an acceleration is possibly critical on initiating
ground settlement in earthquake events.
In blast-induced liquefaction, P-wave (compressive waves) mainly shakes the
surrounding soils and induces residual pore water pressure. During blast sequences,
blast-induced loads generate radial compressive stress σr and radial compressive strain
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εr in surrounding soils. Correspondingly, undrained bulk modulus Ku (or P-wave
velocity) may change with increase of residual pore water pressure. As illustrated in
Figure 5-11(B), because P-waves propagate spherically, soils near explosives are
conically compressed in radial directions. Then, the mode of stress and strain under
propagation of blast-induced waves is different from the one under earthquake induced
waves so that the relationship among σr-Ku-εr is possibly more critical than the
relationship among τ-G-γ (shear stress, shear stiffness, and shear strain, respectively) on
soil dynamic response in blast-induced liquefaction. In addition, as illustrated in Figure
11(B), because the specific impedance ρVp of unsaturated soils is generally smaller than
the one of saturated soils, and the impedance ratio between unsaturated and saturated
soils is less than 1.0, P-waves induced from explosives are reflected and refracted
around ground water table. Then, the soils within compacted layers are shaken by
incident, reflected, and refracted waves. Moreover, multiple blasting is often employed
in blast densification and in-situ liquefaction testing, therefore soils are deformed in
multiple directions by not only both incident and reflected waves but also by explosives
buried in different locations during blast sequences. The peak ground acceleration at
ground surface in the vicinity of blasted area was in the range of 1.2-6.2g in Tokachi
Port site (Nagao et al. 2003), and 1.5-2.4g in Christchurch site (van Ballegooy et al.
2015). These values are significantly higher than the one from earthquake induced
ground motions. The peak ground acceleration (or peak particle velocity) decreases with
increase of distance because the amplitude of ground motion is reduced due to spreading
of the energy over a greater volume of soils (Aki and Richards 1980, Kramer 1995).
Then, the settled area is limited and depends on the distance from explosives and
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explosive energy. It is noted that the horizontal peak ground acceleration is typically
used for evaluation of liquefaction potential in earthquake events (Youd and Idriss 2001),
however its peak values in blast-induced liquefaction are often measured in vertical
direction. In addition, the angle of particle motion caused by blast-induced loads
corresponds to the angle from explosives to the measured point (Kim and Lee 2000).
Although there are such complexities and differences from earthquakes, energy input
(i.e., Powder factor and Hopkinson’s number) correlates the achieved ground surface
settlement and the settled area well.

5.9 SUMMARY AND CONCLUSION
The objective of this work is to improve the understanding the relationship
between explosive energy and ground surface settlement from blast-induced
liquefaction. To meet the objective, a database of recent blast-induced liquefaction
testing is gathered from the seven sites where coarse-granular and fine-grained soils
deposited. The range of the employed blast properties within the collected data is
following: charge weight of explosive of 0.2-6.0kg, charge depth of 2.7-18.5m,
detonation delay of 30-1,000ms, charge layout with circular, square, and line. An
empirical model, which is fit from the available data, is presented to estimate the blastinduced liquefaction ground surface settlement. The followings are concluded;
(1) For the most sites, the dense layers as well as the silt and silty clay layers become
the boundary between the densified and the non-densified layers, because these
layers function as a barrier to prevent from generating excess pore water pressure.

172

(2) Settlement above ground water table (i.e., settlement of unsaturated soils) is less
than 10% of total ground surface settlement so that it is relatively small on the total
ground surface settlement. This indicates that ground surface settlement from blastinduced liquefaction is mostly induced due to compression of saturated soils.
(3) Various ground surface settlement conditions are achieved by different charge
layout because the concentration of explosive energy depends on charge layouts.
(4) The magnitude of ground surface settlement is highly dependent on a total energy
of buried explosives and initial relative density. Powder factor is a useful energy
input to estimate the maximum post-test volumetric strain and ground surface
settlement for coarse-granular soils in multiple blasts.
(5) Generation of residual pore water pressure does not initiate ground surface
settlement. Increment of energy input described by average Hopkinson’s number,
HNavg, is critical on the initiation of ground surface settlement.
(6) The settled area can be evaluated using HNavg regardless of soil types and charge
layouts. Ground surface settlement is induced when HNavg is over 0.14-0.19. The
reason is possibly that threshold peak compressive radial strain to initiate volumetric
strain is almost same regardless of soil types and charge layouts.
Based on the above observations and results, the new empirical model to predict
ground surface settlement resulting from blast-induced liquefaction is proposed. In
remarks, the observations and the comparisons to earthquake induced settlement in the
discussion indicate that P wave-soil interaction is the key to understand soil dynamic
behavior from blast-induced liquefaction. More studies are needed to confirm the
mechanism of ground surface settlement.
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Table 5-1. Employed test properties
Site

Soil type

Charge
Layout

Charge
Depth
(m)

Charge
Spacing
(m)

Blast
casing
Number

Charge
Weight
(kg)

Detonation
delay
(ms)

Explosive
Type

British
Columbia

SP,
SP-SM

Circle

5 – 14

10/(1.6 –
3)

4–8

0.227 –
3.0

500 – 1000

Mixed

Treasure
Island

SP-SM,
SM

Circle

3.6

4.2/--

16

0.5

250

TNT

Christchurch

SP, SM

Circle

2.7 –
7.2

10/4.5

8

1.1 – 2.8

665

Gelignite

Ishikari Port

SP, SM

Square

4.5 – 9

6.5/4.5

15

2–4

200

ULTEX

Tokachi Port

SP, SM

Square

5–
18.5

9/4.5

8 – 16

3–6

30/250

ULTEX

Ichikawa
City

SM, ML

Square

7.5 –
10.5

3/3

6

2–3

250/(400 –
750)

ULTEX

Reference
Rollins and
Strand (2007)
Rollins (2004)
Ashford et al.
(2004),
Ashford and
Rollins (2002)
van Ballegooy et
al. (2015)
Sugano and
Nakazawa
(2009)
PARI (2003),
Tsujino et a.
(2007)
Tsujino et
al.(1997, 2007)

Not
Rollins (2004)
provided
**British Columbia -> 50/50 TNT/PETN and Dyno-Xtra 1) Diameter of circle, 2) In Christchurch site, gelignite type explosive was
Maui

SM ,GM

Line

5.35

1.24/--

8

0.45

500

used, however, no specific information about explosive was provided in the reference, then it is assumed that explosive energy equals
to TNT. In Maui site, no information about explosive type is provided, then it is assumed that explosive energy equals to TNT.
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Table 5-2. Description of the boundary between compacted and noncompacted layer, and Coefficient k1
Site

British
Columbia

k1
4.16.7

Identification
method

Medium dense sand/silty sand layers deposits following to the target soil layer.
Sondex tube

-

Christchurch

-

Treasure
Island

-

Ishikari Port

6.0

Note

Sondex tube
Comparing pre and
post CPT values
Comparing pre and
post SPT values

Tokachi Port

-

Comparing pre and
post SPT values

Ichikawa City

-

Comparing pre and
post SPT values

The Sondex tube indicated that the dense layer (Dr over 65%) was less densified and
was the boundary between the compacted/non-compacted layers.
The dense sandy soil layer (Dr over 75%) deposited below the target layers was not
compacted.
The result of CPT showed that the tip resistance of the interbedded silt/silty clay
layer (ML, CL) did not significantly changed in pre and post blasting.
The uniform medium dense sand/silty sand layers deposited.
The mudrock layer that SPT N-value was over 40 deposited following to the
compacted layers. This layer was the boundary between non-compacted and
compacted zone.
The silt layer (Fc=88% and SPT N value=2) was not compacted. The layer became
the boundary between compacted and non-compacted zone.
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Table 5-3. Settlement above GWT

Site

Settlement above
GWT habove (m)

British Columbia

0.01
0.0-0.01
Very small
0.01
Very small

Maximum posttest settlement
hmax (m)
0.50
0.11
0.32
0.15
0.27

0.01

0.16-0.20

5.0-6.2

0.01

0.23

4.3

Christchurch
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habove/hmax (%)
2.0
0-9.1
Negligible
6.7
Negligible

Table 5-4 Threshold Hopkinson’s number, HNavg

Site

Relative density
Dr (%)

35-50
(first blast)
Treasure Island
30-50
Christchurch
60-70
Ishikari Port
45-55
25-40
(first blast)
Tokachi Port
40-65
(second blast)
Ichikawa City
NA
Maui
NA
0-20
Ivanov (1967)
20-40
40<
Van Impe (1989b)
NR
**NA; not applicable, NR; not reported
British Columbia

Blast layout

Threshold
Hopkinson’ number
HNavg

Circle

0.14-0.19

Circle
Circle
Square

0.15-0.19
0.25-0.28
0.19

Square

0.140.19

Square
Line
-

177

015-0.19
0.15-0.17
0.04-0.07
0.11-0.14
0.17<
0.15

Blast casing

W2

W2

W1

W1
(A)

(B)

W2

W1
(C)

Figure 5-1. Blast pattern. (A) Area pattern, (B) Linear pattern, (C) Combination pattern.
The arrows indicate the order of detonations.
Blast casing

Explosive

W
hcomp

Compacted layer
Non-compacted layer

Figure 5-2. Distance from explosive placed at bottom deck to non-compacted layer
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0.4

0.6

0.8

0.4

HNavg

British Columbia
Circular layout
SP, SP-SM
Dr=35-50% (first)

0.6

0.8

Distance from the center of blasted area (m)
-40
-20
0
20
40

60

0.0

0.0

0.2

0.2

0.4

0.4

0.6

0.8

0.6
Treasure Island
Circular layout
SP-SM, SM

0.8

Dr=30-50%

0.0

0.0

0.0

0.0

0.2

0.2

0.2

0.2

0.4

0.4

0.4

0.4

0.0

1.0

0.0

0.0

0.2

0.4

0.4

0.6

0.8

1.0

0.6
Tokachi Port G-1
Square layout
SP, SM
Dr=25-40%

0.0

0.8

1.0

First blast

0.2

0.6

0.8

0.6
Ishikari Port pilot test
Square layout
SP, SM

0.8

Dr=45-55%

1.0
0.0

Second blast
0.2

0.2
First blast

0.4

0.4

0.6

0.8

1.0

1.0

0.0

0.0

0.6
Tokachi Port G-2
Square layout
SP, SM
Dr=25-40%(first),
40-65%(second)

First blast

Dr=60%-70%

1.0

Second blast

1.0

0.8

HNavg (kg0.33/m)
Ground surface settlement h (m)

0.8

0.6
Christchurch
Circular layout
SP, SM

HNavg (kg0.33/m)

1.0

Ground surface settlement h (m)

1.0

0.6

HNavg (kg0.33/m)

0.2

HNavg (kg0.33/m)
Ground surface settlement Δh (m)

Settlement

Boundary of test zone

Ground surface settlement H (m)
Ground surface settlement h (m)

0.0

0.2

1.0

Ground surface settlement h (m)

-60

60

HNavg (kg0.33/m)

Distance from the center of blasted area (m)
-40
-20
0
20
40

HNavg (kg0.33/m)

-60
0.0

0.8

1.0
0.0

0.6

0.6

0.8

1.0

Maui
Line layout
SM, GM

0.8

1.0

0.4

0.4

0.6

0.6

0.8

1.0

Ichikawa City
Square layout
SM, ML

HNavg (kg0.33/m)

0.4

0.2

First blast

0.4

Second blast
0.2

Second blast

0.2

HNavg (kg0.33/m)

0.2

Ground surface settlement h (m)

Ground surface settlement h (m)

First blast

0.8

1.0

Figure 5-3. Shape and area of ground surface settlement from blast-induced
liquefaction with average Hopkinson’ number in each site. The colored regions
demarcate the blast test zone boundaries at each site (i.e., the location of the furthest
explosives from the center of test zone).
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5
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4
0.6
3
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3
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2
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1
0
6 0

0.8

0.4
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0
6 0
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1
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1
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3
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4

2
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0
6
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4
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4
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Figure 5-4. Relationship between Hopkinson’s number and post-test volumetric strain
with residual pore water pressure. Blast dots are residual pore water pressure mearured
at each site.
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Figure 5-5. Powder factor – maximum post-test volumetric strain. The annotated
numbers are the averaged initial relative densities that are measured in pre-blasting.
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Figure 5-6. Comparison of the measured post – test εv-max to the predicted post – test
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Figure 5-7. The sensitivity of relative density and powder factor in Equation 5-4.
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Figure 5-8. The comparison between number of detonation and the ratio of measured
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Chapter 6.
PREDICTION OF RESIDUAL PORE
WATER PRESSURE RESULTING FROM BLASTINDUCED LIQUEFACTION
ABSTRACT
Blast-induced liquefaction has been used for blast densification and in-situ liquefaction
testing. Predicting residual pore water pressure is objectively important to carry out
blast-induced liquefaction effectively and efficiently. The objective is to improve the
relationship between explosive energy and residual pore water pressure from blastinduced liquefaction. The residual pore water pressure cumulatively increase with
increase of a number of blasts and is resulted from an accumulation of total amount of
energy released from explosive during a sequence of blasting. Based on the observed
fact, the new energy input accounting for multiple blasts, HNcumulative, is proposed. To
validate the effectiveness of the proposed energy input, the data of residual pore water
pressure from the eight sites where blast densification and in-situ liquefaction testing in
terms of explosive are collected. In addition, the one is compared to the work by Eller
(2011) to highlight the weakness and strength. The results show that HNcumulative can
account reasonably the effect of relative density, effective overburden stress, and a
number for the correlation with residua pore water pressure. Moreover, HNcumulative can
be used no matter what any blast patterns are used. Based on the observations and the
correlations with the proposed energy input, the new empirical model is proposed for
coarse-granular soils. The 89% of the predicted residual pore water pressure falls within
fell within ±0.2 of the measured ones.
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Keywords: Blast-induced liquefaction, Residual pore water pressure, Energy input,
Multiple blast.

6.1 INTRODUCTION
Blast technique has been used as an useful soil densification method for coarse-granular
soils to mitigate liquefaction induced ground failures (e.g., Charlie et al. 1992, Gohl et
al. 2000, Elliot et al. 2009, Narsilio et al. 2009) and as an application for in-situ
liquefaction testing to investigate the performance of full scale foundations and soil
improvement techniques (e.g., PARI 2003, Rollins 2004, Ashford et al. 2004, Rollins
and Strand 2007, Sugano and Nakazawa 2009, van Ballegooy, S et al. 2015). The
advantages of the use of blast technique are cost effective, improving greater depth,
rapid implementation, and among others (Narin van Court and Mitchell 1994). Because
of among the advantages, the use of blast technique has become common for soil
densification and investigation of in-situ soil dynamic response in recent decades.
Accordingly, predicting magnitude of blast-induced residual pore water pressure
becomes objectively important to carry out blasting more efficiently and effectively.
Explosives are only a source for buildup of excess pore water pressure during a
sequence of blasting. Correlating explosive energy to blast-induced excess pore water
pressure is a mostly used way to predict excess pore water pressure in design of blast
3

specifications. Scaled distance, SD, (i.e., SD= R⁄ √W, where R is a hypocentral distance
and W is charge weight of explosive) is the commonly used scaling law to take into
account a hypocentral distance and charge weight of explosive. Residual pore water
pressure is often correlated with scaled distance (e.g., Kummeneje and Eide 1961,
Charlie et al. 1992a, Al-Qassimi et al. 2005, Charlie et al. 2013). Hopkinson’s number,
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HN, (i.e., HN= √W⁄R), is the commonly used method of describing an energy input at
a given distance as a result of the work by Ivanov (1967). HN is also used to correlate
explosive energy to Ru in blast-induced liquefaction (i.e., Studer and Kok 1980). SD
and HN are typically used for single blast. However, in blast densification and in-situ
liquefaction testing, multiple blasts are often employed to reduce an impact of blast on
surrounding environments (Tsujino et al. 2007) and to induce large residual pore water
pressure and better densification (Gohl et al. 2000). In addition, the use of blast
technique has been used for fine and coarse-granular soils in recent decades (e.g.,
Tsujino et al. 2007). It is important to know what roles in-situ soil conditions play in
buildup of excess pore water pressure during a sequence of blasting.

6.2 OBJECTIVE
The objective is to improve the relationship between explosive energy and
residual pore water pressure from blast-induced liquefaction. To meet this objective, the
new energy input accounting for multiple blast is proposed. Then, to validate the
effectiveness of the proposed one, the data of residual pore water pressure from blast
densification and in-situ liquefaction testing are collected in addition to Eller (2011) and
screened for quality. The new energy input accounting for multiple blasts is proposed.
The proposed new energy input is compared to the work by Eller (2011) to make clear
weakness and strength. Finally, the new empirical model to predict residual pore water
pressure is proposed for coarse-granular soils. The developed model is useful as a
preliminary tool for engineers to design blast properties properly.
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6.3 RESEPONSE OF BLAST-INDUCED PORE WATER PRESSURE
Detonation of explosive charges can release large amount of energy as a shock stress
and pressure due to the expanding blast-generated gases (Narin van Court and Mitchell
1994). Duration of blast-induced pressure at wave front is only a few milliseconds since
the shock wave passes through saturated soils at approximately the same rate as in water
(Dowding and Hryciw 1986). Blast-induced pressure radially propagates from
explosives as a compressive wave throughout soils with gas pressures moving towards
the ground surface. When compressive waves encounter the interfaces, such as rocksoil boundaries, ground water table or ground surface, shear waves are generated
because of reflection and refraction of waves. The compressive waves subject the soil
to a large and abrupt, albeit short-lived, pressure and strain pulse although they attenuate
much quicker than shear waves (Dowding and Hryciw 1986). Therefore, the soil is
typically subjected to the energy derived primarily from compression waves during
blasting in a location where the blast-induced loads directly arrive and shake the soils,
so that the impact of blast-induced wave is mainly controlled by charge weight of
explosive and the distance between the explosive and the point of interest.
Figure 6-1 shows that the response of blast-induced pore water pressure
measured at a distance of 35-50m from the explosives in Tokachi Port G-2. The pore
water pressure transducer was placed in a depth of 5m from ground surface, and pore
water pressure was measured with the sampling rate of 2kHz. The explosives placed in
a blast casing were detonated using a detonation delay of 30ms between the decks and
250ms between the blast casings (Tsujino et al. 2007). The sudden change of pore water
pressure could be confirmed in each detonation, and excess pore water pressure still
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changed in positive and negative in a certain magnitude after the sudden change. The
first arrived blast-induced wave (i.e., compressive wave) compresses the saturated soil,
and the sudden change of pore water pressure was induced due to compression of pore
fluid and contraction/dilation of soil volume.
The spiked excess pore water pressure is induced by compressive waves, and
the resultant excess pore water pressure is induced by the breakage of soil skeleton
resulted from reflected, refracted and directly arrived waves (Narin van Court and
Mitchell 1994). The former excess pore water pressure is termed as peak pore water
pressure, and the latter one is termed as residual pore water pressure. Residual pore
water pressure cumulatively increases with increase of a number of blasts. Soils are fully
liquefied when residual pore water pressure equals to the initial effective overburden
stress. It is noted that the explosives placed in saturated soils are typically detonated
using a millisecond detonation delay and total duration of blasting during one blast
sequence for multiple blast is typically in a range 10-1 to 102 second, then undrained
condition is generally kept for buildup of residual pore water pressure during a sequence
of blast no matter what cohesive or coarse-granular soils are treated in blast
densification and in-situ blast-induced liquefaction testing.

6.4 COLLECTED DATA DESCRIPTION
The blast-induced pore water pressure data from eight sites, where medium dense to
dense coarse-granular and fine soils deposited, are collected. The brief of the soil
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profiles and employed blast properties are summarized in Table 6-1. More detailed
information could be found in each reference.
As shown in Figure 6-1, blast-induced pore water pressure changed in the order
from 101 to 104 kPa in very short duration. The peak pore water pressure was induced
in a duration of 2-4ms when the blast-induced compressive wave arrived, and the pore
water pressure still fluctuated in a magnitude from 50kPa to 150kPa in a duration of
30ms after peak pore water pressure induced. This shows that the measured residual
pore water pressure is very sensitive to the capacity of sensors. Then, the quality of data
highly depends on sampling rate of the measurement system used during blasting. In
some cases of blast densification and in-situ blast-induced liquefaction testing, no
information of the capacity of sensors are provided in the references. The collected data
are screened to exclude the data obtained using a low sampling rate.
Although the mechanism of blast-induced liquefaction is not understood well,
Charlie (1988) indicated from the results of field and laboratory tests that several soil
factors, which are almost same as earthquake induced liquefaction, influenced on
buildup of excess pore water pressure for blast-induced liquefaction. According to Narin
van Court and Mitchell (1994), the following soil and site factors are critical on buildup
of excess pore water pressure; degree of saturation, relative density, grain size
distribution (GSD), soil structure, overconsolidation ratio (OCR), aging, and effective
overburden stress.
At degree of saturation nearly 100%, blast-induced compressive waves
primarily propagate through the relatively compressible pore water because modulus of
pore water is highly greater than the one of gas and soil skeleton (Charlie et al. 1981).
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At degree of saturation smaller than 100%, blast-induced compressive waves mainly
transmit through the gas in soils instead of soil skeleton or pore water so that the stress
waves rapidly attenuated (Ivanov 1967). Therefore, the response of blast-induced pore
water pressure of unsaturated soils clearly different from saturated soils. Only the blastinduced pore water pressure measured below ground water table (i.e., saturated
condition) are included in the data set to avoid such complexities. Blast densification
and in-situ liquefaction testing in the collected data set were carried out at the hydraulic
fills and the ground where alluvial soils deposited. The hydraulic fills of the test sites
(i.e., Ishikari Port, Tokachi Port G-1, Tokachi Port Fourth Wharf, Ichikawa City, Jinno
Futo, and Treasure Island) are constructed in 1930-2000s, and the normally consolidated
and young soils deposited at the test sites. In addition, hydraulic fills and alluvial
grounds are consisted of pluviated soils, then soil structure may be similar at each site.
Again, the soils collected from 8 sites are saturated, young, normally consolidated,
poorly graded clean and silty, and pluviated soils. So that, it is expected that the effect
of saturation, GSD, OCR, soil structure, and aging is relatively small on blast-induced
residual pore water pressure within the collected data. In the following analysis, the soil
and site factors of relative density, soil classification and effective overburden stress are
considered for the correlation.

6.5 SCALING LAW ACCOUNTING FOR MULITPLE BLAST
6.5.1 Use of scaled distance
A shock wave is generated by the rapid release of chemical energy of explosive,
and it propagates through the components of soils when an explosive charge is detonated.
192

All blast parameters primarily depend on the amount of energy released from explosive
and the distance from the explosives (Ngo et al. 2007). In order to quantify the
contribution of explosive energy, scaling law is often developed to predict blast
parameters for charges of arbitrary weight. Scaled distance (SD), which is given by a
hypocentral distance divided by cube rooted charge weight: SD=R/W1/3, where R is a
hypocentral distance from an explosive to a point of interest and W is a change weight
of single explosive, is often used to predict blast-induced excess pore water pressure in
blast-induced liquefaction (e.g., Kummeneje and Eide 1961, Studer and Kok 1980,
Charlie et al. 1992, Al-Qassimi et al. 2005, Charlie et al. 2013). Although scaled
distance accounts for charge weight of explosive and a hypocentral distance, this scaling
law provides infinite combinations of charge weight with distance (Narin van Court
2003). In addition, multiple blast is often employed in blast densification and in-situ
blast-induced liquefaction testing. If all charges are detonated at the same time during
one blast sequence, then the scaled distance is simply averaged for each explosive.
However, it is unclear that the scaled distance is valid for a series of detonation,
involving different charge weight of explosives and hypocentral distances.
Eller (2011) proposed the general equation for multiple blast to use scaled
distance (Equation 6-1). In the equation, a hypocentral distance from all explosives to a
point of interest is averaged, and the sum of charge weight of explosive is cube rooted.

SDmultiple 

1 n
 Rk
n k 1

n

3

W
k 1

Equation 6-1

k
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where SDmultipe is a scaled distance for multiple blast, R is a hypocentral distance from
the explosive to the point of interest, n is total number of explosive in a sequence of
blast, W is charge weight of explosive in TNT equivalent.
Eller (2011) made the following assumptions to use the equation for predicting
residual pore water pressure.
a) The magnitude of residual pore pressure generated from each sequential blast is
influenced by the previous blast.
b) Then, detonation delay is enough to short to minimize significant residual pore
water dissipation.
Additionally, SDmultiple changes with blast patterns. For example, assuming that
same charge weight of explosive used, SDmultiple increases if detonations start from a
short to far distance from the point of interest. However, SDmultiple decreases if
detonations start from a far to short distance from the point of interest. Excess pore water
pressure increases no matter what any blast patterns are used. The total amount of
energy released from explosives during a sequence of blasting increases with increase
of number of blast, then residual pore water pressure cumulatively increases. SDmultiple
should decrease in a sequence of blasting for use it to predict residual pore water
pressure considering original meaning of scaled distance. Therefore, only the case of
the detonation starting from a far to short distance from the point of interest makes sense
for the use of SDmultiple. The effect of blast pattern on the use of SDmultiple is discussed
later.
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6.5.2 Use of Hopkinson’s number
Hopkinson’s number, HN, which is a ratio of cube rooted charge weight of single
explosive to a hypocentral distance, HN=W1/3/R, is a commonly used scaling law for a
concentrated or single charge blast to predict the relating phenomena to blast, such as
ground vibration, excess pore water pressure, compressive stress and strain (Narin van
Court and Mitchell 1994). However, the amount of explosive energy released during a
sequence of blast at a point of interest cumulatively increases with increase of number
of blast in multiple blast. Here, the new scaling method to account for multiple blast is
proposed (Equation 6-2).

n

HN cumulative  
k 1

3

Wk
Rk

Equation 6-2

Where W, R, and n are same as defined previously.
To use the equation, the same assumptions as Eller (2011) are made. According
to the definition, HNcumuative always increases in a sequence of blasting no matter what
different charge weight of explosive and a hypocentral distance are involved so that
HNcumulaive can be used for any blast patterns.
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6.6 RESIDUAL PORE WATER PRESSURE AND ENERGY INPUT
6.6.1 Use of Scaled distance
Figure 6-2 shows the relationship between residual pore water pressure ratio Ru
(=uresidual/σ’v, where uresidual is residual pore water pressure, and σ’v is effective
overburden stress) and SD for single blast. The required SD to cause soil fully liquefied
for medium dense clean and silty sands (Dr =30-55%) is 2.0-3.0 m/kg0.33. The degree of
residual pore water pressure ratio of dense sand (Dr=70-90%) is relatively smaller than
medium dense clean/silty sands. For silt and clay, the residual pore water pressure
increases with decrease of SD, and the magnitude of residual pore water pressure is
relatively smaller than medium dense and dense clean and silty sands. In addition, the
results show that residual pore water pressure is not generated when SD is more than
30m/kg0.33 regardless of soil types and relative density. Generation of Ru is initiated in
the range from 20 to 30m/kg0.33 for clean/silty sands, around 20m/kg0.33 for silt and clay.
Figure 6-3 shows that relationship between Ru and SDmultiple for multiple blasts.
The result shows that the required SDmultiple to cause soil liquefied is the range from 2.7
to 3.0m/kg0.33 for medium dense clean/silty sands (Dr=30-55%) and less than
2.0m/kg0.33 for medium dense and dense clean/silty sands (Dr=60-80%). For silt and
clay, the required SDmultiple to cause soil liquefied required is less than 2.0m/kg0.33. At
Ishikari Port, Tokachi Port G-2, and Tokachi Port Fourth Wharf, SDmultiple decreases at
the some plots although residual pore water pressure increases (shown by the arrows).
In these cases, there is no consistent trend because the explosives were detonated in the
order from the short to far distance, which results in decrease of SDmultiple. The
comparison between medium dense and dense clean and silty sands from multiple blasts
196

shows that the required SDmultiple to cause soil fully liquefied increases with decrease of
relative density.
Figure 6-4 shows the effect of a number of blasts. The capital letter N and the
curves shown in each figure are the number of blasts during one blast sequence and the
regressive lines, respectively. At Ishikari Port site, the difference of Ru in average is
smaller than 2.0% between the number of blast N= 1, 2 and approximately 4.0-10.0%
between the number of blast N=2, 30. At Jinno Futo site, its difference is 6.0-12.0%
between N=2, 3 and 2.0-4.0% between N=3, 4. At Tokachi Port Fourth Wharf, its
difference of the clay layers is approximately 4.0-16.0% between N=1, 2 and less than
2% between the number of blast N=2, 20. The above comparisons show that the
differences of Ru between single blast and multiple blast are 2.0-10.0% for sandy soils
and 4.0-16.0% for silt and clay, and the differences do not so change with a number of
blasts.
Figure 6-5 shows the Ru measured at different depths in Christchurch site. The
results shows the difference of Ru measured at 4.0m and 8.0, 8.3m is 0-4.0% so that the
effective overburden stress is less significant on the development of Ru for the use of
SDmultiple.

6.6.2

Use of cumulative Hopkinson’s number

Figure 6-6 shows the relationship between Ru and HN for single blast. The result shows
that the required HN to cause soil liquefied for the medium dense clean and silty sand
(Dr=30-55%) is in the range of 0.3-0.4 kg0.33/m. The magnitude of Ru of dense sandy
soils (Dr=70-90%) is relatively smaller than the medium dense clean and silty sand. For
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silt and clay, the Ru increases with increase of HN, and the magnitude of residual pore
water pressure is relatively smaller than medium dense and dense clean and silty sands.
These results are same as the use of SD. The result also shows that residual pore water
pressure is not generated when HN is smaller than 0.03m/kg0.33 regardless of soil types
and relative density. The residual pore water pressure is generated in the range from
0.03 to 0.04 m/kg0.33 for clean and silty sands and around 0.05m/kg0.33 for silt and clay.
Figure 6-7 shows that the relationship between Ru and HNcumuative for multiple
blasts. The result shows that the required HNcumuative to cause soil liquefied is 0.81.0kg0.33/m (Ishikari Port site) and 2.4kg0.33/m (Tokachi Port G-2 site) for medium dense
sand (Dr = 30-55%), and 1.2-2.0kg0.33/m for medium dense and dense sand (Dr = 6080%). For slit and clay soils, the required HNcumuative, is around 4.0m kg0.33/m when a
number of blasts was N=20. These results show that the required HNcumuative to cause
soil liquefied increases with increase of relative density, and larger HNcumuative is needed
to induce large residual pore water pressure ratio for silt and clay soils comparing to
sandy soils.
Figure 6-8 shows the effect of a number of blasts. The curves shown in each
figure is the regressive lines. At Ishikari Port site, the difference of Ru in average is
smaller than 8.0-22.0% between the number of blast N= 1, 2 and approximately 2.06.0% between the number of blast N=2, 30. At Jinno Futo site, its difference is 14.024.0% between N=2, 3 and less than 1.0% between N=3, 4. At Tokachi Port Fourth
Wharf, its difference of the clay layer is approximately 20.0% between N=1, 2 and over
24.0% between the number of blast N=2, 20. In addition, the result shows that the
required HNcumuative to cause soil liquefied is 0.4 kg0.33/m for N=1 (single blast), 0.6-0.7
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kg0.33/m for N=2, and 0.8-1.0 kg0.33/m for N=30 at Ishikari Port site. At Jinno Futo site,
the required HNcumuative is 1.1kg0.33/m for N=2 and 2.0kg0.33/m for N= 3, 4. At Tokachi
Port Fourth Wharf site, the required HNcumuative to cause soil liquefied was 0.48 kg0.33/m
for N=1, 1.1 kg0.33/m for N=2, and for 3.4 kg0.33/m for N=20. The above comparisons
show that the differences of residual pore water pressure ratio between single blast and
multiple blasts are 2.0-24.0% for sandy soils and over 16.0% for silt and clay, and the
required HNcumulative to cause soil liquefied is 0.4-2.0kg0.33/m for clean and silty sands
and 0.48-3.4kg0.33/m for silt and clay. Therefore, these results show that the effect of a
number of blasts decreases with increase its number for clean and silty sands, and its
effect becomes more significant on silt and clay with increase of its number.
Figure 6-9 shows that the Ru measured at different depths. At Ishikari Port site,
the difference of Ru measured at depth of 4.0m and 8.0m is 28.0-32.0% in average. At
Christchurch site, the difference of Ru measured at depth of 3.0-7.0m and 9.5-13.0m is
4.0-12.0% in average. The results from each site show that the Ru decreases with
increase of effective overburden stress.
The above results show that clean and silty sands are more easily liquefied from
blast-induced liquefaction with loose condition and low effective overburden stress.
These are generally same as earthquake induced liquefaction. In addition, the required
cumulative explosive energy to cause soils liquefaction is influenced by a number of
blasts. This indicates that both soil profiles and blast specification is needed to be
considered to evaluate residual pore water pressure resulting from blast-induced
liquefaction.
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6.7 EVALUATING RESIDUAL PORE WATER PRESSURE
6.7.1 Proposed model
The empirical model based on the above results is proposed using HNcumulative for coarsegranular soils to predict residual pore water pressure ratio, Ru. The proposed model
shown in Equation 6-3 consists of the correlation factors of relative density, effective
overburden stress, and number of blast, which influence on the buildup of residual pore
water pressure as shown in above.

uresidual



'
v

 S Dr S ' S N  HNcumulative  0.04 

0.67

Equation 6-3

v

where, HNcumulative is cumulative Hopkinson’s number, SDr, Sσ’v, SN are the correlation
factors for relative density, effective overburden stress and number of blast, respectively.
The results shown in the previous section indicate that residual pore water
pressure is generated when HNcumulative is larger than in the range of 0.03-0.05 regardless
of relative density and number of blast. In other words, it is expected that no residual
pore water pressure is generated below the range of HNcumulative. In order to satisfy this
result, the generation of residual pore water pressure ratio is initiated at HNcumulative
equaling to 0.04 in the equation. Each factor in the proposed equation is evaluated using
multiple regressive analysis as follows (Equation 6-4-Equation 6-6). If HNcumulative is
less than 0.04, its contribution to generation of residual pore water pressure is ignoring.
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If residual pore water pressure ratio uresidual reaches to 1.0 at a given number of blast,
use a given correlation factor of SN because residua pore water pressure ratio will not
change after the completion of liquefaction during blasting.
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Equation 6-4

0.48

Equation 6-5

5.67
N 0.28

Equation 6-6

where SDr, Sσ’v, SN are the correlation factors for relative density, effective overburden
stress and number of blast, respectively. Dr is relative density in percent, Pa is
atmospheric pressure, N is number of blast during one blast sequence.
Figure 6-10 shows that the comparison of the measured residual pore water
pressure to the predicted one. The 89% of data points fall within ±0.2 of the measured
ones. Figure 6-11 shows that the sensitivity of each correlation factor in the case that a
number of blast N=2, relative density Dr = 50% and effective overburden stress σ’v =
100kPa.
It is noted that the proposed model is developed for detonation delay of 200665ms, measured depth of 2.7-12.8m, fine content fc of 0-20% and relative density Dr
of 30-70%. The range of the used charge weight of explosive was 0.5-5.7kg in TNT
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equivalent. The target layers in each site consisted of poorly graded clean and silty sands
(Coefficient of uniformity Uc less than 7.0). The proposed model should be used for
cases within these ranges to give a reasonable result.

6.8 DISCUSSION
The residual pore water pressure ratio measured in blast densification and in-situ
liquefaction testing is correlated using SDmultiple and HNcumulative. The results show that
the soil and site factors (i.e., relative density, soil type, effective overburden stress) and
blast properties (number of blast, detonation delay) influenced on the correlations. There
are several differences between the SDmultiple and HNcumulative.
Use of scaled distance: Effect of number of blast during one blast sequence is relatively
small on the correlation regardless of soil types. However, Blast pattern is critical for
the use of SDmultiple. If detonations start from a short to far distance from a point of
interests, SDmultiple cannot be used. In other words, locations to measure residual pore
water pressure are limited for the use of SDmultiple. The effect of effective overburden
stress on the development of residual pore water pressure ratio is unclear because blast
pattern on the increment of scaled distance for multiple blast is significant more than
the contribution of individual blast.
Use of cumulative Hopkinson’s number: HNcumulative can be used no matter what any
blast patterns used so that the Ru can be predicted at any locations. HNcumulative can
account the effect of soil and site factors indicated by Narin van Court and Mitchell
(1994). A number of blasts significantly influences on the relationship between residual
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pore water pressure ratio and HNcumulative. The effect of number of blast is more
significant on silt or clay.

6.9 SUMMARY AND CONCLUSION
Blast-induced liquefaction has been used for blast densification and in-situ
liquefaction testing. Predicting residual pore water pressure is objectively important to
carry out blast-induced liquefaction effectively and efficiently. The objective is to
improve the relationship between explosive energy and residual pore water pressure
from blast-induced liquefaction. The residual pore water pressure cumulatively increase
with increase of a number of blasts and is resulted from an accumulation of total amount
of energy released from explosive during a sequence of blasting. Based on this observed
fact, the new energy input accounting for multiple blasts, HNcumulative, is proposed. To
validate the effectiveness of the proposed energy input, the data of residual pore water
pressure from the eight sites where blast densification and in-situ liquefaction testing in
terms of explosive are collected. In addition, the one is compared to the work by Eller
(2011) to highlight the weakness and strength. The results show that the proposed new
energy input HNcumulative can take into account the effect of relative density, effective
overburden stress, and a number of blasts. In addition, HNcumulative can be used no matter
what any blast patterns are used during a sequence of blasting. The new empirical model
accounting for multiple blast is then proposed to predict residual pore water pressure
resulting from blast-induced liquefaction. The proposed model accounts for the effect
of a number of blasts, relative density and the initial effective overburden stress for
coarse-granular soils.
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Table 6-1. Soil profiles and blast properties employed each site (Measured soil layer)
Coefficient of
uniformity

Charge weight of
explosive per
delay
(kg)

Detonation delay
(ms)

Pore water
pressure
measurement
depth
(m)

Reference

Site

Soil
classification

Relative
density
(%)

Ishikari Port

SP, SM

45-55

6.6

2.0-4.0

200

4.0-8.0

Sugano and Nakazawa
(2009)

SP, SM

25-40

-

4.0-6.0

30, 250

14.5

Tsujino et al. (2007)

SP

30-45

2.4

1.5-3.0

-

6.0

Pathirage (2000)

Tokachi Port
G-2
CANLEX
(Single blast)
Jinno Futo
Treasure
Island
(Pilot, single
blast)
Tokachi Port
Forth Wharf
Ichikawa
City
(Single blast)

SP-SM

60-80

-

1.0-4.0

200

4.5-8.3

Tsujino et al. (2004)

SP-SM, SM

30-50

-

1.0

-

2.7

Ashford et al. (2004)

CL-CH

NA

22-173

2.0-3.0

500

6.0

Ashford and
Juirnarongrit (2006)

SM, ML

NA

42-150

1.0-3.0

-

8.9-14.5

Tsujino et al. (1997,
2007)

Christchurch

SP, SM

55-70

1.9-2.4

1.1-2.7

665

3.0-13.0

van Ballegooy et al.
2015
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Excess pore water pressure (kPa)

Time (s)
Figure 6-1 Response of blast-induced excess pore water pressure (Tsujino et al.
2007)

Single blast
SP, SP-SM, SP
Dr = 30-55(%)
Ishikari Port
Treasure Island
CANLEX

0.8

0.6

Residual pore water pressure ratio (uresidual/σ'v)

Residual pore water pressure ratio Ru

1.0

Single blast
CL-CH, SM, ML
Ichikawa City
Tokachi Port Fourth
Wharf (Clayer soil layer)

Dr = 70-80(%)
South Platter River

0.4

0.2

0.0
1

10
Scaled distance (m/kg0.33)

100 1

10
Scaled distance (m/kg0.33)

100

Figure 6-2. The relationship between residual pore water pressure ratio Ru and scaled
distance for medium dense and dense clean/silty sand, and slit and clay in signle
blasting.
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Residual pore water pressure ratio Ru

Multiple blast
Dr = 30-55(%)
SP, SM

0.8

1.0

Residual pore water pressure ratio (uresidual/σ'v)

1.0

0.8
Ishikari Port
Tokachi Port G-2
Dr = 60-70(%)
SP, SP-SM
Christchurch
Jinno Futo

0.6

0.4

Multiple blast
CL-CH
Tokachi Port Forth Wharf
(Clayer layers)

0.6

0.4

0.2

0.2

0.0

1

10
Scaled distance SDmultiple (m/kg0.33 )

0.0
100 1

10
Scaled distance SDmultiple (m/kg0.33)

100

Figure 6-3. The relationship between residual pore water pressure ratio Ru and scaled
distance for multiple blasts, SDmultipe, for medium dense and dense clean/silty sand, and
slit and clay in multiple blasting. The arrows show the cases that SDmultiple decreases
although residual pore water pressure increases.

206

1.0

Residual pore water pressure ratio Ru

Ishikari Port
Measured at a depth of 4.0m
N=1 (Single blast)
N=2
N=30
(uresidual/σ'v reached 1.0
when N=2-5)

0.8

0.6

0.4

0.2

0.0
1.0
Jinno Futo
Measured at a depth of 8.0, 8.3m

Residual pore water pressure ratio Ru

N=2
N=3
N=4

0.8

0.6

0.4

0.2

Residual pore water pressure ratio Ru

0.0
1.0 1

0.8

10
100
Tokachi
Fourth 0.33
Wharf
Scaled distance
SDPort
)
multiple (m/kg
Measured at a depth of 5.0, 6.0 m
(Clayer layer)
N=1 (Single blast)
N=2
N=20

0.6

0.4

0.2

0.0
1

10
Scaled distance SDmultiple (m/kg0.33)

100

Figure 6-4. Effect of a number of blasts for the used of SDmultple.
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Residual pore water pressure ratio Ru

1.0
Christchurch
Measured at a depth
of 3.0-7.0m
Measured at a depth
of 9.5-13.0m

0.8

0.6

0.4

0.2

0.0
1

10
Scaled distance SDmultiple (m/kg0.33)

100

Figure 6-5. Effect of effective overburden stress for the use of SDmultple.

0.8

0.6
Single blast
SP, SP-SM, SP
Dr = 30-55(%)
Ishikari Port
Treasure Island
CANLEX

0.4

0.2

Residual pore water pressure ratio (uresidual/σ'v)

Residual pore water pressure ratio Ru

1.0

Single blast
CL-CH, ML

Silt, Ichikawa City
Clay, Tokachi Port Fourth Wharf

Dr = 70-90(%)
South Platter River
0.0
0.01

0.1
1
Hopkinson's number HN (kg0.33/m)

10 0.01

0.1
1
Hopkinson's number HN (kg0.33/m)

10

Figure 6-6. The relationship between residual pore water pressure ratio and
Hopkinson’s number HN for medium dense and dense clean/silty sand, slit, and clay in
single blasting.
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0.8

0.6

Multiple blast
Dr = 30-55(%)
SP, SM
Ishikari Port
Tokachi Port G-2
Dr = 60-70(%)
SP, SP-SM
Christchurch
Jinno Futo

0.4

0.2

0.0
0.01

Residual pore water pressure ratio (uresidual/σ'v)

Residual pore water pressure ratio Ru

1.0

Multiple blast
CL-CH
Tokachi Port Fourth Wharf
(Clayer layer)

0.1
1
10
0.1
1
10 0.01
Cumulative Hopkinson's number HNcumulative (kg0.33/m)
Cumulative Hopkinson's number HNcumulative (kg0.33/m)

Figure 6-7. The relationship between residual pore water pressure ratio and cumulative
Hopkinson’s number, HNcumulative, for medium dense and dense clean/silty sand, slit, and
clay in multiple blasts.
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Residual pore water pressure ratio Ru

1.0

0.8

Ishikari Port
Measured at a depth of 4m
N=1 (Single blast)
N=2
N=30
(uresidual/σ'v reached
0.9-1.0 when N=2-8)

0.6

0.4

0.2

Jinno Futo
Measured at a depth of 8.0, 8.3m
N=2
N=3
N=4

Residual pore water pressure ratio Ru

0.0
1.0

0.8

0.6

0.4

0.2

Residual pore water pressure ratio Ru

0.0
1.0

0.8

Tokachi Port Fourth Wharf
Measured at a depth
of 5.0, 6.0 m
(Clayer layers)
N=1 (Single blast)
N=2
N=20

0.6

0.4

0.2

0.0
0.01

0.1
1
10
Cumulative Hopkinson's number HNcumulative (kg0.33/m)

Figure 6-8. Effect of a number of blasts for the used of HNcumulative.
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Residual pore water pressure ratio Ru

1.0

0.8

Christchurch
Measured at a depth
of 3.0-7.0m
Measured at a depth
of 9.5-13.0m

0.6

0.4

Residual pore water pressure ratio Ru

0.2

0.0
0.1
1
1.00.01
Ishikari Cumulative
Port
Hoplkinson's number (kg0.33/m)
Measured at a depth
of 4.0m
0.8
Measured at a depth
of 8.0m

10

0.6

0.4

0.2

0.0
0.01

0.1
1
10
Cumulative Hopkinson's number HNcumulative (kg0.33/m)

Figure 6-9. Effect of effective overburden stress on development of residual pore water
pressure ratio for the used of HNcumulative.

211

Predicted residual pore water pressure ratio

1.2

Ishikari Port
Treasure Island
CANLEX
Christchurch
Jinno Futo
South Platter River

1.0

0.8

0.6

0.4

0.2

0.0
0.0

0.2
0.4
0.6
0.8
1.0
Measured residual pore water pressure ratio

1.2

Figure 6-10. The comparison between measured and predicted residual pore water
pressure ratio.
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1.0

Residual pore water pressure ratio Ru

N=2
σ'v = 100kPa

Dr = 40%

0.8
Dr = 50%
Dr = 60(%)

0.6
Dr = 70(%)

0.4

0.2

0.1
1
Dr = 50(%)
Cumulaive Hopkinson's number (kg0.33/m)
σ’v = 30kPa
N=2

Residual pore water pressure ratio Ru

0.0
1.00.01

10

70kPa

0.8

110kPa
150kPa

0.6

0.4

0.2

10

Residual pore water pressure ratio Ru

0.0
1.00.01
0.1
1
Dr = 50(%)
Cumulaive Hopkinson's number (kg0.33/m)
σ'v = 100kPa
0.8

0.6

0.4

0.2

0.0
0.01

0.1
1
10
Cumulative Hopkinson's number HNcumulative (kg0.33/m)

Figure 6-11. Sensitivety of each correlation factor of the porposed model.
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Chapter 7.

SUMMARY AND CONCLUSION

Blast technique has been used as a useful soil improvement method to compact loose
coarse-granular to mitigate liquefaction induced liquefaction failure sing 1930s, and the
use of blast technique has been extended as an application of in-situ liquefaction testing
to investigate full scale foundation in liquefiable ground and countermeasures against
liquefaction in recent decades in United State, Canada, Japan and New Zealand.
Hereafter, blast-induced liquefaction has been recognized as an effective and useful tool
for an investigation of in-situ soil dynamics. Several guidance has been provided to
determine optimum blast specification to carry out blasting safely and effectively.
However, “trial and error” is still used so that the mechanism of blast-induced
liquefaction is poorly understood. Hereafter, developing evaluation methods for ground
surface settlement, residual pore water pressure, ground vibrations are expected to carry
out blast-induced liquefaction more efficiently.
The objective of this thesis is to improve the understanding the relationship
between the explosive energy and ground vibration, ground surface settlement, residual
pore water pressure resulting from blast-induced liquefaction. To meet this objective,
the data of recently conducted blast densification and in-situ liquefaction testing in terms
of explosives from USA, Japan, Canada, and New Zealand are collected and screened
for quality. The new energy inputs is proposed to take into account multiple blasts for
the correlation of explosive energy with them..
The followings are the summaries and the conclusions.
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Ground vibration
The data of ground vibration from the Ground Improvement Trial carried out in New
Zealand in order to evaluate the effect of soil improvement on characteristics of ground
vibration from blast-induced liquefaction. The employed charge weight of explosive
and detonation delay are 0.55-2.8kg with charge depth of 4.0-11.5m and 105-504ms,
respectively. The results of ground motion (PPV and frequency) are compared to the
ones measured at free grounds where reclaimed sandy and silty soils, alluvially soils,
and gravelly soils deposited, employing change weight of explosive of 0.5-14.0kg with
charge depth of 3.5-23.0m and detonation delay of 25ms-2s. The followings are
concluded:
(2)

The measured maximum PPVs from the Ground Improvement Trial are in the
range of 0.22-0.26m/s. The range of the PPVs of the improved soils falls within
the same range of the non-improved soils. In addition, the comparison shows that
the 86% of the PPVs measured at free field falls within the range from Ground
Improvement Trial.

(5)

Predominant frequency is compared to the one measured at free field. The results
show that the larger PPVs are induced with the high frequency (i.e., approximately
over 10Hz), and the smaller PPVs are induced with the low frequency (i.e.,
approximately less than 10Hz). This result implies that the predominant frequency
become close to the natural frequency of structures at remote distance so that
careful considerations shold be requred to control ground vibration from blastinduced liquefaction.
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(6)

The comparisons among the coefficients of regressive power model and seismic
wave velocities show that P-wave velocity has a strong relationship with the
coefficients. This indicates that PPV is sensitive to soil stiffness, not to a type of
improvements.

(7)

The residual pore water pressure Ru-PPV diagram with the square root scaled
distance (SD) shows that PPV is not sensitive to a magnitude of Ru. Considering
that S-waves should attenuate and diminish during a propagation through liquefied
soils, the result indicates that P-waves dominate ground vibration at a location
where blast-induced wave directly arrives and shakes.

(8)

The particle motions show that the angle from an explosive to the measured points
corresponds to the direction of the particle motions at a short distance, however
its direction does not correspond at a remote distance. Comparing to the results
from other sites, the dominant mode of wave transitions from P-wave to surface
wave at a distance of 50-60m from explosives. Accordingly, these results indicate
that P-waves dominate ground vibration at a short distance and surface waves
dominate at a remote distance.
The above conclusions are valid for the blasting carried out at a shallow to

moderate depth of 3.5-23.0m, detonation delay of 25ms-2s and charge weight of
explosive of 0.5-14kg. In remarks, the similarities (i.e., the relationship between
predominant frequency and distance, surface waves are only explicit at a far distance)
and the differences (i.e., particle motion, dominant mode of wave) from earthquake
induced ground vibration can be seen in blast-induced liquefaction. Further studies are
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needed to make the use of explosives as an efficient application of in-situ soil dynamic
testing.
Ground surface settlement
The data of ground surface settlement from recently conducted blast-induced
liquefaction testing is collected and considering blast properties and soil profiles. The
data are collected from the seven sites where medium dense/dense soils and cohesive
soils deposited and various blast properties, including charge weight of explosive of 0.26.0kg, charge depth of 2.7-18.5m, detonation delay of 30-1,000ms, charge layout with
circular, square, and line are employed. The followings are conclusions;
(1) For the most sites, the dense layers as well as the silt and silty clay layers become
the boundary between the densified and the non-densified layers, because these
layers function as a barrier to prevent from generating excess pore water pressure.
(2) Settlement above ground water table (i.e., settlement of unsaturated soils) is less
than 10% of total ground surface settlement so that it is relatively small on the total
ground surface settlement. This indicates that ground surface settlement from blastinduced liquefaction is mostly induced due to compression of saturated soils.
(3) Various ground surface settlement conditions are achieved by different charge
layout because the concentration of explosive energy depends on charge layouts.
(4) The magnitude of ground surface settlement is highly dependent on a total energy
of buried explosives and initial relative density. Powder factor is a useful energy
input to estimate the maximum post-test volumetric strain and ground surface
settlement for coarse-granular soils in multiple blasts.
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(5) Generation of residual pore water pressure does not initiate ground surface
settlement. Increment of energy input described by average Hopkinson’s number,
HNavg, is critical on the initiation of ground surface settlement.
(6) The settled area can be evaluated using HNavg regardless of soil types and charge
layouts. Ground surface settlement is induced when HNavg is over 0.14-0.19. The
reason is possibly that threshold peak compressive radial strain to initiate volumetric
strain is almost same regardless of soil types and charge layouts.
Based on the above observations and results, the new empirical model to predict
ground surface settlement resulting from blast-induced liquefaction is proposed. In
remarks, the observations and the comparisons to earthquake induced settlement in the
discussion indicate that P wave-soil interaction is the key to understand soil dynamic
behavior from blast-induced liquefaction. More studies are needed to confirm the
mechanism of ground surface settlement.
Residual pore water pressure
Blast-induced liquefaction has been used for blast densification and in-situ
liquefaction testing. Predicting residual pore water pressure is objectively important to
carry out blast-induced liquefaction effectively and efficiently. The objective is to
improve the relationship between explosive energy and residual pore water pressure
from blast-induced liquefaction. The residual pore water pressure cumulatively increase
with increase of a number of blasts and is resulted from an accumulation of total amount
of energy released from explosive during a sequence of blasting. Based on this observed
fact, the new energy input accounting for multiple blasts, HNcumulative, is proposed. To
validate the effectiveness of the proposed energy input, the data of residual pore water
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pressure from the eight sites where blast densification and in-situ liquefaction testing in
terms of explosive are collected. In addition, the one is compared to the work by Eller
(2011) to highlight the weakness and strength. The results show that the proposed new
energy input HNcumulative can take into account the effect of relative density, effective
overburden stress, and a number of blasts. In addition, HNcumulative can be used no matter
what any blast patterns are used during a sequence of blasting. The new empirical model
accounting for multiple blast is then proposed to predict residual pore water pressure
resulting from blast-induced liquefaction. The proposed model accounts for the effect
of a number of blasts, relative density and the initial effective overburden stress for
coarse-granular soils.

7.1 FUTURE WORKS
The advantages or the interest things of blast-induced liquefaction is that blast-induced
liquefaction has the aspect of “in-situ dynamic soil testing.” Shaking soils in-situ
condition, is always a challenging theme in geotechnical engineering. Specifically,
inducing seismic ground motion in-situ condition is an interesting thing, however it is a
most difficult matter. Only few techniques are able to “mimic” earthquake-induced
ground shaking, such as the T-Rex of the ground shaker. Blasting is the one of an
effective and useful ways to shake the soils in large amplitude and to induce a large
amount of excess pore water pressure in-situ condition. Looking for the link between
“earthquake” and “blasting” might help the understanding the mechanism of blastinduced liquefaction, which also help the differences between them. The interesting
question arises as the followings:
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What can bridge between earthquake and blasting?

Intensity of seismic ground motion is usually estimated using the Arias intensity (Arias
1970), the cumulative absolute velocity, CVA, (Ang 1990), the response spectrum
intensity (Housner 1959), or the acceleration spectrum intensity (Von Thun et al. 1988).
Many researches, such as Kramer and Mitchell (2006) show that these intensity
measurement is a useful to correlation with earthquake-induced ground failures.
Investigation of these intensity of ground motion under blast-induced liquefaction and
comparison them to the one in earthquake events are the attracted research points.


Liquefaction potential evaluation in terms of explosive

Blast-induced liquefaction is a dynamic soil testing. Blasting can shake the soils in large
amplitude and cause liquefaction in-situ conditions. The liquefaction potential is usually
estimated using the result of cone penetration test (SPT) or standard penetration test
(SPT). These two penetration test is categorized as a static in-situ soil test, not a dynamic
soil test, in other words, the liquefaction potential is evaluated based on the static test
results although earthquake is a soil shaking problem. This is a weakness of the current
practice of liquefaction potential evaluation. Blast-induced liquefaction possibly can
overcome this weakness and can be used as an alternative way for a liquefaction
potential evaluation method.


What is the soil stiffness under blast-induced liquefaction?

As shown in Chapter 4, 5, and 6, P wave-soil interaction is the key of understanding of
the mechanism of blast-induced liquefaction. The undrained bulk modulus, Ku,
undrained poisson’s ratio, νu, radial compressive strain, εr, radial compressive stress, σr,
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and other soil parameters relating to compressive behavior of soils are the critical factors.
The achievable ground conditions highly depends on the explosive energy used during
a sequence of blasting, however that should be also influenced by these soil parameters
that change due to explosive energy. Investigating these soil parameters in blast-induced
liquefaction is important to know for the designing of blast specification.
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APPENDIX
Note that all of ground vibration data and soil profiles at the test site in Christchurch
was provided by Dr. Ballegooy of Earthquake Commission of New Zealand.

237

238

239

240

