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Abstract 
 

Backfill is any material that is placed underground to fill the voids (stopes) left after the 

process of extracting minerals from crushed rock. Cemented Paste Backfill (CPB) is one of 

these materials, which consists of a mixture of full stream tailings, a small percentage of 

cement and water. Underground space is a dynamic environment that subjects these fills to 

a series of dynamic loading resulting from blasting and seismic events. Refracted stress waves 

at the CPB-rock interface can increase the shear and compressive stresses in the fill. As a 

result, excess pore water pressures may develop and liquefaction can eventually be triggered. 

Liquefaction might cause the failure of the retaining barricade constructed at the bottom of 

the stope since total pressure can rise to as high as the full hydrostatic head of the fill. 

However, the amount of dynamic energy transmitted to the fill as well as the liquefaction 

risk, greatly diminishes as the fill desaturates and negative water pressures arise in the pore 

space. In this context, the primarily objective of this thesis is to evaluate the liquefaction 

susceptibility of CPB at early curing ages due to seismic and blasting stress waves. In addition, 

the propagation phenomena of compressional waves in CPB, the effects of degree of 

saturation on stress wave refraction at CPB interfaces and the blast response of a backfilled 

stopes are explored. Finally, the evolution of unsaturated CPB properties and the mechanism 

of desaturation of the fill are investigated. This research consisted of in situ and experimental 

testing, and a numerical modelling component. 

  

Direct simple shear (DSS) tests were conducted to study the cyclic undrained shear response 

of CPB. The effects of confining stress, initial static shear stress and void ratio on the 

liquefaction resistance of uncemented fine-grained tailings was firstly researched. Then, the 

cyclic response of cemented tailings prepared at different curing ages, cement contents and 

initial void ratios, was examined. The material, independently of the degree of cementation, 

showed a predominantly cyclic mobility type response with large degradation of shear 

stiffness at advanced numbers of shear cycles. However, no flow type of failure was observed 

in any of the tests conducted. The overburden stress correction factor was found to decrease 

with increasing confining stresses in the range 100 to 400 kPa and to gradually increase from 

400 kPa onwards, when samples were tested at the same initial void ratio. Similarly, higher 
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cement contents, longer curing periods or higher initial solids contents were found to 

increase liquefaction resistance. A unconfined compressive strength (UCS) of about 70kPa, 

which corresponds to a shear wave velocity of 220 m/s, was found to be adequate to resist 

liquefaction under a large earthquake-induced cyclic stress ratio (CSR). 

 

Before evaluating the liquefaction susceptibility of the fill under compressive stress, the 

refraction at CPB interfaces and the velocity of propagation of large and small strain 

compressive waves in CPB was examined. For large strain experiments a Split Hopkinson 

Pressure Bar was constructed and specimens were subjected to compressive pulses of high 

amplitude and short duration. Results showed that a large portion of the incident stress wave 

is refracted at the CPB interface when specimens were near full saturation. However, beyond 

the air entry value of the fill, the transmition ratio decreased greatly. In an unsaturated 

condition, the refraction and velocity of propagation improved slightly as curing age and 

cement content was increased. The elastic theory of wave propagation was found to largely 

underpredict the refraction ratio and velocity of propagation when elastic parameters were 

obtained from ultrasonic wave measurements. Therefore, dynamic correction factors are 

recommended to be used in routine design of backfills. 

 

Numerical simulations were performed to parametrically investigate the blast response and 

the generation of excess pore water pressures in CPB. The commercial explicit nonlinear 

finite element code LS-DYNA was used and the effects of blasthole proximity, number of 

blastholes and sequencing of detonation on the total pressures exerted to the fill were 

researched. Results showed that total pressures and liquefaction risk significantly decreases 

as explosives are detonated in rows located perpendicular to stope’s exposed face or delay 

times between detonations in excess of 2 milliseconds are provided. The maximum pore 

water pressure in the fill during the transient passage of the blast waves was shown to increase 

to as high as several Megapascals. Liquefaction of the fill due to the generation of residual 

pore pressure was shown to occur under simultaneous multiple detonations.  

 

The desaturation and the generation of negative pore pressures in CPB as well as the 

evolution of unsaturated properties can be understood through the soil water characteristic 

curve (SWCC). Before studying the mechanism of desaturation in CPB, a great effort was 

made to study the evolution of the SWCC as the fill undergoes cement hydration. A pressure 

plate apparatus and insertion tensiometers were used to measure suction at different curing 

ages. In addition, a novel device that combines the axis translation technique and insertion 

tensiometers was developed and for the first time used to study the SWCC of CPB material. 
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It was found that the SWCC evolves in a continuous manner from low to high suction ranges 

as cement hydration progresses. A simple exponential equation was adopted to describe the 

evolution of the SWCC in CPB. 

 

Desaturation of the fill due to evaporation, drainage and self-desiccation mechanisms was 

investigated through the setup of column tests and simplified numerical models. However, 

the emphasis was on the mechanisms controlling the generation of evaporative fluxes. It was 

found that desaturation of the top layers of the fill are controlled by evaporation while middle 

and lower layers by drainage and self-desiccation processes. Evaporation-induced 

desaturation along the fill was observed to occur after long exposure of the fill to the 

environment. 

 

The key outcomes from this research have highlighted the importance of accounting for the 

dynamic effects of seismic events and blasting activities in the design of cemented paste 

backfills, especially at early curing ages. Future research is recommended to validate the 

results found in this thesis but for a wider types of CPB. 

 

 

 

 



School of Civil, Environmental and Mining Engineering 

Table of Contents                                                                The University of Western Australia 

iv 

 

Table of Contents 
 

ABSTRACT .......................................................................................................................................... I 

TABLE OF CONTENTS .................................................................................................................. IV 

ACKNOWLEDGEMENTS ............................................................................................................ VIII 

PUBLICATIONS ARISING FROM THIS THESIS ......................................................................... IX 

THESIS ORGANIZATION AND CANDIDATE CONTRIBUTION ............................................ XI 

LIST OF FIGURES ........................................................................................................................... XV 

LIST OF TABLES ........................................................................................................................ XXIII 

CHAPTER 1 ....................................................................................................................................... 1-1 

INTRODUCTION ................................................................................................................................................................. 1-1 

1.1 BACKGROUND ........................................................................................................................................................ 1-1 

1.1.1 CEMENTED PASTE BACKFILL (CPB) ................................................................................................... 1-1 

1.1.2 EMPIRICAL EVIDENCE OF THE EFFECTS OF DYNAMIC LOADING IN CPB ................................... 1-3 

1.1.3 SEISMICALLY-INDUCED LIQUEFACTION............................................................................................ 1-6 

1.1.4 BLASTING-INDUCED LIQUEFACTION ................................................................................................. 1-7 

1.1.5 PROPAGATION AND TRANSMISSION OF COMPRESSIONAL STRESS WAVES IN CPB .................... 1-8 

1.1.6 DESATURATION OF CPB ...................................................................................................................... 1-9 

1.2 OBJECTIVE OF THE STUDY.................................................................................................................................. 1-11 

1.3 THESIS ORGANISATION ....................................................................................................................................... 1-11 

1.4 REFERENCES ......................................................................................................................................................... 1-13 

CHAPTER 2 .....................................................................................................................................2-17 

EFFECTS OF CONFINING STRESS, DENSITY AND INITIAL STATIC SHEAR STRESS ON THE CYCLIC SHEAR 

RESPONSE OF FINE-GRAINED UNCLASSIFIED TAILINGS ........................................................................................ 2-17 

2.1 INTRODUCTION .................................................................................................................................................... 2-18 

2.2 EXPERIMENTAL WORK ....................................................................................................................................... 2-22 

2.2.1 TESTING DEVICE ................................................................................................................................. 2-22 

2.2.2 MATERIALS ........................................................................................................................................... 2-24 

2.2.3 SAMPLE PREPARATION ........................................................................................................................ 2-25 

2.3 TEST RESULTS AND DISCUSSION ....................................................................................................................... 2-26 

2.3.1 CYCLIC STRESS-STRAIN RESPONSE OF FINE-GRAINED TAILINGS ................................................ 2-26 

2.3.2 CONSOLIDATION BEHAVIOUR OF FINE-GRAINED TAILINGS ...................................................... 2-29 



School of Civil, Environmental and Mining Engineering 

Table of Contents                                                                The University of Western Australia 

v 

2.3.3 EFFECTS OF CONFINING PRESSURE AND VOID RATIO ON CRR OF FINE-GRAINED TAILINGS . 2-

30 

2.3.4 EFFECTS OF ANISOTROPY ON CRR OF FINE-GRAINED TAILINGS .............................................. 2-33 

2.3.5 COMBINED EFFECTS OF CONFINING PRESSURE AND VOID RATIO ON CRR OF FINE-GRAINED 

TAILINGS ................................................................................................................................................................ 2-34 

2.3.6 EFFECTS OF TESTING DEVICE ........................................................................................................... 2-37 

2.3.7 EVALUATION OF LIQUEFACTION SUSCEPTIBILITY CRITERIA ...................................................... 2-38 

2.4 CONCLUSIONS....................................................................................................................................................... 2-39 

2.5 REFERENCES ......................................................................................................................................................... 2-40 

CHAPTER 3 .................................................................................................................................... 3-45 

CYCLIC SHEAR RESPONSE OF CEMENTED PASTE BACKFILL .................................................................................. 3-45 

3.1 INTRODUCTION .................................................................................................................................................... 3-46 

3.2 EXPERIMENTAL WORK ....................................................................................................................................... 3-49 

3.2.1 TESTING DEVICE ................................................................................................................................. 3-49 

3.2.2 MATERIALS ........................................................................................................................................... 3-50 

3.2.3 SAMPLE PREPARATION ....................................................................................................................... 3-51 

3.3 TEST RESULTS AND DISCUSSION ...................................................................................................................... 3-52 

3.3.1 CYCLIC SHEAR RESPONSE OF CPB ................................................................................................... 3-52 

3.3.2 EFFECTS OF CEMENT CONTENT AND CURING AGE ON CRR OF CPB ...................................... 3-56 

3.3.3 PROPOSED CORRECTION TO CRR TO ACCOUNT FOR CEMENTATION ...................................... 3-61 

3.3.4 CPB LIQUEFACTION RESISTANCE UNDER LARGE CYCLIC STRESS RATIO (CSR) ...................... 3-63 

3.3.5 EFFECTS OF INITIAL VOID RATIO ON CYCLIC RESISTANCE OF CPB .......................................... 3-65 

3.4 CONCLUSIONS....................................................................................................................................................... 3-67 

3.5 REFERENCES ......................................................................................................................................................... 3-68 

CHAPTER 4 .................................................................................................................................... 4-72 

EXPERIMENTAL INVESTIGATION ON PROPAGATION AND TRANSMISSION OF COMPRESSIONAL STRESS 

WAVES IN CEMENTED PASTE BACKFILL .................................................................................................................... 4-72 

4.1 INTRODUCTION .................................................................................................................................................... 4-73 

4.1.1 BACKGROUND ..................................................................................................................................... 4-74 

4.2 MATERIALS AND METHODS ............................................................................................................................... 4-75 

4.2.1 MATERIALS ........................................................................................................................................... 4-75 

4.2.2 SPLIT HOPKINSON PRESSURE BAR (SHPB) TEST .......................................................................... 4-76 

(a) SHPB Device ............................................................................................................................................................... 4-76 

(b) Specimen preparation and testing program .................................................................................................................... 4-80 

4.2.3 ULTRASONIC WAVE TEST ................................................................................................................... 4-82 

4.3 RESULTS AND DISCUSSION ................................................................................................................................. 4-82 

4.3.1 PROPAGATION VELOCITY OF COMPRESSIVE WAVES ..................................................................... 4-82 

(a) Small strain .................................................................................................................................................................. 4-82 

(b) Large strain .................................................................................................................................................................. 4-84 

4.3.2 TRANSMISSION RATIO AT CPB INTERFACES .................................................................................. 4-90 

4.3.3 ATTENUATION OF STRESS WAVES IN CPB ...................................................................................... 4-94 

4.4 CONCLUSIONS....................................................................................................................................................... 4-96 



School of Civil, Environmental and Mining Engineering 

Table of Contents                                                                The University of Western Australia 

vi 

4.5 REFERENCES ......................................................................................................................................................... 4-97 

CHAPTER 5 ................................................................................................................................... 5-102 

NUMERICAL SIMULATION OF THE BLAST RESPONSE OF CEMENTED PASTE BACKFILLED STOPES ............ 5-102 

5.1 INTRODUCTION ................................................................................................................................................. 5-103 

5.2 BACKGROUND OF THE NUMERICAL APPROACH ......................................................................................... 5-106 

5.2.1 NUMERICAL SOFTWARE ................................................................................................................... 5-106 

5.2.2 MATERIAL MODELS .......................................................................................................................... 5-107 

(a) Explosive ................................................................................................................................................................... 5-107 

(b) Air ............................................................................................................................................................................. 5-108 

(c) Rock mass .................................................................................................................................................................. 5-108 

(d) Cemented paste backfill .............................................................................................................................................. 5-109 

(e) Pore water pressure ..................................................................................................................................................... 5-110 

5.3 LIQUEFACTION BLAST RESPONSE OF CEMENTED PASTE BACKFILLED STOPE .................................... 5-113 

5.3.1 NUMERICAL MODEL: BASELINE MODEL ...................................................................................... 5-113 

5.3.2 NUMERICAL MODEL: SCENARIOS MODELLED ............................................................................. 5-114 

5.3.3 NUMERICAL MODEL: INPUT PARAMETERS ................................................................................... 5-116 

5.4 RESULTS AND DISCUSSION .............................................................................................................................. 5-117 

5.4.1 BLASTING WAVE PROPAGATION IN ROCK AND CPB ................................................................. 5-117 

5.4.2 BLAST RESPONSE OF BACKFILLED STOPES ................................................................................... 5-120 

(a) Pressure blast response ................................................................................................................................................ 5-120 

(b) Liquefaction blast response ......................................................................................................................................... 5-121 

(c) Scenario 1: Effects of location of single blasthole on stope blast response ..................................................................... 5-122 

(d) Scenario 2: Effects of number of blastholes on stope blast response .............................................................................. 5-124 

(e) Scenario 3: Effects of detonation delay time on stope blast response ............................................................................ 5-127 

(f) Scenario 4: Effects of curing age on stope blast response .............................................................................................. 5-130 

5.5 CONCLUSIONS .................................................................................................................................................... 5-131 

5.6 REFERENCES ...................................................................................................................................................... 5-132 

CHAPTER 6 ................................................................................................................................... 6-137 

EXPERIMENTAL STUDY OF THE EVOLUTION OF THE SOIL-WATER CHARACTERISTIC CURVE FOR GRANULAR 

MATERIAL UNDERGOING CEMENT HYDRATION .................................................................................................. 6-137 

6.1 INTRODUCTION ................................................................................................................................................. 6-138 

6.2 BACKGROUND ................................................................................................................................................... 6-139 

6.2.1 SWCC AND STATISTICAL MODEL .................................................................................................. 6-139 

6.2.2 APPLICABILITY OF SWCC TESTING TECHNIQUES TO CPB ...................................................... 6-141 

(a) Pressure plate ............................................................................................................................................................. 6-141 

(b) Insertion tensiometers .................................................................................................................................................. 6-142 

6.3 METHODOLOGY ................................................................................................................................................ 6-142 

6.3.1 MATERIALS ........................................................................................................................................ 6-142 

6.3.2 SWCC TESTING SETUPS ................................................................................................................... 6-143 

(a) Test Type 1: Pressure plate ........................................................................................................................................ 6-143 

(b) Test Type 2: Tensiometers .......................................................................................................................................... 6-144 

(c) Test Type 3: Desaturation Cell .................................................................................................................................. 6-145 

6.4 RESULTS AND DISCUSSION .............................................................................................................................. 6-147 



School of Civil, Environmental and Mining Engineering 

Table of Contents                                                                The University of Western Australia 

vii 

6.4.1 RATE OF CEMENT HYDRATION ....................................................................................................... 6-147 

6.4.2 TEST TYPE 1: PRESSURE PLATE....................................................................................................... 6-149 

6.4.3 TEST TYPE 2: TENSIOMETERS ......................................................................................................... 6-155 

6.4.4 TEST TYPE 3: DESATURATION CELL ............................................................................................. 6-157 

6.5 CONCLUSIONS..................................................................................................................................................... 6-160 

6.6 REFERENCES ....................................................................................................................................................... 6-161 

CHAPTER 7 .................................................................................................................................. 7-167 

EXPERIMENTAL AND NUMERICAL EVALUATION OF EVAPORATIVE FLUXES FROM CEMENTED PASTE 

BACKFILL ........................................................................................................................................................................ 7-167 

7.1 INTRODUCTION .................................................................................................................................................. 7-168 

7.2 EVAPORATIVE FLUXES FROM THIS CPB LAYERS .......................................................................................... 7-171 

7.2.1 MATERIALS ......................................................................................................................................... 7-171 

7.2.2 WATER RETENTION PROPERTIES ................................................................................................... 7-171 

7.2.3 EVAPORATION TESTS ........................................................................................................................ 7-173 

7.2.4 RESULTS AND DISCUSSION ............................................................................................................... 7-174 

7.3 NUMERICAL SIMULATION ................................................................................................................................ 7-177 

7.3.1 SIMULATION MODEL ......................................................................................................................... 7-177 

7.3.2 COLUMN TEST .................................................................................................................................... 7-178 

7.3.3 INPUT PARAMETERS IN HYDRUS-1D .......................................................................................... 7-179 

7.3.4 RESULTS AND DISCUSSION ............................................................................................................... 7-181 

(a) Column A .................................................................................................................................................................. 7-181 

(b) Column B ................................................................................................................................................................... 7-181 

(c) Calibration of the numerical model ............................................................................................................................. 7-182 

(d) Contribution of evaporation, drainage and self-desiccation to total suction ................................................................... 7-184 

7.4 EVAPORATIVE FLUXES FROM FULL SIZE STOPES ........................................................................................ 7-187 

7.4.1 INPUT PARAMETERS IN HYDRUS-1D .......................................................................................... 7-187 

7.4.2 RESULTS AND DISCUSSION ............................................................................................................... 7-188 

7.5 SUMMARY AND CONCLUSIONS ........................................................................................................................ 7-190 

7.6 REFERENCES ....................................................................................................................................................... 7-191 

CHAPTER 8 .................................................................................................................................. 8-195 

CONCLUDING REMARKS .............................................................................................................................................. 8-195 

8.1 MAIN FINDINGS.................................................................................................................................................. 8-195 

8.2 RECOMMENDATIONS FOR FUTURE WORK ..................................................................................................... 8-199 



                                                             School of Civil, Environmental and Mining Engineering 

Acknowledgements                                                             The University of Western Australia 

viii 

 

Acknowledgements 
 

It is hard to express all my gratitude to the people that have been involved in this beautiful 

journey in just a single page. I want to deeply thank my wife Loreto for accepting the 

challenge to be here by my side. Thanks for your perseverance, patience and your infinite 

love throughout these years. Life hit us hard but I am sure it will bring a bright happy future. 

To my little daughter Amanda who has changed our lives. Thanks for the miracle of 

parenthood, happiness and pride. To my little Mateo who will look after us from a better 

place. Thank you for everything you taught us. Also, I would like express my gratitude to my 

parents and brother for their constant support. I love you all. 

 

Nothing of this would have been possible without the support Professor Andy Fourie gave 

me 4 years ago when I decided to start my PhD. I found not only a great professional and 

supportive supervisor but also, and most importantly, a great person. I wish to express my 

sincere thanks to my co-supervisor James Doherty. I really appreciate your invaluable 

suggestions and constructive reviews of the papers contained in this thesis. Also, thanks to 

Alsidqi Hasan for all of those adventures installing instruments underground. I really 

appreciate all the time you spent with me in the lab and all the conversations we had on our 

trips to Kalgoorlie.  

 

Many thanks to the people I met at UWA. Thanks to Professor Barry Lehane for the 

opportunity to work as a tutor in different units. Thanks to my friends in Perth, Sudip, 

Francisco, Ricardo, Aldrin and many others, for all the good times. Thanks to the staff at the 

Geotechnical Laboratories (Usha, Behnaz, Massi) for their patience and help. At last, thanks 

to all the guys I met on Tuesdays and Saturdays’ soccer games.    

 

 



                                                                        School of Civil, Environmental and Mining Engineering 

Publications Arising from This Thesis                             The University of Western Australia 

ix 

 

Publications Arising from This Thesis 
 

Journal papers 

1. Suazo, G., Andy, F., Doherty, J., & Hasan, A. (2015). Effects of confining stress, 

density and initial static shear stress on the cyclic shear response of fine-grained 

unclassified tailings. Géotechnique, provisionally accepted.  

2. Suazo, G., Fourie, A., & Doherty, J. (2015). Cyclic shear response of cemented paste 

backfill. Journal of Geotechnical and Geoenvironmental Engineering, ASCE, under review. 

3. Suazo, G., Fourie, A., & Doherty, J. (2015). Experimental investigation on the 

propagation and transmission of compressional stress waves in cemented paste 

backfill. Journal of Geotechnical and Geoenvironmental Engineering, ASCE, under review. 

4. Suazo, G., Fourie, A., & Doherty, J. (2015). Experimental Study of the Evolution of 

the Soil Water Characteristic Curve for Granular Material undergoing Cement 

Hydration. Journal of Geotechnical and Geoenvironmental Engineering, ASCE, under review. 

5. Suazo, G., Fourie, A., & Hasan, A. (2015). Experimental study of the geomechanical 

response of cemented paste backfill used in underground mining. Obras y Proyectos, 

17, 6-12. 

6. Hasan, A., Dohery, J., Suazo, G., & Fourie, A. (2015). An investigation of some 

controllable factors that impact the stress state in cemented paste backfill. Canadian 

Geotechnical Journal, accepted, published online. 

 

Conferences papers 

1. Hasan, A., Suazo, G., & Fourie, A. (2013). Full scale experiments on the 

effectiveness of a drainage system for cemented paste backfill. 16th International 

Seminar on Paste and Thickened Tailings, (pp. 379-392). Belo Horizonte. 



School of Civil, Environmental and Mining Engineering 

Publications Arising from This Thesis                             The University of Western Australia 

x 

2. Hasan, A., Suazo, G., Doherty, J., & Fourie, A. (2014). In stope measurements at 

two Western Australian mine sites. 17th International Seminar on Paste and Thickened 

Tailing Paste 2014, (pp. 355-368). Vancouver.  

3. Suazo, G., Fourie, A., & Hasan, A. (2014). Experimental study of the geomechanical 

response of cemented paste backfill. 8th Chilean Seminar on Geotechnical Engineering, 

A124, Santiago.  

4. Hasan, A., Suazo, G., Doherty, J., & Fourie, A. (2014). In situ measurements of 

cemented paste backfilling in a operating stope at Lanfranchie Mine. 11th International 

Symposium in Mining with Backfill, (pp. 327-336). Perth.  

5. Suazo, G., & Fourie, A. (2015). Simulation of blast response of cemented paste 

backfills. 15th Pan-American Conference on Soil Mechanics and Geotechnical Engineering, 

Buenos Aires, accepted for presentation.  

 

 

 

 

 

 

 

 



School of Civil, Environmental and Mining Engineering 

Statement of Candidate Contribution                                The University of Western Australia 

xi 

Thesis Organization and Candidate 
Contribution 
 

In accordance with the University of Western Australia’s regulations regarding Research 

Higher Degrees, this thesis is presented as a series of papers that have been published, 

accepted for publication or manuscripts that have been submitted for publication but not yet 

accepted. The contributions of the candidate for the papers comprising Chapters 2-8 are 

hereby set forth. 

 

Paper 1 

This paper is presented in Chapter 2. It was first-authored by the candidate and co-authored 

by Winthrop Professor Andy Fourie, Assistant Professor James Doherty and Dr. Alsidqi 

Hasan, and submitted as: 

 

 Suazo, G., Andy, F., Doherty, J., & Hasan, A. (2015). Effects of confining stress, 

density and initial static shear stress on the cyclic shear response of fine-grained 

unclassified tailings. Géotechnique, provisionally accepted. 

 

The candidate carried out the experimental program, which consisted of direct simple shear 

(DSS) tests and oedometer tests as well as index properties tests on fine-grained tailings 

specimens. In total, more than 70 DSS tests were conducted. Under the supervision of 

Professors Andy Fourie and James Doherty, the candidate interpreted the experimental data, 

performed additional tests, and wrote and submitted the paper. 

 

Paper 2 

This paper is presented in Chapter 3. It was first-authored by the candidate and co-authored 

by Winthrop Professor Andy Fourie and Assistant Professor James Doherty, and submitted 

as: 

 



School of Civil, Environmental and Mining Engineering 

Statement of Candidate Contribution                                The University of Western Australia 

xii 

 Suazo, G., Fourie, A., & Doherty, J. (2015). Cyclic shear response of cemented paste 

backfill. Journal of Geotechnical and Geoenvironmental Engineering, ASCE, under review. 

 

The candidate carried out the experimental program, which consisted of DSS tests on 

cemented paste specimens as well as bender element measurements and unconfined 

compressive strength tests on specimens prepared under a wide range of conditions (cement 

contents, curing ages and void ratios). More than 77 DSS tests were completed. Under the 

supervision of Professors Andy Fourie and James Doherty, the candidate interpreted the 

experimental data, performed additional tests, and wrote and submitted the paper. 

 

Paper 3 

This paper is presented in Chapter 4. It was first-authored by the candidate and co-authored 

by Winthrop Professor Andy Fourie and Assistant Professor James Doherty, and submitted 

as: 

 

 Suazo, G., Fourie, A., & Doherty, J. (2015). Experimental investigation on the 

propagation and transmission of compressional stress waves in cemented paste 

backfill. Journal of Geotechnical and Geoenvironmental Engineering, ASCE, under review. 

 

The candidate worked in the design, construction and calibration of the Split Hopkinson 

Pressure Bar (SHPB) equipment utilized in this study. Subsequently, the candidate carried 

out the experimental program to study the propagation and attenuation of compressive 

waves in cemented paste specimens. More than 360 SHPB tests were conducted, in addition 

to P-wave ultrasonic wave measurements. Under the supervision of Professors Andy Fourie 

and James Doherty, the candidate interpreted the experimental data, performed additional 

tests, and wrote and submitted the paper. 

 

Paper 4 

This paper is presented in Chapter 5. It was first-authored by the candidate and co-authored 

by Winthrop Proffesor Andy Fourie and Assistant Professor James Doherty. The paper was 

prepared for publication and it will be submitted as: 

 

 Suazo, G., Fourie, A., & Doherty , J. (2015). Numerical simulation of the liquefaction 

susceptibility of cemented paste backfilled stopes subjected to blast loads. Prepared 

for publication. 

 



School of Civil, Environmental and Mining Engineering 

Statement of Candidate Contribution                                The University of Western Australia 

xiii 

The candidate performed numerical simulations using the commercial explicit nonlinear 

finite element code LS-DYNA to study the blast response of backfilled stopes. A series of 

models were constructed and analyses conducted on supercomputers at UWA. Under the 

supervision of Professors Andy Fourie and James Doherty, the candidate interpreted the 

numerical data, performed additional analysis and wrote the paper. 

 

Paper 5 

This paper is presented in Chapter 6. It was first-authored by the candidate and co-authored 

by Winthrop Professor Andy Fourie and Assistant Professor James Doherty, and submitted 

as: 

 

 Suazo, G., Fourie, A., & Doherty, J. (2015). Experimental Study of the Evolution of 

the Soil Water Characteristic Curve for Granular Material undergoing Cement 

Hydration. Journal of Geotechnical and Geoenvironmental Engineering, under review. 

 

The candidate fully carried out desaturation tests using a pressure plate apparatus and the 

insertion tensiometer technique in a continuous drying configuration to investigate the 

evolution of the soil water characteristic curve (SWCC) for CPB specimens. In addition, the 

candidate worked on the assembly of a novel testing device called the desaturation cell, aimed 

at accelerating SWCC determination. Under the supervision of Professors Andy Fourie and 

James Doherty, the candidate interpreted the experimental data, performed additional tests, 

and wrote and submitted the paper 

 

Paper 6 

This paper is presented in Chapter 7. It was first-authored by the candidate and co-authored 

by Winthrop Professor Andy Fourie and Assistant Professor James Doherty. The paper was 

prepared for publication and it will be submitted as:  

 

 Suazo, G., Fourie, A., & Doherty, J. (2015). Experimental and numerical evaluation 

of evaporative fluxes from cemented paste backfill. Prepared for publication. 

 

The candidate fully carried out evaporation tests, which consisted of evaporation pan and 

column drying tests in CPB material. Column tests were performed in parallel columns were 

suction and water contents measurements were simultaneously recorded for over 5 months. 

The candidate also worked in the numerical calibration of the HYDRUS-1D model. Under 



School of Civil, Environmental and Mining Engineering 

Statement of Candidate Contribution                                The University of Western Australia 

xiv 

the supervision of Professors Andy Fourie and James Doherty, the candidate interpreted the 

experimental data, performed numerical analysis, and wrote the paper. 

 

I certify that this thesis is composed of my original work, and contains no material previously 

published or written by another person except where due reference has been made in the 

text and I have obtained the permission of all other author to include the published works 

in this thesis.  

 

 
 
 
Signature: 

 

    Gonzalo Suazo 

 

February 2016 

 



                                                                            School of Civil, Environmental and Mining Engineering 

List of Figures                                                                      The University of Western Australia 

xv 

List of Figures 
 

Figure 1-1 Cemented Paste Backfill (CPB)................................................................................. 1-2 

Figure 1-2 Schematic of a backfilling stope with a single barricade located at the bottom 

access drive (from Helinski, 2007). .............................................................................................. 1-3 

Figure 1-3 Location of sensors in stope at the Raleigh mine. L1 and L2 refer to location 1 

and location 2, respectively. Units in meters. ............................................................................. 1-4 

Figure 1-4 Horizontal stress ( h ) and pore water pressures ( u ) at locations L1 and L2. .. 1-5 

Figure 1-5 Excess pore pressure ratio (  
vu / ) with respect to time at L1. ........................ 1-6 

Figure 1-6 In-stope suction measurements at locations L1 (base of stope), L2 (mid-height 

near the centre of the fill) and L3 (mid-height near the brow). .............................................1-10 

Figure 2-1 Comparison of strength envelopes of DSS cyclic tests and low shear strain rate 

monotonic test ( vc  =35 kPa). ....................................................................................................2-23 

Figure 2-2 Tailings particle size distribution. ...........................................................................2-24 

Figure 2-3 Cyclic response of unclassified tailings in constant volume DSS test ( vc' =200, 

CSR =0.13, 0e =0.601). ................................................................................................................2-27 

Figure 2-4 (a) Cyclic stress ratio (CSR ) versus number of cycles ( N ) to reach single 

amplitude SA =3.75% for tailings prepared at 80% solids content. (b) Cyclic resistance 

ratio (CRR ) for N =10 versus confining stress (number in brackets represents void ratio 

after consolidation). .....................................................................................................................2-28 

Figure 2-5 Consolidation behaviour of unclassified tailings. (a) consolidation curves at 

solids content of 70, 75, 78 and 80%. (b) Intrinsic void index versus confining stress. ....2-30 

Figure 2-6 (a) Cyclic liquefaction resistance curves of unclassified tailings for a range of 

different initial void ratios and vc' =100 kPa. (b) Cyclic resistance ratio in 10 cycles and  

SA =3.75% at a given void ratio ( 0e ). ......................................................................................2-31 

Figure 2-7 Cyclic resistance ratio (CRR ) for N =10 versus void ratio ( 0e ) for unclassified 

tailings at different confining pressures ( vc' ) and single amplitude SA =3.75%. ...........2-31 



School of Civil, Environmental and Mining Engineering 

List of Figures                                                                      The University of Western Australia 

xvi 

Figure 2-8 K  versus vc'  curves at a given consolidation void ratio ( 0e ) for unclassified 

tailings. Overlaid are Olsen’s (1984) lower bound curve and consensus curve (1998) for 

sands. ............................................................................................................................................. 2-32 

Figure 2-9 Cyclic stress ratio (CSR ) versus number of cycles ( N ) to reach single amplitude 

SAγ =3.0% for different initial static shear stress ratios ( ). Tailings consolidated at initial 

void ratios of (a) 0.62 and (b) 0.74. ........................................................................................... 2-33 

Figure 2-10 K  versus   curves at a given consolidation void ratio ( 0e ). ........................ 2-34 

Figure 2-11 (a) CRR  versus vc'  for tailings prepared at different initial void ratios. (b) 

Combined correction factor 
0e

K  versus confining stress for unclassified tailings at 

different void ratios. .................................................................................................................... 2-35 

Figure 2-12 Comparison of experimental data in terms of CRR  versus vc'  and the curves 

obtained following the proposed approached to estimate CRR  at different solids content 

based on a known 
0e

K  relationship. ........................................................................................ 2-36 

Figure 2-13 Cyclic stress ratio (CSR ) versus number of cycles ( N ) for unclassified tailings 

obtained from triaxial and constant volume DSS tests ( vc' =100 kPa and SA  =3.75%). ......     

2-37 

Figure 2-14 Applicability of liquefaction susceptibility criteria for tailings. (a) Seed et al. 

(2003) and (b) Bray and Sancio (2006) criteria. ....................................................................... 2-39 

Figure 3-1 Tailings particle size distribution ............................................................................ 3-50 

Figure 3-2 Cyclic shear response of CPB specimens in DSS test prepared at 78%SC and 

vc' =100 kPa. (a) CSR =0.13, uncemented material; (b) CSR =0.25, 5% cement and 3 

hours curing; and (c) CSR =0.27, 5% cement and 12 hours curing. .................................... 3-53 

Figure 3-3 Excess pore pressure ratio (  vcu / ' ) versus number of cycles ( N ) for samples 

tested at (a) different cement contents and (b) different CSR . ............................................ 3-54 

Figure 3-4 Degradation of shear stiffness ( maxG /G ) as cycles ( N ) progress. maxG  is the    

G  value measured at cycle N =1. Specimens tested at CSR =0.17 and 3 hours curing. . 3-55 

Figure 3-5 Shear strain ( ) versus number of cycles ( N ) evolution of samples prepared at 

(a) different cement contents and (b) different curing ages. ................................................. 3-56 

Figure 3-6 Cyclic stress ratio (CSR ) versus number of cycles ( N ) to reach single amplitude 

 SA
=3.0% for cemented paste backfill (

vc' =100 kPa,  =0). (a) 1.5%, (b) 3% and (c) 5% 

cement content. ............................................................................................................................ 3-57 

Figure 3-7 (a) Evolution of the b  parameter in Equation 3-1 as CPB specimens hydrate. .. 3-

59 



School of Civil, Environmental and Mining Engineering 

List of Figures                                                                      The University of Western Australia 

xvii 

Figure 3-8 (a) Evolution of the a  parameter in Equation 3-1 as CPB specimens hydrate. .. 3-

60 

Figure 3-9 Comparison of the effects of cement content on (a) a
 and b

, (b) 
aM  and 

bM  ..................................................................................................................................................3-61 

Figure 3-10 Evolution of 
ctK  correction factor versus curing time for CPB prepared at 

different cement contents ( vc' =100 kPa). .............................................................................3-63 

Figure 3-11 Comparison of earthquake induced CSR  and liquefaction resistance CRR  with 

respect to time for CPB specimens ( vc' =100 kPa). .............................................................3-64 

Figure 3-12 Comparison of the evolution of liquefaction resistance versus unconfined 

compressive strength (UCS) over time for CPB specimens. .................................................3-65 

Figure 3-13 Comparison of the evolution of liquefaction resistance versus shear wave 

velocity (
SV ) over time for CPB specimens.............................................................................3-65 

Figure 3-14 Comparison of the influence of void ratio on cyclic liquefaction resistance for 

cemented and uncemented tailings ( vc' =100 kPa). ..............................................................3-66 

Figure 4-1 Tailings particle size distribution. ...........................................................................4-76 

Figure 4-2 Schematic of the Split Hopkinson Pressure device. ............................................4-77 

Figure 4-3 Evolution of ss

PV  with respect to curing time for drying and saturated CPB 

specimens prepared at different cement contents. ..................................................................4-83 

Figure 4-4 Evolution of ls

PV  with respect to curing time for CPB specimens prepared at 

different water and cement contents. ........................................................................................4-85 

Figure 4-5 Effects of successive incident stress waves in (a) velocity of propagation in 

saturated specimens and (b) total final density of unsaturated specimens. .........................4-87 

Figure 4-6 Comparison of the evolution of ls

PV  and ss

PV  with respect to curing time for 

CPB specimens prepared at high water content at (a) 3% cement, (b) 5% cement and (c) 

7% cement content; and low and medium water content and at (d) 3% cement, (e) 5% 

cement and (f) 7% cement content. LS and SS corresponds to large strain and small strain 

measurements, respectively. ........................................................................................................4-88 

Figure 4-7 Comparison of the evolution the large-small strain velocity adjustment factor 

with respect to time for specimens prepared at (a) saturated and (b) unsaturated condition.

 .........................................................................................................................................................4-89 

Figure 4-8 rT for saturated and partially saturated CPB specimens prepared at different 

cement contents. (a), (b) and (c) show the effects of cement content on rT  at a given degree 

of saturation. (d), (e) and (f) show the effects of degree of saturation on rT  at a given 

cement content. ............................................................................................................................4-91 



School of Civil, Environmental and Mining Engineering 

List of Figures                                                                      The University of Western Australia 

xviii 

Figure 4-9 Experimental and predicted rT  with respect to degree of saturation of CPB 

specimens prepared at different cement contents. ................................................................. 4-92 

Figure 4-10 Experimental and predicted rR  with respect to degree of saturation of CPB 

specimens prepared at different cement contents. ................................................................. 4-93 

Figure 4-11 Experimental SHPB results. Transmission ratios for saturated and partially 

saturated CPB specimens with respect to specimen length. Specimens prepared at (a) high, 

(b) medium and (c) low water content. (d) Averaged damping curves for the different 

degrees of saturation. .................................................................................................................. 4-94 

Figure 4-12 Evolution of the coefficient of attenuation ( ) with curing time at different 

degrees of saturation. .................................................................................................................. 4-95 

Figure 5-1 Effective and total stress path resulting from introducing 
skK  and 

wK  in the 

FHWA soil model. ..................................................................................................................... 5-111 

Figure 5-2 Experimental and numerically obtained pore pressure ratios (PPR) versus peak 

volumetric strains ( vpk ) under single and multiple explosive detonation. ........................ 5-113 

Figure 5-3 Schematic cross section of the baseline LS-DYNA model developed in ANSYS 

Workbench. ................................................................................................................................ 5-114 

Figure 5-4 Schematic of the different scenarios modelled. (a) full view of the stope, (b) 

Scenario 1, (c) Scenario 2 and (d) Scenario 3. Units in the figure are in meters. .............. 5-115 

Figure 5-5 Evolution of CPB elastic strength parameters under saturated conditions and 

5% cement content. (a) Shear modulus and (b) Saturated bulk modulus. ........................ 5-117 

Figure 5-6 Blasting wave propagation contours at times 0.12, 0.2, 0.25, 0.38 and 0.7 ms 

(from top to bottom in the figure). ......................................................................................... 5-118 

Figure 5-7 Comparison of free field velocities generated from single detonation in (a) rock 

and (b) CPB. ............................................................................................................................... 5-119 

Figure 5-8 Transient pressure front generated in CPB after single explosive detonation in 

rock mass at different time intervals. The colour contours in the figure represents total 

pressure in gigapascal. ............................................................................................................... 5-120 

Figure 5-9 Pressure time history at different locations in the stope along X axis. ........... 5-121 

Figure 5-10 PPR generated inside the stope under simultaneous multiple explosive 

detonations in the rock mass. .................................................................................................. 5-122 

Figure 5-11 Effects of single explosive location on stope blast response. Effects of distance 

D  on (a) PPR  along Z axis and (b) PPR  and p  along X axis. Effects of offset O  on (c) 

PPR  along Z axis and (d) PPR  and p  along X axis.......................................................... 5-123 

Figure 5-12 Effects of multiple explosive detonation on stope blast response. Effects of 

number of explosive ( N ) on plane A-A’ on (a) PPR  along Z axis and (b) PPR  and p  



School of Civil, Environmental and Mining Engineering 

List of Figures                                                                      The University of Western Australia 

xix 

along X axis.  Effects of number of explosive ( N ) on plane B-B’ on (c) PPR  along Z axis 

and (d) PPR  and p  along X axis. ......................................................................................... 5-125 

Figure 5-13 Pressure time history at different locations in the stope after multiple 

detonation along (a) plane A-A’ and (b) plane B-B’. ............................................................ 5-126 

Figure 5-14 Pressure time history at different locations in the stope after multiple 

detonation. .................................................................................................................................. 5-127 

Figure 5-15 Effects of delay time and sequencing of detonation on stope blast response. 

Effects of t  under SD-1 on (a) PPR  along Z axis and (b) PPR  and p  along X axis. 

Effects of t  under SD-2 on (c) PPR  along Z axis and (d) PPR  and p  along X axis. .... 5-

128 

Figure 5-16 Pressure time history in the stope at X=0.5 m and Z=0 m under single and 

multiple detonation following sequence of detonation SD-1. ............................................ 5-129 

Figure 5-17 Pressure time history in the stope at X=0.5 m and Z=0 m under single and 

multiple detonation, following sequence of detonation SD-2. ........................................... 5-129 

Figure 5-18 Effects of degree of cementation on stope blast response. Effects of curing age 

on PPR along (a) Z and (b) X axis. Effects of curing age on p  along (c) Z and (d) X axis.5-

130 

Figure 6-1 Typical soil-water characteristic curve (SWCC) and its zones of desaturation. ... 6-

140 

Figure 6-2 Tailings particle size distribution ......................................................................... 6-143 

Figure 6-3 Schematic diagram of the tensiometer test setup. ............................................. 6-144 

Figure 6-4 Schematic diagram of the desaturation cell setup. ............................................ 6-146 

Figure 6-5 (a) Shear wave velocity (
sV ) and (b) unconfined compressive strength (UCS) of 

CPB at different curing ages. ................................................................................................... 6-148 

Figure 6-6 Soil-water characteristic curves of CPB at different curing ages obtained using a 

Pressure Plate. ............................................................................................................................ 6-149 

Figure 6-7 Evolution of the CPB air entry value ( AEV
) with respect to curing age. .... 6-151 

Figure 6-8 Evolution of normalized a  and  AEV
with respect to curing age from the 

Pressure Plate. ............................................................................................................................ 6-153 

Figure 6-9 Modified Fredlund and Xing (1994) model compared to CPB experimental data 

using pressure plate apparatus. Input parameters for Equation 6-7: n =1.73, m =1.5, 


60AEV =225 kPa, 

0AEV = 38.5 kPa, and B =1.79. ............................................................. 6-154 

Figure 6-10 Soil-water characteristic curves of CPB at different curing ages obtained using 

tensiometers in a continuous drying configuration. PP refers to results obtained using the 

Pressure Plate. ............................................................................................................................ 6-156 



School of Civil, Environmental and Mining Engineering 

List of Figures                                                                      The University of Western Australia 

xx 

Figure 6-11 Soil-water characteristic curves of CPB at different curing ages obtained using 

the desaturation cell setup. TT and PP refers to data obtained using tensiometers and 

Pressure Plate, respectively. ...................................................................................................... 6-158 

Figure 6-12 Evolution of normalized a  and  AEV
with respect to curing age from the 

desaturation cell. ........................................................................................................................ 6-159 

Figure 6-13 Modified Fredlund and Xing (1994) model compared to CPB experimental 

data using desaturation cell setup. Input parameters for : n =1.75, m =1.37, 
60AEV =97 

kPa, 
0AEV =23.5 kPa, and B =2.09. ...................................................................................... 6-160 

Figure 7-1 Evaporation curve showing the relationship between the rate of actual 

evaporation and potential evaporation ( AE /PE ) with respect to volumetric water 

content (after Wilston et al., 1994). ......................................................................................... 7-170 

Figure 7-2 Tailings particle size distribution. ......................................................................... 7-171 

Figure 7-3 Soil water characteristic curves for CPB at curing ages of 3, 7, 14 and 30 days. 7-

172 

Figure 7-4 Schematic diagram of the evaporation pan experimental setup. ..................... 7-174 

Figure 7-5 Results from evaporation pan tests in CPB. (a) Evolution the AE /PE  ratio 

with respect to (a) time and (b) volumetric water content. ................................................. 7-175 

Figure 7-6 Decline of the AE /PE  ratio with respect to suction. 
aH =54% and T=295oK.

 ...................................................................................................................................................... 7-176 

Figure 7-7 Schematic diagram of the CPB column test setup. ........................................... 7-179 

Figure 7-8 Evolution of CPB (a) saturated hydraulic conductivity (
sK ) with respect to 

curing time and (b) unsaturated hydraulic conductivity (
LhK ) with respect to matric 

suction. ........................................................................................................................................ 7-180 

Figure 7-9 Evolution of the measured and simulated (a) AE /PE  ratio and (b) cumulative 

upper boundary evaporative flux with respect to curing time. ........................................... 7-181 

Figure 7-10 Comparison of measured and simulated (a) matric suction and (b) volumetric 

water contents profiles in the CPB column test at different curing times. ....................... 7-182 

Figure 7-11 (a) Numerical model adjusted to reproduce experimental data by means of 

modifying parameter  . (b) Numerical curves adjusted by using a scaling factor. ......... 7-183 

Figure 7-12 Simulated contribution of (a) drainage-induced and (b) evaporation-induced 

suction with respect to the total generated suction in the CPB column test with respect to 

curing time. d  is the depth measured from the top of the fill. ........................................... 7-185 

Figure 7-13 Generation of suction in CPB induced by self-desiccation with respect to 

curing time. ................................................................................................................................. 7-186 



School of Civil, Environmental and Mining Engineering 

List of Figures                                                                      The University of Western Australia 

xxi 

Figure 7-14 Contribution of (a) self-desiccation and (b) evaporation-induced suction to the 

total suction generated in the CPB column test with respect to curing time. d  is the depth 

measured from the top of the fill. ........................................................................................... 7-187 

Figure 7-15 Simulated (a) matric suction and (b) volumetric water contents profiles with 

respect to curing time in a bottom drained 15 m stope. ..................................................... 7-188 

Figure 7-16 Simulated contribution of (a) drainage-induced and (b) evaporation-induced 

suction to the total generated suction with respect to time in a 15 m stope. Results under 

Scenario 1. .................................................................................................................................. 7-189 

Figure 7-17 Simulated (a) matric suction and (b) volumetric water contents profiles with 

respect to curing time in a bottom undrained 15 m stope. Results under Scenario 1. ... 7-190 

 

 

 

 





                                                                            School of Civil, Environmental and Mining Engineering 

List of Tables                                                                       The University of Western Australia 

xxiii 

List of Tables 
 

Table 4-1 Chemical composition of silver-lead-zinc tailings and process water.................4-76 

Table 4-2 Properties of Split Hopkinson Pressure Bar components. ..................................4-78 

Table 4-3 Split Hopkinson Pressure Bar testing program......................................................4-81 

Table 5-1 Input stable parameters for the LS-DYNA’s *MAT_FHWA_SOIL model.. 5-109 

Table 5-2 Input parameters for the LS-DYNA numerical model. .................................... 5-116 

Table 5-3 Input parameters for the LS-DYNA numerical model. .................................... 5-116 

Table 6-1 Testing program for Test Types 1, 2 and 3. ........................................................ 6-147 

Table 6-2 Evolution of air entry value and Fredlund and Xing’s (1994) parameters for CPB 

prepared at different curing ages measured using the pressure plate. ............................... 6-150 

Table 6-3 Evolution of air entry value and Fredlund and Xing (1994) fitted parameters 

measured using the desaturation cell. ..................................................................................... 6-157 

Table 7-1 van Genuchten’s equation parameters for CPB at different curing ages. ....... 7-173 

Table 7-2 Numerical model input. Unsaturated properties of the fill at each desaturation 

stage. ............................................................................................................................................ 7-180 

Table 7-3 Atmospheric conditions used as input in the numerical model. ...................... 7-188 

 

 

 





School of Civil, Environmental and Mining Engineering 

Chapter 1                                                                              The University of Western Australia 

1-1 

 

  

Introduction 

 

1.1 Background 

1.1.1 Cemented paste backfill (CPB) 

Supported mining methods, such as the cut and fill and vertical crater retreat method, are 

used in underground mines to extract steeply dipping and irregular ore deposits. As ore is 

drilled, blasted and removed, underground voids, called stopes, are created. When stability 

of the overlying rock mass is at risk, excavation exposure needs to be limited,  or when it is 

uneconomical to leave pillars between stopes, the open voids can be backfilled with a mixture 

of mine waste materials (e.g. rock, mill tailings), water and a binder agent (e.g. blended 

cement, Portland cement with a pozzolan such as fly ash) (Sivakugan, et al., 2006). The 

inclusion of tailings in the backfill technique has the added advantage of reducing the 

environmental impact, costs and liability of the deposition and management of tailings on 

earth’s surface. This can be significant due to the series of tailings storage facilities that have 

failed in recent years (Villavicencio, et al., 2013) and the new requirements for mine closure. 

Depending on the component used, different types of filling strategies are defined, e.g. rock 

backfill, paste backfill, hydraulic backfill. 

 

Cemented Paste Backfill (CPB) is a mixture of full stream (unclassified) mine tailings, water 

and cement. CPB plants typically mix tailings, cement and water to solids contents (i.e. weight 

of solids over total weight) ranging between 75 and 85%, depending on particle size 
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distribution and solids specific gravity. CPB is usually a homogenous slurry which behaves 

after mixing as a non-Newtonian fluid and progressively as solid as cement hydrates. The 

slurry is dewatered (using thickeners) or prepared usually to paste consistency (using filters), 

as shown in Figure 1-1. Cement is generally used when the backfilled stope is planned to be 

exposed due to contiguous stopes mined or access galleries cut (Fahey, et al., 2009), or when 

stability of the mine is of concern. However, the cost of adding cement is significant and 

could account for 50% of the total CPB costs (Walske, 2014), which may represent between 

15-20% of the overall mining costs (Yumlu, 2001). Thus, small cement contents of 

approximately 3 to 7% by dry total weight are commonly used in underground mines around 

the world (Benzaazoua, et al., 2004).  

 

 

Figure 1-1 Cemented Paste Backfill (CPB). 

 

CPB is gravity delivered or pumped to a deposition point located at the top of the stope by 

using surface and internal boreholes and reticulation pipes. A stope can reach typical 

dimensions in excess of 10-40 m in plan and 20-100 m in height, as shown in Figure 1-2. To 

initially retain the fill inside the stopes, bulkheads (also referred to as barricades) are 

constructed across the stope access drives (in the drawpoint in Figure 1-2). These access 

drives are originally constructed to muck out the ore from the stope. One or more barricades 

can be constructed along the stope height, depending on the number of access drives 

connected to the stope. These barricades are designed to resist the maximum horizontal 

stress exerted by the fill at the different curing ages. At the early stages of deposition, the fill 

mass responds in a undrained manner (Helinski, et al., 2007; Hasan, et al., 2013; Hasan, et 

al., 2014), hence the total horizontal stress in the barricade is equivalent to the total vertical 

stress of the overlying fill (total weight of the CPB). However, phenomena such as 

consolidation, cementation of tailings particles, frictional arching in the paste-rock interface 
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and other chemical reactions, such as the self-desiccation phenomenon (Grabinsky & Simms, 

2006), result in decreases in the pore water pressure and increases in effective stresses inside 

the fill. This leads to a decrease in the total horizontal stresses exerted on the retaining 

barricades. Several simplified analytical solutions have been proposed to quantify the 

pressures acting on the barricades at different stages of filling under undrained and drained 

conditions (e.g. Mitchell, et al., 1975; Smith and Mitchell, 1982; Kuganathan, 2002; Li and 

Aubertin, 2009). Most of these relationships are based on static equilibrium of forces, and 

thus, they neglect the important effects that dynamic loads may have on the fill and 

consequently on the structural stability of the barricades. Dynamic loading is likely related to 

a greater or lesser extent to the several barricade failures reported in recent decades (Revell 

and Sainsbury, 2007; Helinski, 2008). Although most authors attribute the observed failures 

to construction related issues, the transient effects of dynamic loading are rarely considered.  

 

 

Figure 1-2 Schematic of a backfilling stope with a single barricade located at the bottom 

access drive (from Helinski, 2007). 

1.1.2 Empirical evidence of the effects of dynamic loading in CPB 

A research project that aimed to monitor the behaviour of full-scale underground stopes was 

undertaken at the University of Western Australia between 2011-2014. Part of the 

experimental data of this project, which is relevant and of interest for the research focus of 

this thesis, is presented here. More details on the monitoring data can be found in Hasan et 

al. (2013, 2014) and Doherty et al. (2015). 
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In 2013, in-stope monitoring was performed in the stope 5795-355 Panel 74 at the Raleigh 

mine (Hasan, et al., 2013; Suazo, et al., 2015). In order to measure pore water pressure ( u ) 

and total horizontal stress ( h ), piezometers and stress cells capable of reading up to 700 

kPa were located at different locations inside the fill, as shown in Figure 1-3. The stope had 

a irregular geometry with height of approximately 17m, length of 18m, width of 3.5m and 

dip angle of about 65o with respect to the horizontal plane. CPB was produced by mixing 

silt-sized tailings, sand, cement and ground water, at a solid content of approximately 74% 

and with a tailings to sand ratio of 2.3. The stope was backfilled at a rate of 110 m3 per hour, 

which translates to an average rate of rise of around 1.7 m/hour. At the lower drive an 

impermeable (no drainage allowed) shotcrete barricade was constructed. 

 

 

Figure 1-3 Location of sensors in stope at the Raleigh mine. L1 and L2 refer to location 1 

and location 2, respectively. Units in meters. 

 

Figure 1-4 shows the measurements obtained from locations L1 and L2 for a period of 13 

days. Also displayed in this figure is the calculated overburden stress ( s ) for the different 

filling stages considered (i.e.   s f s( h h ) , where fh  is the current fill elevation, sh  is the 

sensor elevation and   is the total unit weight of the fill). It is observed that at location L1 

sharp increases in pore water pressures occur at different curing ages. The largest increase 

(i.e. of approximately 140 kPa) occurs, surprisingly, after 7 days of completing the filling. 

These increases are attributed to blasting events, resulting from the routine production cycle, 

which was carried out on contiguous stopes. Concurrently, a series of seismic events of low 

intensity were registered by the underground microseismic monitoring system which are 

likely responsible for the small increases in pore water pressure observed between major 

blasting peaks. Similar increases have also been observed in other site monitoring studies 
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(Thompson, et al., 2012; Hasan, et al., 2014). The same phenomenon could not be observed 

at L2 since the instruments at this location showed erroneous readings after 3 days due to 

physical damage after nearby blasting. 

 

 

Figure 1-4 Horizontal stress ( h ) and pore water pressures ( u ) at locations L1 and L2. 

 

Figure 1-5 shows the pore water pressures measurements at L1 normalized by the expected 

vertical effective confining stress ( v  ) after full consolidation (ignoring arching at 

boundaries, chemical effects, etc.). v   was obtained by subtracting hydrostatic water 

pressure from total overburden stress. Considering that the pore water pressure between 

dynamic events is relatively small (hydrostatic water pressure), the spikes in water pressure 

can be interpreted as excess pore water pressure (u ). In addition, considering the data 

acquisition rate of the instruments used, it is likely that the measured u  corresponds to 

residual excess pore pressures (i.e. the transient phase of the stress wave is not captured by 

the instruments). Thus, the y-axis in Figure 1-5 can be interpreted as the excess pore pressure 

ratio ( vu /  ). It is interesting to observe that at 8.7 days, the excess pore pressure ratio is 

near unity (( vu / ~1). This suggests that CPB may be susceptible to liquefaction under 

dynamic loading. 
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Figure 1-5 Excess pore pressure ratio (  
vu / ) with respect to time at L1. 

 

If liquefaction is triggered inside the stope, i.e. vu / =1, the pressure on the barricades 

may rise to as high as the full hydrostatic head of the fill. Regarding that barricades are robust 

structures, the pressures resulting from the liquefied fill mass might not be enough to cause 

the collapse of the barricade. However, the combination of the transient dynamic loads (e.g. 

transient shock front) and liquefaction may indeed result in the failure of the barricade and 

an inrush of CPB into working areas. This may have important economic consequences due 

to delays in the extraction plan or even injury to miners. Therefore, concerns have arisen 

among backfill engineers about the dynamic response and the generation of pore water 

pressures inside the fill. 

 

The dynamic behaviour of the fill, and consequently its liquefaction susceptibility, is 

dependent on the nature of the dynamic event triggered in the underground environment. 

Detonations of blast holes in rock or seismic events in the far or near field produce stress 

waves of remarkably different dynamic characteristics. These differences naturally divide the 

liquefaction phenomena in CPB into two separate problems, i.e. blast-induced and 

seismically-induced liquefaction. 

1.1.3 Seismically-induced liquefaction  

Seismically-induced liquefaction is the phenomenon in which soils experience significant loss 

of shear strength caused by increased excess pore water pressures and large shear strains due 

to undrained cyclic loading (Boulanger and Idriss, 2004). Backfill engineers use a “rule of 
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thumb” that states that a backfill becomes resistant to liquefaction when the unconfined 

compressive strength (UCS) reaches a minimum of 100 kPa. This rule arose after studies 

conducted in lightly cemented, rounded and uniform sand with low fines content (Clough, 

et al., 1989). Thus, it may not be relevant in the majority of CPB applications, which are 

prepared using mainly angular fine-grained tailings (ranging from clay-sized through silts). 

The cyclic response of CPB has hardly been examined and most of the reported studies have 

been conducted under a limited combination of CPB conditions (e.g. curing ages and cement 

content) that have not defined general trends of practical usefulness for backfill engineers. 

Similarly, the liquefaction resistance of unclassified tailings (uncemented), which is the frame 

of reference to understand the impacts of cement content and curing time in CPB, is not 

completely understood at present. Although several studies have been conducted on fine-

grained tailings (e.g. Troncoso and Verdugo, 1985; Fourie and Papageorgiou, 2001; 

Wijewickreme, et al., 2005) the influence for instance of overburden stress ( K ), initial void 

ratio ( 0e ), and initial static shear stress ( K ) on the cyclic resistance have not been examined 

in detail. In addition, the applicability of liquefaction susceptibility criteria as a guideline for 

mine tailings needs further research. In this context, Chapter 2 and Chapter 3 of this thesis, 

address different aspects of the cyclic shear response of fine-grained tailings and CPB, 

respectively.  

1.1.4 Blasting-induced liquefaction  

Contrary to seismically-induced liquefaction, there exists limited research on the blasting-

induced liquefaction of soils. In addition, there is a lack of a geotechnical framework to 

account for this phenomenon. In the past, this phenomenon in natural soils has been 

experimentally studied by means of shock loading equipment (i.e. shock tubes, Split 

Hopkinson Pressure Bar) or controlled detonations either in the field or conducting 

centrifuge tests (van der Kogel, et al., 1981; Al-Qasimi, et al., 2005). Scaling laws, which relate 

blast charge, distance from charge and peak pore pressure, have been derived from these 

experiments. These experimental approaches may not be feasible in backfilled stopes due the 

complex materials (e.g. rock, CPB) and mechanisms (e.g. expansion of gas in the detonation 

of explosives) involved in the generation and transmission of blasting loading. Also, such 

studies can be uneconomical due to the complexity of laboratory equipment or the high costs 

associated with mine field work using high energy explosives. However, with recent advances 

in computer technology, numerical analyses arise as a viable option to simulate the full scale 

blast response of backfilled stopes. Although this approach has been used in the past to study 
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the ore dilution of fill exposures and the propagation of stress waves in CPB (Wei, et al., 

2007; Van Gool, 2007), the blast response of CPB under various blast loadings and 

detonation patterns have not been examined. In addition, the generation of transient and 

residual pore water pressure has not received attention. Therefore, Chapter 5 concentrates 

on developing numerical simulations to analyse the total pressures and pore water pressures 

developed within the fill during and after the passage of the compressional stress wave 

resulting from multiple and single blasthole detonations in rock. 

 

The blast response of backfilled stopes cannot be fully understood if the propagation 

phenomena of compressional stress wave in CPB is not investigated. 

1.1.5  Propagation and transmission of compressional stress waves in 
CPB  

When an explosive is detonated in rock, a series of chemical reactions results in high 

temperatures and pressures around the blast hole which shatters the surrounding rock and 

sends a compressional stress wave through the rock mass (Van Gool, 2007). As this stress 

wave propagates, its energy is attenuated due to a series of discontinuities such as bedding 

planes, rock joints and excavations surrounding mining operations (Perino, 2011). When the 

stress wave impinges on the discontinuity between the rock and CPB, a portion of the 

incident energy is reflected back into the rock, and a portion is refracted into the stope. This 

transmitted stress wave is responsible for the increases in the total stress and pore water 

pressure inside the fill. Usually, numerical methods obtain the amplitude of the refracted 

wave at the rock-CPB interface based on the characteristic impedance of the two media (e.g. 

Emad, et al., 2014), following the theory of wave propagation in an elastic medium (Kolsky, 

1963). This theory has proved to be very useful in practical geotechnical engineering 

problems where small strain phenomena are of concern (Barrière, et al., 2012). However, the 

use of small strain elastic properties to examine the propagation (i.e. velocity of propagation, 

refraction at interfaces) of high intensity waves in weakly cemented material is uncertain. It 

is likely that CPB experiences plastic deformations during the passage of a compressive shock 

front which would result in changes in density and on the restrained modulus of the material 

which would consequently impact the propagation characteristics. If this behaviour at 

interfaces is not considered in routine design, it is likely to underestimate the stress 

transmitted to the fill. Another important aspect to consider is the effects of the degree of 

saturation on the velocity of propagation and the energy transmitted to the fill. It is likely 

that low degrees of desaturation may significantly reduce the refraction of compressional 
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waves at CPB interfaces. In this regard, Chapter 4 aims to experimentally investigate the 

propagation of large and small strain compressive waves in CPB and the refraction 

phenomena at CPB interfaces under a series of conditions related to curing age, cement 

content and degree of saturation of the fill. 

 

As above-mentioned, the desaturation of the fill may affect the dynamic response of CPB. 

For instance, most unsaturated soils are not prone to liquefaction. Instead, they settle and 

compress under dynamic loading. Therefore, blast or seismic liquefaction susceptibility may 

decrease significantly as desaturation advances. In this regard, the mechanisms controlling 

the desaturation of CPB are complex and varied. On the other hand, the study of the 

evolution of the CPB unsaturated properties is challenging due to the effects of cementation 

in the pore space. In the following sections empirical data is presented to introduce the 

unsaturated problem in CPB. 

1.1.6 Desaturation of CPB 

In-stope measurements of matric suction were also conducted in the Raleigh mine site, in a 

stope of similar geometry to that in Figure 1-3. However, for this second stope drainage was 

allowed through the barricade by installing flexible pipes. Pairs of gypsum blocks and CS-

229 thermal dissipation sensors were located at the base (L1) of the stope, mid-height near 

the centre of the fill (L2), and mid-height near the brow (L3). Data from each instrument are 

plotted in Figure 1-6. In general, the readings of gypsum blocks are larger than those of the 

CS-229.  The discrepancy might be attributed to the accuracy of the sensors in the low 

suction range.  However, none of the instruments is completely suitable for constant evolving 

nature of CPB since both instruments work via indirect suction measurements where long 

times are required to reach equilibrium with the surrounding (a few days). Although these 

measurements can only be treated as an indication of the true suction measurements, it is 

interesting to note that suction increases, although slightly, as curing progresses. This may 

suggest that CPB can eventually desaturate at early ages, which would have an important 

impact on the dynamic and liquefaction response of the fill.  
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Figure 1-6 In-stope suction measurements at locations L1 (base of stope), L2 (mid-height 

near the centre of the fill) and L3 (mid-height near the brow). 

 

There are a few mechanisms that can reduce the water in CPB, i.e. i) hydration of cement 

which consumes water to bond particles together, ii) drainage through surrounding rock or 

through barricades, iii) and evaporative fluxes from exposed surfaces. The first and the 

second mechanisms have been studied in the past (e.g. Grabinsky and Simms, 2005; El 

Mkadmi, et al., 2014). However, the evaporation phenomenon has barely been investigated. 

Although a few attempts have been made to observe evaporative fluxes in CPB columns (e.g. 

Ghirian and Fall, 2013) the phenomenon is not well understood at present. The difficulty in 

predicting the evaporation rate from the fill lies in accurately determining the climatic 

conditions of the underground environment (e.g. relative humidity, temperature, etc.), but 

most importantly, the unsaturated soil properties of the fill (e.g. unsaturated hydraulic 

conductivity). There is a basic curve that plays a key role in the study of the unsaturated 

behaviour of soils, i.e. the soil water characteristic curve (SWCC). This curve relates the 

amount of water in an unsaturated soil to soil suction and provides the basis for the analysis 

of not only evaporative fluxes in soil, but also for a wide range of phenomena such as 

seepage, shear strength and volume change (Fredlund, 2000). The SWCC depend strongly 

on the microstructure of the soil (Aubertin, et al., 2003) which makes the determination of 

the SWCC for CPB a challenge since CPB microstructure evolves continuously as cement 

hydrates and precipitates accumulate in the pore space. Therefore, if the desaturation of the 

fill is intended to be studied, the evolution of the SWCC as cement hydrates needs to be 

firstly researched. In this regard, Chapter 6 aimed to study experimentally the evolution of 

the SWCC in CPB. On the other hand, Chapter 7 focused on the experimental and numerical 
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evaluation of the desaturation of the fill with emphasis on the generation of evaporative 

fluxes. 

1.2 Objective of the study  

This study is undertaken with the aims of: 

 

i. Highlighting and increasing the awareness of the potential effects of dynamic loads 

on the stability of cemented paste backfilled stopes at early curing ages. 

ii. Evaluating the cyclic resistance and liquefaction susceptibility of fine-grained 

unclassified tailings, providing a frame of reference to understand the influence of 

cementation on the cyclic resistance of CPB.  

iii. Investigating the laboratory cyclic resistance and liquefaction susceptibility of CPB 

for a wide range of conditions related to cement contents, curing ages and solid 

contents. 

iv. Improving the understanding of the propagation of compressive stress waves and 

the refraction phenomena at CPB interfaces under a wide range of conditions related 

to curing age, cement content and degree of saturation. 

v. Undertaking numerical parametric studies to investigate the blast response and the 

generation of pore water pressure in CPB at early curing ages. 

vi. Investigating the desaturation of CPB, the evolution of unsaturated properties and 

the effects of desaturation on the dynamic response of CPB. 

1.3 Thesis organisation 

This thesis is organised into eight chapters. Seven chapters following the introductory 

chapter are arranged as follows: 

 

Chapter 2 and 3 study the cyclic resistance and liquefaction susceptibility of uncemented and 

cemented (CPB) fine-grained tailings, respectively. Chapter 2 investigates the effects of 

overburden stress, density (expressed as void ratio), and initial static shear stress on cyclic 

resistance. In addition, the effects of testing device and the applicability of liquefaction 

susceptibility criteria for fine-grained soils are examined. Chapter 3 presents the effects of 

curing age, cement content and initial void ratio on the cyclic shear resistance of CPB. Also, 

the feasibility of the “100 kPa UCS rule of thumb” for CPB prepared using unclassified 
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tailings is discussed, and unconfined compressive strength (UCS) and shear wave velocity 

values are proposed as lower bounds to resist liquefaction under large earthquakes. 

 

Chapters 4 and 5 investigate the propagation of blast stress waves in CPB and the blast 

response of backfilled stopes, respectively. Chapter 4 examines the effects of curing age, 

cement content and degree of saturation on refraction at interfaces, velocity of propagation 

and internal damping of compressive stress waves in CPB by conducting Split Hopkinson 

Pressure Bar (SHPB) tests. Ultrasonic wave measurements are also presented and the small 

strain propagation phenomena studied. In Chapter 5, the blast response of CPB under blast 

loading is numerically investigated by using the finite element code LS-DYNA. The accuracy 

of the numerical models is evaluated against experimental attenuation curves in CPB and 

rock. Parametric studies are then performed to study the effects of blast hole proximity, 

number of blast holes and sequencing of detonation on the total pressure generated in the 

fill and the build-up of transient and residual pore water pressures. 

 

Chapters 6 and 7 explore the potential for desaturation of the fill due to different mechanisms 

but focusing on the generation of evaporative fluxes from exposed fill surfaces. Firstly, 

Chapter 6 evaluates the evolution of the soil water characteristic curve (SWCC) for fine-

grained tailings undergoing cement hydration by using a pressure plate apparatus and 

insertion tensiometers in a continuous drying configuration. In addition, a novel 

experimental setup that combines the above-mentioned techniques is developed and 

validated. The evolution of the SWCC is studied using the three parameter Fredlund and 

Xing (1994) model and a exponential maturity relationship. Chapter 7 presents results of thin 

layers in evaporation pan and evaporative column tests. The numerical model HYDRUS-1D 

is later calibrated based on experimental evidence and used to study the desaturation of a full 

size stope in an underground environment. Throughout this chapter, the contribution of 

drainage and self-desiccation on the desaturation of the fill is numerically and experimentally 

evaluated.  

 

Finally, Chapter 8 summarizes the main outcomes of this research, along with suggestions 

for future studies. 
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Effects of Confining Stress, Density and Initial Static Shear Stress on 
the Cyclic Shear Response of Fine-Grained Unclassified Tailings   

 

By: Gonzalo Suazo, Andy Fourie, James Doherty and Alsidqi Hasan  

 

Abstract: A constant-volume direct simple shear apparatus was used to investigate the 

effects of confining stress, initial static shear stress and void ratio on the liquefaction 

resistance of fine-grained tailings. The cyclic resistance ratio (also expressed as the 

overburden stress correction factor) was found to decrease with increasing confining stresses 

in the range 100 to 400 kPa and to gradually increase from 400 kPa onwards, when samples 

were tested at the same initial void ratio. The presence of an initial static shear stress 

decreased the liquefaction resistance. A key outcome of the work was to reveal the critical 

importance of density on liquefaction susceptibility of compressible tailings. Thus, a 

combined correction factor to account for overburden stress and density on cyclic resistance 

was proposed. 

 

Keywords: Cemented paste backfill, liquefaction, tailings, direct simple shear, static shear, 

confining stress. 
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2.1 Introduction 

Cemented paste backfill (CPB), which is a mixture of full stream tailings, cement and water 

is widely used to backfill mined-out voids (stopes). Backfilling stopes provides additional 

stability to the surrounding rock, optimizes ore recovery due to the extraction of contiguous 

pillars, serves as a working platform and allows disposal of tailings beneath the earth’s 

surface, thus reducing mining’s footprint (Helinski, 2008). CPB plants typically mix tailings, 

cement and water to solids contents ranging between 75 and 85% and cement content 

between 3 to 7% by dry total weight (Benzaazoua, et al., 2004). The solids content (SC) is 

defined as the ratio of the mass of solids to the total mass of material (solids and liquid). The 

mixture is usually a homogenous slurry that is gravity delivered or pumped to a surface 

borehole and reticulated to stopes using pipes and internal boreholes. Barricades located at 

the bottom of the stopes, across the access drives, are required to retain the fill. 

 

One of the concerns with such a sequence of deposition is the risk of seismic (e.g. 

earthquakes and rockbursts) or blast-induced liquefaction and the consequent increase in 

load applied to the barricade. This could potentially result in collapse of the barricade, and 

an inrush of liquefied CPB to working areas. Evidence of increases in pore water pressure in 

CPB-filled stopes due to blasting production has been reported by Hasan et al. (2013). 

 

The liquefaction resistance of CPB is thus of great interest to mining engineers responsible 

for backfilling operations. Prior to studying the impacts of factors such as cement content 

and curing time, it was necessary to investigate the behaviour of uncemented backfill 

(unclassified tailings) in order to provide a frame of reference for testing cemented 

specimens. The term ‘unclassified’ is used to denote the total tailings stream; the term 

‘classified’ refers to material where a certain proportion (usually finer than a given particle 

size) is removed from the tailings stream. Although the application of interest is mining 

backfill, the results will also be of interest in assessing seismic stability of surface storage of 

unclassified tailings. 

 

Unlike surface deposits of tailings, it is usually not possible to carry out penetrometer testing 

(i.e. Cone Penetration Testing or Standard Penetration Testing) in a backfilled stope because 

of the working restrictions that apply underground. It is therefore necessary to make 

extensive use of laboratory testing to quantify liquefaction susceptibility. A particular focus 

of the paper is the combined effect of confining stress and density on liquefaction resistance. 
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Future work will investigate the behaviour of the same material, but will account for 

cementation. 

 

In hard rock mining there is an increasing trend towards finer grinding of the rock prior to 

mineral extraction, resulting in a tailings stream that is finer than previously. A significant 

amount of research has been conducted to understand the liquefaction susceptibility of fine-

grained material and specifically natural silts (Boulanger, et al., 1998). It is recognised that 

significant excess positive pore pressures can be generated when silts are subjected to cyclic 

shearing, particularly when they are in a relatively loose state. The progressive degradation of 

shear stiffness has been shown to lead to either cyclic mobility or liquefaction. As a result of 

these research efforts, different empirical liquefaction susceptibility criteria have been 

proposed (Wang, 1979; Seed and Idriss, 1982; Youd, 1998; Andrews and Martin, 2000; Bray 

and Sancio, 2006; Boulanger and Idriss, 2006). In many practical instances these criteria are 

used to evaluate the liquefaction resistance of silts and clays. However, different 

investigations have shown that these empirical approaches (e.g. Chinese Criteria) can be 

conservative or even unconservative when assessing liquefaction susceptibility (Youd, 1998; 

Boulanger, et al., 1998; Wijewickreme, et al., 2005). The extent to which these criteria can be 

applied to unclassified tailings is uncertain.  

 

A reasonable amount of research on the cyclic shear resistance and liquefaction susceptibility 

of fine-grained mine tailings is available (Ishihara, et al., 1980; Troncoso and Verdugo, 1985; 

Fourie and Papageorgiou, 2001; Wijewickreme, et al., 2005; James, et al., 2011; Villavicencio, 

et al., 2013). The susceptibility of fine-grained tailings to liquefaction has been identified by 

several of these researchers. The data is generally shown in terms of Cyclic Stress Ratio (

CSR ), defined as cy vc/ '   for direct simple shear tests or d cy vc( ) / 2 '   for triaxial tests 

(where cy  is the cyclic shear stress, d cy( )  is the cyclic deviator stress and 
vc'  is the vertical 

effective confining stress), versus the number of cycles ( N ) to trigger liquefaction. The CSR  

required to reach liquefaction in a specified number of cycles is usually called the Cyclic 

Resistance Ratio (CRR ). Large differences in CRR  are observed when tailings of different 

origins (e.g. nickel, copper, aluminium or zinc tailings) are compared (Wijewickreme, et al., 

2005). Differences may be attributed to mineralogy, fines content, void ratio after 

consolidation, mode of loading and chemical degradation of particles, among others. 
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According to the comprehensive report of Boulanger and Idriss (2004), one of the key 

aspects when studying potential strength loss of fine-grained soil during seismic loading is to 

identify the fundamental behaviour type of the material. For practical purposes, these authors 

used the terms “sand-like” and “clay-like” to categorize fine-grained soils whose cyclic 

undrained shear response is fundamentally most similar to that of either sands or clays, 

respectively. Classifying soils according to these categories is not an easy task due to the 

transition in behaviour that occurs between non-plastic silt (that responds like sand) and 

plastic clay. In this study, low plasticity “sand-like” silt is studied and thus engineering 

procedures to predict liquefaction susceptibility for sands are considered (e.g. procedure 

proposed by Seed (1983)). 

 

It is widely accepted that the undrained monotonic and cyclic behaviour of mine tailings is 

strongly affected by the confining pressure (overburden stress) and the initial static shear 

stress (Fourie and Tshabalala, 2005; Santos, 2011) (i.e. for tailings which show a “sand-like” 

behaviour).  A common practice is to estimate the cyclic resistance ratio (CRR ) of tailings at 

a particular effective confining stress (
vc' ) and initial static shear stress ratio                    (

0 vc/    ) using the relation proposed by Seed (1983):  

 

    
, 100, 0

CRR CRR K K      
  Equation 2-1 

                         

Where  
100, 0

CRR
  

 is the cyclic resistance ratio at 100 kPa effective confining stress in 

the absence of any static shear stress ( =0), while K
 and K

 are the correction factors due 

to confining stress (
vc vc 100K CRR /CRR     ), with specimens all at the same initial void ratio 

(i.e. no allowance for densification due to increasing confining stress) and initial static shear 

stress ratio (
0K CRR /CRR  ), respectively. 

 

Numerous researchers have studied the influence of overburden stress ( K )
on liquefaction 

resistance of sands and gravels (e.g. Harder, (1988), Harder and Boulanger (1997)). A 

comprehensive review of previous studies is given in Hynes et al. (1998). Despite the large 

scatter observed in the published data, it has been shown (for a given sand) that the CRR  

decreases with increasing vertical effective stress above 100kPa.  Similarly, numerous 

laboratory studies, using cyclic triaxial, cyclic simple shear, torsional shear and ring shear 

devices (Yoshimi and Oh-oka, 1975), have been conducted to examine the behaviour of the 
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K
 correction factor for sands. It has been reported that K

 is influenced by relative 

density, confining stress and liquefaction criterion used (Boulanger, 2003), however a 

consistent trend has not been observed. A review of several of these efforts can be found in 

Harder and Boulanger (1997). In contrast, the variation of K
 and K

 for unclassified 

tailings has hardly been studied. Montgomery et al. (2014) divided soils into four categories, 

based on their response to cyclic loading (i.e. overburden stress correction factor). One of 

the categories was sands with fines contents between 7% and 35%, (which is similar to the 

tailings in this study). For this category they found the majority of studies to date had been 

conducted on (supposedly) undisturbed samples, which they indicate would have been 

affected by overconsolidation ratio, relative density, cementation and aging. They suggest 

very strongly that soils containing large proportions of fines require additional study. The 

work presented here contributes to the understanding of the cyclic response of low-plasticity 

silts that are near the transition between pure “sand-like” and “clay-like” behaviour. 

 

Current practice in tailings deposit design is to use K
 and K

 without reference to changes 

in density as a result of increased 
0  or 

vc  , which represents a good approximation when 

evaluating the stability of cycloned (classified) tailings used to construct the compacted 

embankment walls, due to this materials’ low compressibility. However, when dealing with 

unclassified tailings (e.g. paste or thickened tailings) the compressibility is considerably higher 

and large differences in density are expected after placement, as overburden height increases. 

In the past K
 has been defined at different confining stress and constant density as 

expressed by Equation 2-1. The application of this equation to fine-grained soil may not be 

appropriate if soils experience large changes in density as the confining stress is increased. 

Thus, a rational approach to evaluate the cyclic resistance of unclassified tailings must 

consider the effects of density on both K
 and 

K  and consequently on the CRR .  

 

This paper studied the cyclic resistance and liquefaction susceptibility of silt-sized 

(unclassified) tailings. Specifically, the effects of overburden stress ( K
), density (expressed 

as void ratio, 
0e ), and initial static shear stress (

K ) on CRR  were evaluated. A total of 72 

samples were prepared at a range of initial void ratios (
0e ) and tested under different CSR  

values using a direct simple shear (DSS) in order to isolate the effects of confining pressure 

(
vc  ) and initial static shear stress ( ). The solids content (SC), 

vc  , and   ranged from 70-
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80%, 100-800 kPa, and 0-0.12, respectively. Additional details on the testing program are 

provided in the following sections. 

2.2 Experimental Work 

2.2.1 Testing device 

A stacked ring direct simple shear (DSS) device, which is a variation of the type developed 

at the Norwegian Geotechnical Institute (NGI), was used in this study. It has some 

advantages when compared to cyclic triaxial devices, i.e. it more closely simulates the cyclic 

rotation of principal stresses that take place during seismic loading (Wijewickreme, et al., 

2005) and consolidation is carried out under true oK  conditions. Consolidation and 

monotonic or cyclic shearing steps can be carried out with relative ease when compared to 

cyclic triaxial testing.  

 

During shearing, the tight fitting stacked rings of the DSS maintain constant cross-sectional 

area of the specimen and changes in height are prevented by the top and bottom platens. 

Thus, a constant-volume condition is achieved during shear loading. The change in total 

vertical stress required to maintain constant height is recorded. Drainage is allowed through 

both top and bottom platens. Provided the test is conducted slowly enough for any excess 

pore pressure to dissipate, the changes in total vertical stress is equivalent to changes in 

effective stress while undrained stress paths are followed (Doherty and Fahey (2011)). Under 

these conditions, the change in total vertical stress recorded would be equivalent to the excess 

pore pressure that would be recorded in a DSS conducted under fully undrained conditions 

with a constant total vertical stress. Based on this assumption and on the findings of Dyvik 

et al (1987) in sands, several authors have justified the use of the DSS to examine the shear 

response of silt-sized materials (Poulos, et al., 1985; Wijewickreme, et al., 2005; 

Wijewickreme, 2010; Al-Tarhouni, et al., 2011). These authors have also supported the 

validity of this assumption by demonstrating that the effects of cycling loading frequency 

and degree of saturation (for values as low as 0.9) do not have a significant effect on the 

observed excess pore pressure path. Daliri and Basu (2013) tested specimens of glass beads 

(having a wide range of particle sizes, thus representing a silty sand in terms of particle size 

distribution) at varying degrees of saturation but at constant void ratio. Their comparison 

was limited to monotonic loading, and showed negligible effect of degree of saturation on 

the shear strength envelope, verifying that excess pore pressures generated during the tests 

were negligible.    
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Based on the permeability of the tailings used in this study, the small drainage paths and the 

cyclic loading frequency used, it is likely that most of the excess pore pressures were able to 

dissipate during shear (i.e. as they were being generated). Nevertheless, concerns still arise 

about the potential build-up of excess pore pressure in fine-grained tailings at different stages 

of the cyclic test (e.g. before the onset of liquefaction). In order to examine this, a monotonic 

test was performed with vc  =35 kPa and a very low shear strain rate of 0.01%/hour. This 

very low strain rate was selected to ensure that all excess pore pressure could dissipate during 

the test, which allowed the determination of an effective stress path throughout the test. This 

stress path is plotted in Figure 2-1 along with a corresponding strength envelope defined by 

a friction angle of 41°. Figure 2-1 also includes the points at which specimen failure occurred 

for a larger number of cyclic tests. In order to plot these points on Figure 2-1, it was assumed 

that there was no build-up of excess pore pressure during the cyclic tests (and therefore the 

change in vertical total stress was equivalent to the change in effective vertical stress). Given 

that the cyclic tests and the (very slowly conducted) monotonic test all report to the same 

strength envelope, it is considered that the excess pore pressure generated during cyclic 

loading are small/negligible. Similar agreement was found by Festugato et al. (2013) using 

tailings of similar origin to those used here but using a simple shear apparatus (truly 

undrained behaviour).  

 

 

Figure 2-1 Comparison of strength envelopes of DSS cyclic tests and low shear strain rate 

monotonic test ( vc  =35 kPa). 
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Furthermore, Doherty and Fahey (2011) showed that DSS tests conducted with different 

boundary conditions resulted in different total stress paths (due to the generation of excess 

pore water pressure), but always in the same effective stress path. Therefore, the present 

study uses a shear strain criterion, instead of excess pore pressure (or effective shear stress) 

criterion, to define liquefaction. This not only avoids the potential uncertainty of generated 

excess pore pressures, but also provides a consistent criterion which allows comparison with 

existing data on cyclic shear resistance of fine-grained tailings. A single amplitude shear strain 

of SA =3.75% was selected as the main liquefaction criterion. This is consistent with the 

liquefaction definition used by the US National Research Council (NRC 1985) and with 

recent investigations on cyclic response of fine-grained tailings (e.g. Al-Tarhouni, et al., 

2011). It should be mentioned that liquefaction susceptibility based on shear strain was 

checked using the excess pore pressure criterion for data shown in    Figure 2-1, with both 

criteria giving very similar outcomes.  

2.2.2 Materials 

The material used in this study was a silver-lead-zinc tailings obtained from an operational 

mine. The tailings are predominantly silt-sized and classify according to the Unified Soil 

Classification System (USCS) as low-plasticity silt (ML). The material had a plasticity index 

of 4, and a specific gravity of 3.18. The particle size distribution is shown in Figure 2-2. 

Quartz, microcline and fluorite, in weight proportions of 35, 10.3 and 9.8%, respectively, are 

the major minerals present in this material.  

 

Figure 2-2 Tailings particle size distribution. 
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2.2.3 Sample preparation 

Sample preparation techniques can dramatically affect the response of silty soils (Wang, et 

al., 2011). For this study, the Slurry Deposition Method, as described by Kuerbis and Vaid 

(1998), was adopted and modified to prepare specimens for testing. This procedure involved 

mixing tailings and process water to the desired solids content using a portable electric mixer. 

Fifteen minutes of mixing produced a well-blended and uniform slurry. The slurry was mixed 

at a low speed to avoid air entrapment.  

 

A latex membrane was attached to the DSS bottom cap using O-rings. In order to confine 

the sample during preparation, a split vacuum mould was assembled around the bottom cap 

and the membrane. The top of the membrane was folded over the mould and stretched 

against the mould wall using a vacuum pump (30 kPa). The slurry was then poured into the 

split mould.  The top cap was attached and all the components levelled. Prior to pouring the 

slurry, both top and bottom porous stones were saturated using de-aired water. Also, filter 

paper was placed on the top and bottom caps to separate the sample from the porous stone. 

Due to the specimen not being able to stand unsupported, specimens were lightly pre-

consolidated using static weights. A pre-consolidation pressure not exceeding 50 kPa was 

generally used. Both top and bottom caps were open to atmosphere so two-way drainage 

existed during consolidation, producing more uniform and homogenous samples 

(Saebimoghaddam, 2010). After consolidation, the vacuum was stopped, the split mould 

removed, the Teflon rings placed around the specimen and the membrane folded and 

secured to the top cap using O-rings. This preparation technique produced specimens having 

a diameter of 72 mm and target height of 27 mm. This yields a height to diameter ratio (H/D) 

of 0.375 which is below the maximum aspect ratio recommended by the ASTM standard 

D6528, i.e. 0.4. Concerns surround the lack of complementary shear stresses in DSS tests 

have often been raised. In this context, Vucetic (1981), studied the effects of H/D on DSS 

tests conducted on clay under different confining stresses and found that H/D ratios in the 

range 0.14-0.32 have a small effect on measured shear stress. Similarly, Airey and Wood 

(1987) demonstrated that the stress conditions in the middle third of the specimen are 

uniform and similar to the stresses measured. Doherty and Fahey (2011) conducted three-

dimensional finite element modelling of a UWA/Berkeley type DSS device for specimens 

with a sample height of 25mm and a diameter of 72mm and found that the lack of 

complementary shear stresses led to a reduction in peak shear stress of around 10%. Given 

the UWA/Berkeley type DSS devices use cell pressure to provide lateral stress through an 

unreinforced rubber membrane (similar to a triaxial specimen), it is likely that these devices 
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are more affected by a lack of complementary shear stress than a stacked ring device, which 

has a rigid lateral boundary that may generate some shear stress along the contact with the 

sample. Based on this it is likely that the lack of complementary shear stress in the stacked 

ring DSS device used in this study results in peak shear stresses that will be no more than 

10% below those that would be determined in an ideal test. 

 

Finally, the sample was mounted on the DSS and consolidated to the desired value of vc'  

before cyclically shearing until the liquefaction criterion was reached. Throughout sample 

preparation, consolidation and cyclic shearing stages, no backpressure was applied and 

therefore samples remained below 100% saturation (although well above 90% saturation). 

This fact should not represent a source of error since under constant volume conditions the 

degree of saturation does not affect the mechanical response of soils as long as matric 

suctions are small (Al-Tarhouni, et al., 2011). This condition was ensured by pouring water 

onto the top and bottom caps at the beginning of the test in order to ensure negligible suction 

throughout the test. 

 

Other concerns arose about the homogeneity and consistency of specimens after the pre-

consolidation step, and the possible effects of fines migration on the cyclic response of 

specimens. To check this, water content and particle size analysis (i.e. hydrometer and sieve 

analysis) were conducted on three sections (i.e. bottom, middle, top) of tailings specimens 

prepared following the procedure just described. All tests rendered similar results, which 

suggested that the procedure is suitable for preparing homogenous specimens and a good 

degree of reproducibility can be attained. 

2.3 Test Results and Discussion 

2.3.1 Cyclic stress-strain response of fine-grained tailings 

A typical cyclic response of a fine-grained unclassified tailings specimen is shown in Figure 

2-3 for vc' =200 kPa and  =0. All the specimens, independent of  , vc'  and CSR , 

showed a predominantly cyclic mobility type response, i.e. as load cycles progress the 

specimen experiences degradation of shear stiffness and cumulative increase of pore pressure 

( u ) (inferred from the reduction in the measured total vertical stress). Although no flow-

type of failure was observed in any of the tests conducted, the significant loss of strength 

observed may result in large permanent deformations. It is well accepted that the build-up 



School of Civil, Environmental and Mining Engineering 

Chapter 2                                                                              The University of Western Australia 

2-27 

 

of pore pressure in silt mixtures under cyclic loading is remarkably different to that observed 

for clean sands. Generally, the pore pressure ratio ( vcu / ' ) in silty soils remains below 

unity and pore pressure build up is much faster than sands. The latter is due to the lower 

permeability and larger compressibility of fined-grained material. This overall type of 

response has been observed by numerous authors through undrained triaxial and constant 

volume DSS tests on both fine-grained tailings (e.g. Romero, 1995, Wijewickreme, et al., 

2005; Al-Tarhouni, et al., 2011) and silts (Wijewickreme, 2010). The reasons for silty 

specimens not reaching flow liquefaction failure are not well understood at present but are 

believed to be a result of the influence of clay content, plasticity index, soil fabric and aging 

(Guo and Prakash, 1999; Boulanger and Idriss, 2004). Additional work is required to fully 

understand the liquefaction behaviour of these soils. The maximum pore pressure ratio       (

vcu / ' ) observed was around 0.85-0.9 and 0.9-0.98 for samples with and without initial 

static shear stress ( 0 ), respectively. 

 

Figure 2-3 Cyclic response of unclassified tailings in constant volume DSS test ( vc' =200, 

CSR =0.13, 0e =0.601). 
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The attainment of this condition was generally coincident with reaching the liquefaction 

criterion ( SA ) in use, i.e. SA =3.75%. Figure 2-3 shows a specimen going through states 

of zero shear stress or what is referred to as “shear stress reversal”. However, depending 

upon the initial static shear stress ratio ( ) specimens may not experience stress reversal and 

as a consequence the strain curve (in the  - N  space) is then not centred about zero. 

 

Initially, the cyclic resistance of samples prepared at a solids content of 80% was assessed at 

four levels of confining stress, namely vc' = 100, 200, 400, 800 kPa, and without any initial 

static shear stress ( =0). Figure 2-4a shows these results in terms of CSR  versus number 

of cycles to reach liquefaction. In this figure the void ratio after consolidation is denoted by 

0e . It was observed that higher confining stresses led to relatively constant CRR  values in 

the low stress range (i.e. from 100 to 400 kPa) and to larger values at higher stresses, as shown 

in Figure 2-4b. This contradicts the often reported behaviour for sands that higher confining 

stresses tend to decrease the CRR . This discrepancy is attributed to higher confining stresses 

generating denser samples (Wijewickreme, et al., 2005). This dependency of K  on density 

and vertical confining stress of sands has been recognized by some authors (e.g. Vaid and 

Thomas, 1994 and Vaid et al., 2001). Use of results such as those shown in Figure 2-4 may 

lead to adopting K  factors that are mainly a reflection of the effects of increased density on 

CRR  rather than confining stress. Hence, the first aim of this study was to isolate and assess 

the effects of the initial state variables 0e  and vc'  on the CRR  of unclassified tailings.  

 

Figure 2-4 (a) Cyclic stress ratio (CSR ) versus number of cycles ( N ) to reach single 

amplitude SA =3.75% for tailings prepared at 80% solids content. (b) Cyclic resistance 

ratio (CRR ) for N =10 versus confining stress (number in brackets represents void ratio 

after consolidation). 
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2.3.2 Consolidation behaviour of fine-grained tailings 

The consolidation behaviour of fine-grained tailings is affected by the initial void ratio (often 

characterised using solids content) of the mix (Saebimoghaddam, 2010). It has been shown 

that lower initial solids contents yield higher void ratios after consolidation at a given 

confining stress. This type of behaviour was confirmed in this study by conducting standard 

one-dimensional oedometer tests on unclassified tailings prepared at different initial solids 

contents (Figure 2-5a).  

 

The average compression index, cC  ( c efC e / log   , where e  is the change of void ratio 

given a change in effective stress, eflog ), was 0.09, with all curves showing a high 

coefficient of correlation. Crowder (2004) and Saebimoghaddam (2010) normalized the 

consolidation curves of tailings using the intrinsic void index ( VI ) as originally proposed by 

Burland (1990) for natural clays: 

 

  * * *

V 100 100 1000I e e /( e e )    Equation 2-2 

 

where *

100e  and *

1000e  are the void ratio at confining stresses of 100 and 1000 kPa, 

respectively. Both authors found good agreement between best fit curves when the data were 

plotted in terms of  VI  versus effective confining stress on a logarithmic scale. A similar plot 

is shown in Figure 2-5b for the tailings used in this study. Also superimposed on this figure 

is the trend line found by Saebimoghaddam (2010). A good agreement is observed, which 

suggests that fine-grained tailings behaviour might be well represented by Burland’s intrinsic 

factors. This confirms that unclassified tailings exhibit a large compressibility (i.e. their 

density is highly dependent upon the effective consolidation stress) which may have an 

important effect on their cyclic resistance, particularly as confining stresses increase. The 

consolidation data in Figure 2-5 was taken into account when conducting DSS tests in order 

to prepare samples at specific initial void ratios and a range of confining stresses ( vc' ). In 

addition to this, void ratios obtained after consolidation (prior to cycling) were compared to 

these consolidation curves as a measure of control of the target initial void ratio. 
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Figure 2-5 Consolidation behaviour of unclassified tailings. (a) consolidation curves at 

solids content of 70, 75, 78 and 80%. (b) Intrinsic void index versus confining stress. 

2.3.3 Effects of confining pressure and void ratio on CRR of fine-grained 
tailings 

In order to isolate the effect of 0e  and vc' , a total of 64 samples were prepared at different 

initial void ratios and cyclic response studied at vc'  = 100, 200, 400 and 800 kPa. Figure 

2-6a shows the CSR  versus N  for the range of solids contents tested at vc'  = 100 kPa. As 

expected, lower initial void ratios yield higher CSR . The dotted line in Figure 2-6a is drawn 

to identify the CSR  that causes liquefaction for each series of tests in N =10 stress cycles 

(i.e. CRR ). This number of cycles is selected to simulate earthquakes with a magnitude of 7 

as determined by Idriss (1999). The CRR  values are plotted against void ratio in Figure 2-6b. 

Results for vc'  of 200, 400 and 800 kPa, were also determined and are plotted in Figure 

2-7. A dependency of CRR  on void ratio, in addition to that on the confining stress, is 

evident from Figure 2-7. Similar to observations for sands and silts (e.g. Africa and Ernest, 

2012), as density increases (void ratio decreases) the CRR  of fine-grained tailings increases.  

 

From Figure 2-7, the influence of overburden stress on liquefaction resistance, expressed in 

terms of K , for different consolidation void ratios was derived (Figure 2-8). It can be seen 

that K  is dependent on initial void ratio. The factor K  has been extensively studied for 

sands and silty sands (Olsen, 1984; Seed and Harder, 1990; Vaid and Thomas, 1994; Pillai 

and Byrne, 1994). Despite a wide range of K  relationships having been published, two 

important conclusions about K  are generally stated, i.e. for a given soil at a given fabric and 

stress history, K  decreases as either confining stress or relative density increases. The first 
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conclusion seems to be consistent with the tailings response for the range 100-400 kPa in 

Figure 2-8. However, for this range, K  is observed to decrease as void ratio increases 

(relative density decreases) which is not consistent with the second conclusion. 

 

 

Figure 2-6 (a) Cyclic liquefaction resistance curves of unclassified tailings for a range of 

different initial void ratios and vc' =100 kPa. (b) Cyclic resistance ratio in 10 cycles and  

SA =3.75% at a given void ratio ( 0e ). 

 

Figure 2-7 Cyclic resistance ratio (CRR ) for N =10 versus void ratio ( 0e ) for unclassified 

tailings at different confining pressures ( vc' ) and single amplitude SA =3.75%. 
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thickened tailings. As the initial void ratio decreases, K  seems to approach a constant value 

at a given confining stress, e.g. K  approaches 1 at 400 kPa, when void ratio decreases from 

0.75 to 0.55. Likewise, all curves, regardless of void ratio, seem to converge to K  1 at 

about 600 kPa, where K >1. K  values in excess of unity have not been commonly reported 

and this finding is potentially significant in deep deposits of mine tailings, where in-situ 

confining stresses may well exceed 600 kPa.  

 

Olsen (1984) proposed the following expression for K  in sands:  
f 1

vc aK /P 


 , where 

aP  is atmospheric pressure. A value of f =0.7 was proposed by Olsen as a lower bound for 

clean sands. This curve is superimposed in Figure 2-8, along with the consensus K  

relationship for clean sand selected during the Salt Lake City Workshop (Hynes, et al., 1998). 

The curve proposed by Olsen is very conservative for the unclassified tailings, even at high 

void ratios. A value of f =0.85 seems to be more appropriate especially at the lower 

confining stresses and higher consolidation void ratios. On the other hand, the consensus 

curve seems to be a more appropriate (but still conservative) lower bound between 100-400 

kPa, for the different void ratios studied. 

 

Figure 2-8 K  versus vc'  curves at a given consolidation void ratio ( 0e ) for unclassified 

tailings. Overlaid are Olsen’s (1984) lower bound curve and consensus curve (1998) for 

sands. 
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2.3.4 Effects of anisotropy on CRR of fine-grained tailings 

The initial static shear stress ( 0 ), which is meant to simulate sloping-ground conditions, was 

applied to tailings specimens in an incremental manner. The specimens were initially 

confined and allowed to reach equilibrium under a vertical effective stress equal to 35% of 

the target vc' . The specimens were then subjected to a minimum of five incremental steps 

of confining pressure and static shear stress until the target static shear stress ratio              (

0 vc/    ) was reached. Figure 2-9a and 9b show the results of CSR  versus number of 

cycles ( N ) to reach liquefaction for samples prepared at two different initial solids contents 

and tested at  =0, 0.06 and 0.12, and vc' =100 kPa. The void ratios shown are the values 

after consolidation to 100 kPa. A criterion of SA =3.0% was chosen as it was found to 

closely match the point of development of limiting excess pore pressure. This failure criterion 

is consistent with the findings of Boulanger (2003) for sands with a non-zero initial static 

shear stress. Figure 2-10 illustrates the relationship between K  and static shear stress ratio 

( ) for the two initial 0e  values.   

 

 

Figure 2-9 Cyclic stress ratio (CSR ) versus number of cycles ( N ) to reach single amplitude 

SAγ =3.0% for different initial static shear stress ratios ( ). Tailings consolidated at initial 

void ratios of (a) 0.62 and (b) 0.74. 

 

The results reveal that the liquefaction potential increases with increasing   regardless of 

the initial void ratio. In other words, the degree of contractiveness is increased as initial static 

shear stress is increased. Castro and Poulos (1977) and Wijewickreme (2010) arrived at a 
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(CSR  increases with increasing  ). In a comprehensive study in sands, Vaid et al. (2001) 

concluded that the CRR  dependence on static shear stress should be described not only with 

reference to void ratio, but also to confining stress. Moreover, they found that K  must also 

be described according to the mechanism of strain development that causes liquefaction. In 

the present research, confining stresses above 100 kPa have not been studied, and thus the 

effects of vc'  on   at a given void ratio could not be examined.  

 

Figure 2-10 K  versus   curves at a given consolidation void ratio ( 0e ). 

 

The K  factor reaches a minimum value of 0.83 when samples were prepared from a slurry 

containing 70% solids ( 0e =0.74) and tested at vc' =100 kPa. Although   values of greater 

than 0.12 were not used, the curves appear to flatten out at around  =0.12. K  shows a 

weak dependence on 0e , e.g. as consolidation void ratio is increased from 0.74 to 0.62 the 

K  factor at  =0.12 increases slightly from 0.83 to 0.86. 

2.3.5 Combined effects of confining pressure and void ratio on CRR of 
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As previously shown, there is an important effect of void ratio (density) on both K  and K  
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( 0e , vc'  and  ). Hence, the utilization of correction factors in an independent manner, as 

proposed by Equation 2-1, may lead to oversimplification and is likely to underestimate the 

cyclic resistance of fine-grained tailings, as it does in compressible sands (Vaid, et al., 2001). 

 

Figure 2-11 (a) CRR  versus vc'  for tailings prepared at different initial void ratios. (b) 

Combined correction factor 
0e

K  versus confining stress for unclassified tailings at 

different void ratios. 

 

Regarding the data at hand, and considering a scenario in which the initial static shear stress 

is near zero ( ~0) (e.g. thickened tailings deposits, backfilled stopes), a combined correction 

factor to account for density ( 0e ),  and confining stress ( vc' ), i.e. 
0e

K , is proposed. Figure 

2-11a was constructed similarly to Figure 2-4b but at different initial void ratios for a given 

vc'  (this was done by preparing samples at different mixing solids content). The proposed 

0e
K  factor was found by dividing each of the data points in Figure 2-11a by their respective 

CRR  at vc' =100 kPa (Figure 2-11b). In the 100-400 kPa range all the points lie close to a 

horizontal line at about 
0e

K =1. This suggests that regardless of initial void ratio, the increase 

in CRR  due to an increase in density is practically suppressed by the reduction in cyclic 

resistance due to confining stress. Above 400 kPa (which is coincident with the inflection 

points of the curves in Figure 2-8), 
0e

K  increases almost linearly, following Equation 2-3. 

This behaviour may be attributed to a decrease of CRR  due to confining stress becoming 

less important at higher confining stresses (Figure 2-8), or perhaps due to the onset of particle 

crushing or breakage. It is recommended to use this combined factor in Equation 2-1, instead 

of K , due to this factor better reflecting the combined effects of compressibility and 

confining stress on CRR  of fine-grained tailings. 
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0

4

e vcK 1 ' 4004.25x10      Equation 2-3 

 

In Equation 2-3, the triangular brackets represent Macaulay brackets (which can be defined 

as x a =0, where x a  and    x a x a  where x a ). An important finding of the 

results shown in Figure 2-11b is that irrespective of the solids content at the start of the test 

(i.e. initial void ratio), the 
0e

K  seems to follow an unique curve. This may be useful in 

predicting the CRR  versus vc'  relationship for tailings mixtures prepared at different solids 

content based upon the CRR  of the material at a certain vc'  and the known 
0e

K  curve for 

a given solid content. For instance the CRR  versus vc'  response of mixtures prepared at 

80, 75 and 70% has been reconstructed in Figure 2-12 from the 
0e

K  curve determined at 

78%SC (Equation 2-3) and the 
vc 100CRR   determined experimentally for each of the other 

solids contents. In general, a good agreement is observed which may suggest that this 

approach is suitable to be used in routine engineering design with the consequent savings in 

the required number of cyclic tests. Nevertheless, Equation 2-3 has been specifically derived 

for the silver-lead-zinc tailings used in this study. Thus, before its general application, further 

research on the response of other type of tailings, under the conditions considered here, is 

needed. 

 

Figure 2-12 Comparison of experimental data in terms of CRR  versus vc'  and the curves 

obtained following the proposed approached to estimate CRR  at different solids content 

based on a known 
0e

K  relationship. 
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2.3.6 Effects of testing device 

The liquefaction resistance of soils obtained from cyclic DSS ( SSCSR ), is not equivalent to 

that obtained from cyclic triaxial tests (
TXCSR ). Differences are mainly due to the mode of 

loading and potential effects on pore pressure response due to membrane penetration in 

triaxial tests. Despite the majority of studies on liquefaction phenomena having been 

performed using triaxial equipment, a series of drawbacks have been identified, e.g. the 

triaxial apparatus applies a cyclic vertical loading to specimens that does not reflect field 

conditions, where horizontal shear waves from earthquakes are vertically propagating, the 

specimens are typically isotropically consolidated, and the direction of the major principal 

stress continuously rotates 90°, from vertical to horizontal, which is not representative of the 

field where the major principal stress remains nearly vertical (Donahue, et al., 2007). 

Nevertheless, a large database of triaxial test results is available, from which researchers and 

engineers have benefitted enormously in past decades. The DSS seems to better replicate 

field conditions, overcoming the above-mentioned triaxial test drawbacks, but the available 

data are more limited.  

 

 

Figure 2-13 Cyclic stress ratio (CSR ) versus number of cycles ( N ) for unclassified tailings 

obtained from triaxial and constant volume DSS tests ( vc' =100 kPa and SA  =3.75%). 

 

To convert DSS results into equivalent triaxial data, Seed and Peacock (1979) proposed a 
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0.7 for normally consolidated samples. Similarly, Boulanger et al. (1998) found a value of     

rc =0.7 for normally consolidated fine-grained soil. In order to improve the understanding 

of the liquefaction susceptibility of fine-grained tailings, a number of isotropically 

consolidation triaxial compression tests were carried out and results compared to those 

obtained from DSS tests in Figure 2-13. Regardless of the device used, samples were 

prepared at comparable initial void ratio. A correction factor of rc =0.64 was obtained which 

appears to be reasonable when compared to the above suggested rc  values.  

2.3.7 Evaluation of liquefaction susceptibility criteria 

For the past three decades, since the Chinese Criteria was proposed, a series of guidelines 

have been widely used by means for evaluating the liquefaction susceptibility of fine-grained 

soils. These criteria have been mainly constructed from the study of natural soils that 

liquefied in the past. A limited number of criteria have included the susceptibility of fine-

grained tailings in their basis. Thus, this section aims to compare the liquefaction 

susceptibility of low plasticity tailings (determined from laboratory tests) with the predictions 

of two of the more accepted liquefaction criteria nowadays. The first criterion was the 

guideline provided by Seed et al. (2003) based on observations of ground failure in fine-

grained soils on the 1999 Kocaeli and Chi-Chi earthquakes. They describe three zones in the 

Atterberg Limits Chart, i.e. Zone A, B and C. The soils in Zone A may be susceptible to 

liquefaction if the soil water content is greater than 80% of the liquid limit    ( LL ). The soils 

in Zone B are potentially liquefiable and further laboratory testing is recommended whereas 

soils in Zone C are considered not susceptible to liquefaction. The data for this criterion was 

constructed from specimens obtained from ground surface at presumably low confining 

stresses after earthquakes of magnitude of approximately 7.6. As discussed in Boulanger and 

Idriss (2004) these criteria are likely to have included fine-grained soils behaving either like 

clay or sand (e.g. non plastic silt). The second criterion examined is the one proposed by Bray 

and Sancio (2006) which included the effects of the cw / LL  ratio and plasticity index ( PI ) 

on the liquefaction susceptibility of fine-grained soils. This criterion was determined from 

specimens tested in a simple shear and triaxial device at confining stresses smaller than 100 

kPa and at CSR  of maximum 0.6. In the present study study, the tailings showed a LL =20 

and PI =4. The water contents after specimen consolidation at a maximum confining 

pressure of 100 kPa were between 18 and 20%. In Figure 2-14 the liquefaction susceptibility 

of tailings is assessed using these criteria. 
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Figure 2-14 Applicability of liquefaction susceptibility criteria for tailings. (a) Seed et al. 

(2003) and (b) Bray and Sancio (2006) criteria. 

 

Regarding the conditions from which the criteria were obtained, i.e. vc' <100 kPa, N =10 

and CSR  <0.6, most of the specimens tested in this study were vulnerable to severe strength 

loss as a result of seismic loading. In this regard, the criteria of Seed et al. (2003) would 

classify the tailings as susceptible to liquefaction due to tailings lying in Zone A and their 

water content (after consolidation) greater than 80% of the LL . Similarly, all the specimens 

fall within the “Susceptible” category in the Bray and Sancio (2006) criteria. Therefore, both 

criteria, under the conditions considered, have captured the actual liquefaction vulnerability 

of the tailings examined in this study. 

2.4 Conclusions 

In this study, the liquefaction susceptibility of fine grained unclassified tailings was studied 

using constant volume DSS tests on tailings specimens under a wide range of conditions. 

The key findings of this research showed that: 

 

a) Cyclic mobility type response was generally observed in all tests performed on the fine-

grained tailings. A clear phase transformation from contractive to dilative response was 

observed in most of the samples. Strain softening type of response (flow failure) was not 

observed in any of the tests. The maximum pore pressure ratio ( vcu / ' ) was found to 

fluctuate between 0.8 - 0.98. 
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b) The cyclic shear response was controlled by initial void ratio and confining stress. The 

effect of increasing void ratio (or decreasing initial solid content) increased the 

vulnerability to liquefaction. 

c) The specimens, to a greater or lesser extent, were sensitive to confining stress, density 

and initial static shear stress (  ). The liquefaction resistance decreased when the 

confining stress ( vc' ) was increased in the range 100-400 kPa at a given void ratio. 

Further increments of vc'  increased the cyclic resistance (expressed through the 

overburden stress correction factor). This behaviour may be due to the onset of 

significant particle breakage at high confining stresses, although additional work is 

required to confirm this.  

d) The increase in the initial static shear stress at a given confining stress decreased the 

liquefaction resistance. K  was not significantly affected by the range of void ratios 

studied. Both K  and K  were independently affected by initial void ratio, indicating a 

collective dependency among the initial state variables 0e , vc'  and  .  

e) The large changes in density complicates the rational application of Equation 2-1. When 

samples were allowed to increase density with stress level a simple relationship emerged, 

i.e. the combined 
0e

K  correction factor. It is proposed to use an experimentally 

determined 
0e

K  instead of K  in Equation 2-1 when correcting CRR  due to 

overburden stress of “sand-like” fine-grained tailings. 

f) The cyclic stress ratio obtained from comparative direct simple shear and triaxial tests 

was relatively constant at about 0.64, which is consistent with values reported in the 

literature. 

g) Application of empirical liquefaction susceptibility criteria, such as those based on index 

properties and liquidity index values were found to be consistent with the behaviour 

found from the laboratory tests, although these criteria should be used with caution and 

should be backed up with appropriate laboratory or field tests. 

2.5 References 

Africa, M. G., & Ernest, K. Y. (2012). Laboratory Investigation of the Resistance of Tailings 

and Natural Sediments to Cyclic Loading. Geotechnical and Geological Engineering, 30(2), 

431-447. 

Airey, D. W., & Wood, D. M. (1987). An evaluation of direct simple shear tests on clay. 

Géotechnique, 37(01), 25-35. 



School of Civil, Environmental and Mining Engineering 

Chapter 2                                                                              The University of Western Australia 

2-41 

 

Al-Tarhouni, M., Simms, P., & Sivathayalan, S. (2011). Cyclic behaviour of reconstituted and 

dessicated-rewet thickened gold tailings in simple shear. Canadian Geotechnical Journal, 

48(7), 1044-1060. 

Andrews, D. A., & Martin, G. R. (2000). Criteria for liquefaction of silty soils. Proceedings of 

the 12th World Conference on Earthquake Engineering. Auckland, New Zealand. 

ASTM International. (2000). Consolidated Undrained Direct Simple Shear Testing of Cohesive Soils 

(ASTM D6528). American Society for Testing Material, West Conshohocken, PA. 

Benzaazoua, M., Fall, M., & Belem, T. (2004). A contribution to understanding the hardening 

process. Minerals Engineering, 17(2), 141–152. 

Boulanger, R. W. (2003). Relating Kα to Relative State Parameter Index. Journal of Geotechnical 

and Geoenvironmental Engineering, 129(8), 770-773. 

Boulanger, R. W., & Idriss, I. M. (2004). Evaluating the potential for liquefaction or cyclic failure of 

silts and clays, Report UCD/CGM-04/01. Davis, California: Center for Geotechnical 

Modeling. 

Boulanger, R. W., & Idriss, I. M. (2006). Liquefaction Susceptibility Criteria for Silts and 

Clays. J. Geotech. Geoenviron. Eng., 132(11), 1413-1426. 

Boulanger, R. W., Meyers, M. W., Mejia, L. H., & Idriss, I. M. (1998). Behaviour of a fine-

grained soil during the Loma Prieta earthquake. Canadian Geotechnical Journal, 35(1), 

146-158. 

Bray, J., & Sancio, R. (2006). Assessment of the Liquefaction Susceptibility of Fine-Grained 

Soils. J. Geotech. Geoenviron. Eng., 132(9), 1165-1177. 

Burland, J. B. (1990). On the compressibility and shear strength of natural clays. Géotechnique, 

40(3), 329-378. 

Castro, G., & Poulos, S. J. (1977). Factors affecting liquefaction and cyclic mobility. Journal 

of the Geotechnical Engineering Division, ASCE, 103(GT6), 501-516. 

Crowder, J. J. (2004). Deposition, consolidation, and strength of a non-plastic tailings paste for surface 

disposal. PhD thesis, University of Toronto, Toronto. 

Daliri, F., & Basu, D. H. (2014). Monotonic simple shear response of fine grained silts under 

different saturation condition. In Multiphysical Testing of Soils and Shales (pp. 93-98). 

Berlin: Springer Berlin Heidelberg. 

Doherty, J., & Fahey, M. (2011). Three-dimensional finite element analysis of the direct 

simple shear test. Computers and Geotechnics, 38(7), 917-924. 

Donahue, J. L., Jonathan , D. B. & Michael, F. R. (2007). The liquefaction susceptibility, resistance, 

and response of silty and clayey soils, USGS Report 05HQGR0009. Berkeley, California: 

University of California. 



School of Civil, Environmental and Mining Engineering 

Chapter 2                                                                              The University of Western Australia 

2-42 

 

Dyvik, R., Berre, T., Lacasse, S., & Raadim, B. (1987). Compairson of truly undrained and 

constant volume direct simple shear tests. Géotechnique, 37(01), 3-10. 

Festugato, L., Fourie, A., & Consoli, N. C. (2013). Cyclic shear response of fibre-reinforced 

cemented paste backfill. Géotechnique Letters, 3, 5-12. 

Fourie, A. B., & Papageorgiou, G. (2001). Defining an appropriate steady state line for 

merriespruit gold tailings. Canadian Geotechnical Journal, 38(4), 636-695. 

Fourie, A. B., & Tshabalala, L. (2005). Initiation of static liquefaction and the role of K0 

consolidation. Canadian Geotechnical Journal, 42(3), 892-906. 

Harder, L. F. (1988). Use of Penetration Tests to determine the Cyclic loading Resistance of Gravelly Soils 

during Eathquake Shaking. PhD Thesis, University of California, Berkeley. 

Harder, L. J., & Boulanger , R. W. (1997). Application of Kσ and Kα correction factors. 

National Center for Earthquake Engineering Research, SUNY Buffalo, Buffalo.: 

Proc., NCEER Workshop on Evaluation of Liquefaction Resistance of Soils, Rep. 

NCEER-97-0022. 

Hasan, A., Suazo, G., & Fourie, A. B. (2013). Full scale experiments on the effectiveness of 

a drainage system for cemented paste backfill. 16th International Seminar on Paste and 

Thickened Tailings, (pp. 379-392). Belo Horizonte. 

Helinski, M. (2007). Mechanics of mine backfill. PhD Thesis, School of Civil, Environmental and 

Mining Engineering, The University of Western Australia, Perth, Australia. 

Hynes, M. E., Olsen, R., & Yule, D. E. (1998). The influence of Confining Stress in 

Liquefaction Resistance. Proceedings of the 30th joint meeting of the U.S.-Japan cooperative 

program in natural resources panel on wind ands seismic effects. Gaithersburg. 

Idriss, I. M. (1999). An update to the Seed-Idrisss simplified procedure for evaluation 

liquefaction potential. Proceedings of the TRB Workshop on New Approaches to Liquefaction 

Analysis. Washington, D.C. 

Ishihara, K., Troncoso, J., Kawase, Y., & Takahashi, Y. (1980). Cyclic strength characteristics 

of tailings materials. Soils and Foundations, 20(4), 127-142. 

James, M., Aubertin, M., Wijewickreme, D., & Wilson, W. (2011). A laboratory investigation 

of the dynamic properties of tailings. Canadian Geotechnical Journal , 48(11), 1587-1600. 

Kuerbis, R., & Vaid, Y. P. (1998). Sand Sample Preparation - The Slurry Deposition Method. 

Soils and Foundations, 28(4), 107-118. 

Montgomery, J., Boulanger, R., & Harder, L. J. (2014). Examination of the Kσ Overburden 

Correction Factor on Liquefaction Resistance. Journal of Geotechnical and 

Geoenvironmental Engineering, 140(12), 04014066. 



School of Civil, Environmental and Mining Engineering 

Chapter 2                                                                              The University of Western Australia 

2-43 

 

National Research Council. (1985). Liquefaction of soils during earthquakes, Report CETS-001. 

Washington, D.C: National Research Council, National Academy Press. 

Olsen, R. S. (1984). Liquefaction analysis using the Cone Penetrometer Test (CPT). Proceedings 

of the 8th World Conference on Earthquake Engineering. San Francisco. 

Pillai, V. S., & Byrne, P. M. (1994). Effect of overburden pressure on liquefaction resistance 

of sands. Canadian Geotechnical Journal , 31(1), 53-60. 

Poulos, S. J., Robinsky, E. I., & Keller, T. O. (1985). Liquefaction resistance of thickned 

tailings. Journal of Geotechnical Engineering, ASCE, 111(12), 1380-1394. 

Romero, S. (1995). The behaviour of silt as clay content is increased. MS thesis, University of 

California, Davis. 

Seed , H. B., & Peacock, W. H. (1979). Test procedures for measuring soil liquefaction 

characteristics . Journal of the Geotechnical Engineering Division, ASCE, 105(2), 201-255. 

Saebimoghaddam, A. (2010). Liquefaction of Early Age Cemented Paste Backfill. PhD Thesis, 

Department of Civil Engineering, University of Toronto, Toronto. 

Santos, E. (2011). Comportamiento monotono y ciclico no drenado de arenas de relaves integrales. MSc 

Thesis, Universidad de Chile, Santiago. 

Seed, H. B. (1983). Earthquake resistan design of earth dams. Proceedings of the Symposium on 

Seismic Design of Embankments and Caverns, American Society of Civil Engineers. 

Philadelphia. 

Seed, H. B. & Idriss, I. M. (1982). Ground motions and soil liquefaction during earthquakes, EERI 

Monograph. Berkeley, California: Earthquake Engineering Research Institute. 

Seed, R. B., & Harder, L. F. (1990). SPT-based analysis of cyclic pore pressure generation 

and undrained strength. Proceedings of the Seed Memorial Symposium, Bitech Publishers. San 

Francisco, California. 

Seed, R. B., Cetin, K. O., Moss, R. E., Kammerer, A., Wu, J., Pestana, J., . . . Faris, A. (2003). 

Recent advances in soil liquefaction engineering: A unified and consistent 

framework. Keynote presentation, 26th annual ASCE Los Angeles Geotechnical Spring 

Seminar. Long Beach, CA. 

Troncoso, J. H., & Verdugo, R. (1985). Silt content and dynamic behavior of tailings sand. 

Proceedings of the 11th International Conference on Soil Mechanics and Foundation Engineering. 

San Francisco, California. 

Vaid, Y. P., & Thomas, J. (1994). Post liquefaction behavior of sand. Proceedings of the 13th 

ISSMFE Conference. New Delhi. 

Vaid, Y. P., Stedman, J. D., & Sivathayalan, S. (2001). Confining stress and static shear effects 

in cyclic liquefaction. Canadian Geotechnical Journal, 38(3), 580-591. 



School of Civil, Environmental and Mining Engineering 

Chapter 2                                                                              The University of Western Australia 

2-44 

 

Villavicencio, G., Espinace , R., Palma, J., Fourie, A., & Valenzuela, P. (2013). Failures of 

sand tailings dams in a highly seismic country. Canadian Geotechnical Journal, 51(4), 449-

464. 

Vucetic, M. et al. (1981). The influence of height versus diameter ratio on the behaviour of Haga clay in 

the NGI Simple Shear Device, Internal Report no.56204-9. Oslo, Norway: Norwegian 

Geotechnical Institute. 

Wang, S., Luna, R., & Stephenson, R. W. (2011). A Slurry Consolidation Approach to 

Reconstitute Low-Plasticity Silt Specimens for Laboratory Triaxial Testing. 

Geotechnical Testing Journal, ASTM, 34(4), 288-296. 

Wang, W. (1979). Some findings in soil liquefaction. Beijing, China: Report of the Water 

Conservancy and Hydroelectric Power Scientific Research Institute. 

Wijewickreme, D. (2010). Cyclic shear response of low plastic fraser river silt. Proceedings of 

the 9th U.S. National and 10th Canadian Conference on Earthquake Engineering. Toronto, 

Canada. 

Wijewickreme, D., Sanin, M. V., & Greenaway, R. (2005). Cyclic shear response of fine-

grained mine tailings. Canadian Geotechnical Journal, 42(5), 1408-1421. 

Yoshimi, Y., & Oh-oka, H. (1975). Influence of degree of shear stress reversal on the 

liquefaction potential of saturated sand. Soils and Foundations, 15(3), 27-40. 

Youd , T. L. (1998). Screening guide for rapid assessment of liquefaction hazard at highway bridge sites, 

Report MCEER-98-0005. Buffalo, N.Y.: Multidisciplinary Center for Earthquake 

Engineering Research. 

 

 

 

 

 

 

 

 



School of Civil, Environmental and Mining Engineering 

Chapter 3                                                                              The University of Western Australia 

3-45 

 

  

Cyclic Shear Response of Cemented Paste Backfill 

 

By: Gonzalo Suazo, Andy Fourie and James Doherty 

 

Abstract: A constant-volume direct simple shear (DSS) apparatus was used to characterize 

the liquefaction resistance of Cemented Paste Backfill (CPB) prepared using unclassified 

fine-grained tailings. The effects of curing age, cement content and initial void ratio (also 

expressed through initial solids content of the mixture) on resistance to liquefaction were 

investigated. Higher cement contents, longer curing periods or higher initial solids contents 

were found to increase CPB liquefaction resistance in a consistent manner. The commonly 

used “100kPa UCS rule of thumb” for CPB liquefaction susceptibility, as originally adopted 

from lightly cemented sands, was found to be conservative under a large earthquake-induced 

cyclic stress ratio (CSR). For two different mixes, a UCS of about 70kPa was found adequate 

to resist liquefaction under a CSR typically generated by a maximum ground acceleration of 

0.3 g. For the samples tested, a UCS of 70kPa was found to correspond to a shear wave 

velocity of 220 m/s, which may be a more convenient criterion for assessing liquefaction 

resistance, given the potential for in-situ measurement.  

 

Keywords: Cemented paste backfill, liquefaction, tailings, direct simple shear. 
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3.1 Introduction 

Mined out voids (usually known as stopes) left after the removal of ore from underground 

steeply dipping or irregular ore deposits are sometimes filled with a mixture of mine waste 

material (e.g. rock, mill tailings), a binder agent (e.g. cement, fly ash) and water. Depending 

on the materials used, different backfilling techniques are utilised, e.g. rock backfill, paste 

backfill, hydraulic backfill, etc. These techniques provide support to the surrounding rock 

which allows the extraction of mineral rich contiguous pillars existing between stopes. They 

also ensure long-term stability of the mine and permit the deposition of large amounts of 

mine by-products beneath the earth’s surface, thus reducing the environmental impact of 

mining operations.  

 

Cemented paste backfill (CPB) is usually prepared by mixing unclassified tailings, cement and 

mine process water. CPB plants typically mix tailings, cement and water to solids contents 

(i.e. weight of solids over total weight) ranging between 75 and 85% and cement content 

between 3 to 7% by dry total weight (Benzaazoua, et al., 2004). Due to the resulting mixture 

behaving as a non-Newtonian fluid during the first hours of curing, bulkheads (also referred 

as barricades), are constructed across the stope access drives to retain the fill inside the 

stopes. 

 

It has been shown that during the first hours of CPB deposition, when the fill responds 

mainly in a undrained manner (Helinski, et al., 2007; Hasan, et al., 2014), dynamic events may 

increase the pore water pressures ( u ) in the tailings behind the barricades (Hasan, et al., 

2013). Similarly, several incidents related to barricade failures have been reported in recent 

decades (Revell and Sainsbury, 2007; Helinski, 2008) which are likely related to excessive 

pressures on these retaining structures (among other construction related issues). Therefore, 

concerns have arisen among backfill engineers about the liquefaction susceptibility of the fill 

under blasting or seismic events (e.g. earthquakes and rockbursts). This paper deals with the 

second category, i.e. liquefaction induced by seismic shear stress waves. The term liquefaction 

is defined as the natural phenomenon in which soils experiences significant loss of shear 

strength caused by increased excess pore water pressures and large shear strains due to 

undrained cyclic loading (Boulanger and Idriss, 2004). In addition to this, two types of 

liquefaction failures, as usually described in the literature, are defined, i.e. flow and cyclic 

mobility type of failure. In the first type the excess pore water pressure (u ) equals the soil’s 

effective confining stress prior to cyclic loading ( vc ) and the shear resistance to flow at 
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failure is considered as negligible. In the second type u  remains below  vc  and the soil 

preserves some shear resistance after failure. In either case, large deformations can be 

experienced. If liquefaction is triggered inside the stope, the pressure on the barricades may 

rise to as high as the full hydrostatic head of the fill which may cause failure of the barricade 

and consequently endanger workers due to an inrush of material into working areas.   

 

Backfill engineers use a “rule of thumb” that a backfill becomes resistant to liquefaction 

when the unconfined compressive strength reaches a minimum of 100 kPa. This rule arose 

after Clough et al. (1989) who studied the influence of cementation on liquefaction 

vulnerability of lightly cemented, rounded and uniform sand with low fines content. They 

showed that as cement hydration progresses, sand pores fill with cementation products, 

strengthen the sand structure (by bonding particles, reducing void ratio and increasing 

effective shear strength), thus enhancing soil liquefaction resistance. These authors also 

found, as expected, that liquefaction resistance of sands increases as the UCS increases, and 

that exclusively very large earthquakes (i.e. large shear stresses) may cause liquefaction at UCS 

values of about 100 kPa.  

 

Hard rock mining tends to produce fine tailings that can range from clay-sized through silts, 

with particle diameters of less than 0.08 mm (James, et al., 2011). This explains the great 

variability of tailings found in mining operations that use backfill technologies (Galaa, 2011). 

In addition to this, the CPB mixtures usually contain tailings with a large proportion of fines 

in order to hold higher proportions of water (Potvin, et al., 2005). Hence, the rule of thumb 

for liquefaction resistance might not be completely feasible in the majority of CPB 

applications, which are prepared using mainly fine-grained tailings (mostly plastic and non-

plastic silts), as this rule was originally derived for low-fines sand. Additional uncertainties 

are found when using the UCS as a measure of control, due to UCS at a particular curing age 

being dependent on a large number of variables, e.g. tailings grain size, mineralogy, cement 

and solids content, density, chemical properties and effective stress applied during curing 

(Fall and Benzaazoua, 2003; Fall, et al., 2004; Yilmaz, et al., 2009). 

 

A large amount of research has been conducted to understand the liquefaction susceptibility 

of uncemented fine-grained material such as natural silts (Seed and Idriss, 1982; Boulanger, 

et al., 1998) or fine-grained mine tailings (Ishihara, et al., 1980; Troncoso and Verdugo, 1985; 

Fourie and Papageorgiou, 2001; Wijewickreme, et al., 2005; James, et al., 2011). Nevertheless, 

the published data on the cyclic response of CPB is surprisingly limited, despite its potential 



School of Civil, Environmental and Mining Engineering 

Chapter 3                                                                              The University of Western Australia 

3-48 

 

implications. One of the first workers to address the problem of CPB liquefaction was Aref 

(1989) who conducted monotonic consolidated undrained triaxial (CIU) tests on 

reconstituted CPB samples. Contractive behaviour, and consequently liquefaction 

susceptibility, was observed for samples prepared at high void ratios and low confining 

stresses. However, dilative behaviour was reported by Been et al. (2002) in specimens 

collected from paste fill boreholes. The low susceptibility observed by Been et al. may have 

been a result of advanced fill curing age. In contrast to these investigations, le Roux et al. 

(2004) reported a high liquefaction susceptibility of silt-sized CPB under cyclic loading at 

early curing ages (in the range of hours). More recently, Saebimoghaddam (2010) conducted 

both monotonic and cyclic shear tests on uncemented and 3% CPB samples cured for 4 

hours. The triaxial monotonic stress paths in compression and extension exhibited initial 

contractive behaviour followed by dilation as strain progressed. When cyclically tested, 

uncemented and CPB specimens generally experienced cyclic mobility type of failure. A 

similar response was observed by le Roux et al. (2004) in CPB specimens and by Galaa (2011) 

for CPB samples prepared by adding sand to tailings. The conclusions from all these studies 

demonstrate that the Cyclic Stress Ratio (CSR ) (defined as  cy vc/ '  for direct simple shear 

tests, where  cy  is the cyclic shear stress) at a given number of cycles ( N ) to trigger 

liquefaction increases as CPB hydration progresses and that liquefaction failure (either flow 

or cyclic mobility type) can be triggered predominately at early curing ages, i.e. less than 24 

hours. In this study, the CSR  required to reach liquefaction in a specified number of cycles 

is called the Cyclic Resistance Ratio (CRR ). 

 

These investigations have addressed to a greater or lesser extent important aspects of the 

cyclic response and liquefaction susceptibility of CPB. Direct comparison of results can be 

misleading if general trends are intended to be obtained, because each study was conducted 

under unique conditions (e.g. binder content, particle size distribution, void ratios, etc.). In 

this context, the cyclic response and liquefaction susceptibility of CPB prepared using silt-

sized tailings is assessed within this paper for a wide range of conditions in order to examine 

and contribute to the understanding of the influence of cementation (e.g. curing age and 

cement content) on the cyclic resistance of fine-grained tailings. Similarly, the applicability of 

the “rule of thumb” to this type of material is discussed. In addition to this, and due to the 

wide use of ultrasonic wave measurement in geotechnical projects, a minimum shear wave 

velocity ( SV ) to mitigate CPB liquefaction risk is proposed. A total of 62 constant-volume 

direct simple shear (DSS) tests were conducted at cements contents, curing ages and solids 
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contents ranging from 1.5-5%, 0-48 hours and 70-80%, respectively. The response of 

uncemented tailings is also reported.   

3.2 Experimental Work 

3.2.1 Testing device 

Cyclic tests on CPB specimens were carried out using a stacked ring direct simple shear (DSS) 

device. This device is a variation of the type developed at the Norwegian Geotechnical 

Institute (NGI) in the 1960’s. The DSS closely simulates the cyclic rotation of principal 

stresses that take place during earthquake shaking (Wijewickreme, et al., 2005) and allows the 

consolidation of specimens (prior to cyclic loading) under truly oK  conditions. It also allows 

dynamic testing of specimens at different cyclic shear stress ratios (CSR ), confining pressure 

( vc' ), loading frequency and initial static shear stress ratio ( ). This device is also called 

constant volume direct simple shear because during shearing, the specimen height and 

diameter are kept constant in order to ensure constant volume conditions. The sample 

diameter is constrained using Teflon-coated stacked rings while constant volume is 

maintained by a vertical rod which prevents vertical displacements. Throughout the test the 

specimen (i.e. soil pore space) is open to atmosphere and drainage is allowed through both 

top and bottom platens. 

 

For the present study, sinusoidal shear pulses were applied at a constant frequency of 0.1 Hz 

as used in previous studies when dealing with thickened tailings (Wijewickreme, et al., 2005). 

Provided the test is conducted slowly enough for any excess pore pressure to dissipate, the 

changes in total vertical stress is equivalent to changes in effective stress (Doherty and Fahey 

(2011)). Under these conditions, the change in total vertical stress recorded would be 

equivalent to the pore pressure that would be recorded in a DSS conducted under fully 

undrained conditions with a constant total vertical stress (Dyvik, et al., 1987). The validity of 

this assumption has been demonstrated by different authors in DSS tests conducted using 

fine-grained material (Poulos, et al., 1985; Wijewickreme, et al., 2005; Wijewickreme, 2010; 

Al-Tarhouni, et al., 2011). It has been shown that cycling loading frequency (in the range of 

values used here) and degree of saturation (for values as low as 0.9) do not have a significant 

effect on the observed excess pore pressure path. Therefore, excess pore pressures generated 

during the tests are considered negligible.   

 



School of Civil, Environmental and Mining Engineering 

Chapter 3                                                                              The University of Western Australia 

3-50 

 

A single amplitude shear strain (  SA ) of 3.0% was used as the liquefaction criterion, instead 

of using a limiting pore pressure criterion. This not only avoids the potential uncertainty of 

generated excess pore pressures (Doherty and Fahey, 2011), but also provides a consistent 

criterion which may allow comparison with existing data on cyclic shear resistance of CPB. 

As discussed later, limiting excess pore water pressure was in general coincident with 

attaining the shear strain criterion. The use of single amplitude shear strain is consistent with 

the definition of liquefaction of the US National Research Council (NRC, 1985) and with 

past investigations on cyclic resistance of fine-grained tailings and silts (Wijewickreme and 

Sanin, 2004; Al-Tarhouni, et al., 2011). 

3.2.2 Materials 

Silver-lead-zinc tailings obtained from an operational mine were used to prepare CPB. The 

tailings classify according to the Unified Classification System (USCS) as low-plastic silt 

(ML). The material had a plasticity index of 4, and a specific gravity of 3.18. The tailings 

particle size distribution Figure 3-1. Process water and binder were also obtained from the 

mine site. Portland Type 1 cement was used as binder agent. The process water had a high 

concentration of sulphates and chloride with a total dissolved solids (TDS) of 4300 ppm and 

a conductivity of 7920 µS/cm.  

 

 

Figure 3-1 Tailings particle size distribution 
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3.2.3 Sample preparation 

The Slurry Deposition Method (Kuerbis and Vaid, 1998) was adopted and modified to 

prepare fine grained CPB specimens in a short period of time in order to avoid excessive 

hydration of cement and to replicate early age conditions. The experience gained by other 

authors in the preparation of CPB specimens were also taken into account, such as 

Saebimoghaddam (2010) and Galaa (2011), as described below. 

 

The procedure involved mixing tailings, cement and water to the desired solids content for 

about 15 minutes at low speed using a portable electric mixer. The mixture was gently poured 

into a latex membrane attached to a split vacuum mould, which was previously mounted 

around the DSS bottom cap. The membrane was stretched against the mould’s wall using a 

pump (which imposed a suction of about 30 kPa). Filter paper and porous stones were placed 

on both bottom and top caps. Once material was created and confined, pre-consolidation 

static weights were placed on the specimen (equivalent to a pressure of 50 kPa). When 

specimens were able to stand unsupported, weights were removed, vacuum stopped, the split 

mould removed and the Teflon rings placed around the specimen to the desired specimen 

height. The top cap was attached and secured to the latex membrane using O-rings. This 

preparation technique produced soil specimens having a diameter of 72 mm and a target 

height of 27 mm. This yields a height to diameter ratio (H/D) of 0.375 which is below the 

maximum aspect ratio recommended by the ASTM standard D6528, i.e. 0.4. Under this aspect 

ratio the lack of complementary shear stresses in DSS tests have a small effect on measured 

shear stress (Vucetic, 1981; Doherty and Fahey, 2011).  

 

Following this preparation method, the specimens were prepared within 1.5 hours from 

mixing which ensured the material did not hydrate significantly before the consolidation 

stage. Although the onset of hydration for this material is about 6 hours, the procedure was 

designed to minimise the specimen preparation time. This is due to previous research (e.g. 

Galaa, 2011) showing a contribution of cement to cyclic resistance even before the onset of 

the accelerated phase of hydration. The specimens were then mounted on the DSS and 

allowed to cure for the prescribed time under the target effective vertical stress  vc' . In order 

to ensure negligible suction throughout the test water was poured onto the top and bottom 

caps at the beginning of the test (Al-Tarhouni, et al., 2011). Due to the small sample height 

and drainage conditions at the top and bottom of the sample, consolidation in response to 

the applied vertical load typically took around 5 minutes. This was observed by monitoring 
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the vertical displacement. This was followed by curing of the specimen and subsequently 

cyclic shearing, which was stopped when the liquefaction criterion of 3% strain was reached. 

3.3 Test Results and Discussion 

3.3.1 Cyclic shear response of CPB 

A typical cyclic response of CPB is shown in Figure 3-2 for specimens prepared at 5% 

cement, 78% solids content, and cured for 3 and 12 hours. Also displayed in this figure is 

the response of fine grained tailings (uncemented) prepared at the same solids content (SC) 

and confining stress (i.e.  vc' =100 kPa) as CPB specimens. Data is shown in terms of shear 

stress ( ), confining pressure ( vc' ), excess pore pressure ratio (  vcu / ' ) (inferred from 

changes in total stress) and shear strain (  ). 

 

Similar to the response of specimens shown in Figure 3-2, all the specimens tested during 

this study showed a predominantly cyclic mobility type of response, irrespective of cement 

content and curing age examined. It was observed that as load cycles progressed, the 

specimen experienced degradation of shear stiffness with cumulative increase of pore water 

pressure. However, the excess pore water pressure never equalled the initial confining stress 

of the specimen (i.e.   vcu ' ). Thus, no flow type of failure was observed. The majority of 

the specimens showed an overall contractive shear type of response during both shear stress 

loading and shear stress reversal parts of the loading cycles (in the   versus  vc'  path). 

However, at advanced number of cycles (e.g. from 5th cycle in Figure 3-2b in the  - vc'  

plot) a dilative response at the end of the loading phase was usually observed. This response 

was supressed by a clear contractive tendency in the stress reversal path (unloading phase). 

A similar cyclic shear response was reported for Fraser River silts (Wijewickreme and Sanin, 

2004) and dense Fraser River sands (Sriskandakumar, 2004). This dilative response seems to 

be a result of loss of interlocking between soil particles when shear stress is reversed. These 

processes of contraction followed by subsequently limited dilation likely resulted in a more 

accentuated fluctuation of the excess pore water pressures at each loading cycle as shown in 

the  vcu / '  versus N  path in Figure 3-2. Nevertheless, pore pressure curves steadily 

increased up to a maximum value and remained at this value well beyond failure which 

confirms the specimens mostly contracted during loading. Slight differences in the 
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aforementioned overall behaviour were observed when specimens prepared at the same 

cement content were compared at different curing ages or different CSR  values.  

 

Figure 3-2 Cyclic shear response of CPB specimens in DSS test prepared at 78%SC and 

vc' =100 kPa. (a) CSR =0.13, uncemented material; (b) CSR =0.25, 5% cement and 3 

hours curing; and (c) CSR =0.27, 5% cement and 12 hours curing. 

 

The maximum excess pore pressure ratio was in general higher than 0.85. As shown in Figure 

3-2, the  vcu / '  versus N  response follows a similar overall trend for the different 

conditions considered, i.e. a quick build up in pore pressure during the first loading cycles, 
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followed by a less pronounced evolution of excess pore pressure up to failure. This type of 

evolution was observed for most of the specimens tested, regardless of cement content or 

curing age. The same was found for uncemented specimens. The development of pore 

pressure was observed to be less rapid for samples prepared at higher cement contents or 

cured for longer. This effect of cement content on pore pressure build-up is shown in Figure 

3-3a for a given curing age and CSR . Similarly, the application of more intense cyclic stresses 

(i.e. higher CSR ) produced pore pressure curves that rose faster with the number of cycles 

at the same curing age and cement content than those tested at lower CSR  (Figure 3-3b), 

which is consistent with the behaviour of cemented sands (Clough, et al., 1989). In general, 

cemented specimens mobilised their cyclic capacity in terms of the maximum excess pore 

pressure ratio when a single amplitude shear strain of  SA =3.0 was attained. This justifies the 

selection of the liquefaction criterion. 

 

 

Figure 3-3 Excess pore pressure ratio (  vcu / ' ) versus number of cycles ( N ) for samples 

tested at (a) different cement contents and (b) different CSR . 

 

In general, the CPB specimens showed limited levels of shear strain even after several loading 

cycles, as observed in the  -γ plots in Figure 3-2 for 5% cement specimens. This is attributed 

to extra bonding between tailings particles due to cementation. In the  -γ paths in Figure 

3-2, specimens prepared at higher cement contents showed a stiffer response than those 

prepared at lower cement contents when tested at comparable CSR . Thus lower cement 

contents yielded a faster rate of degradation of shear stiffness, i.e. the secant shear modulus 

( G ) decreased rapidly as cycles progressed in comparison to higher cement contents. 
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Consequently, shear strains were also much greater for low cement contents. Figure 3-4 

shows the degradation of  
1G /G  (where 

1G  is the G  value measured at cycle N =1) for 

specimens tested at the same conditions except for cement content. For instance, a large 

difference is observed at N =10, where the shear modulus decreases by 87% and 60% with 

respect to the initial shear modulus (at N =1), for specimens prepared at 3 and 5% cement, 

respectively. 

 

 

Figure 3-4 Degradation of shear stiffness ( maxG /G ) as cycles ( N ) progress. maxG  is the G  

value measured at cycle N =1. Specimens tested at CSR =0.17 and 3 hours curing. 

 

Cementation also has an important effect on the deformation response of CPB specimens. 

Completely different deformation characteristics were observed when comparing  - N  

paths for specimens prepared at different cement contents (Figure 3-5a) and different curing 

ages (Figure 3-5b). For specimens prepared at higher cement contents, or cured for longer 

times, the envelopes of the  - N  curves evolve in a linear manner from the first cycle to the 

end of the test. This type of response is believed to be caused by steady cumulative damage 

to cement bonds connecting tailings particles which gradually decreased the resistance to 

volumetric compression, causing a build-up in excess pore pressure, which eventually leads 

to liquefaction failure. This linear evolution was also observed several cycles after the 

liquefaction criterion was reached. Therefore, this may indicate that specimens remained 

partially cemented even after cyclic failure was attained (higher than 80 cycles in Figure 3-5b). 

In contrast, when lower cement contents were used or fresher specimens tested, a parabolic 

evolution of the envelope in the cycles prior to the triggering of liquefaction was found. This 
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parabolic response was also clearly observed in uncemented unclassified tailings. This type 

of behaviour is thought to be a result of total or higher levels of cement bond damage (due 

to less cementation of CPB particles) which finally led to an abrupt triggering of liquefaction.  

 

Figure 3-5 Shear strain ( ) versus number of cycles ( N ) evolution of samples prepared at 

(a) different cement contents and (b) different curing ages. 

3.3.2 Effects of cement content and curing age on CRR of CPB 

Specimens were prepared at 1.5, 3 and 5% cement content at a unique solids content of 78% 

and cyclically tested at curing ages ranging from 4 to 48 hours. A constant initial confining 

pressure of  vc' =100 kPa was used for all experiments. In Figure 3-6, the CSR  is plotted 

against the number of cycles ( N ) required to achieve the liquefaction criterion for the 

different cement contents studied. Also displayed in these figures are the results for 

uncemented specimens.  

 

From Figure 3-6 is found that the tailings with higher cement content are more resistant to 

liquefaction, as expected. Similarly, specimens cured for longer periods at the same cement 

content provide greater liquefaction resistance, although for the lowest cement content 

(1.5%), there is virtually no difference in response for curing times of 4 and 7 hours. This is 

attributable to the very small contribution of cementation at early age, confirmed by the 

results of tests on uncemented specimens, which gave only slightly lower CSR  values. CPB 

strength gain is time dependant. The observed behaviour is attributed to the enhancement 

of CPB dilative characteristics and the increased stiffness during shearing loading induced by 

the introduction of cementing material in the pore space. The increased stiffness that results 
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from cement bond formation results in a less compressible material, thus reducing the 

magnitude of pore pressure development during shearing. In addition to this, cementation 

decreases void ratio (through growth of cementing products) resulting in a denser specimen, 

which provides additional cyclic resistance (Zeghal and El Shamy, 2008). 

 

 

 
Figure 3-6 Cyclic stress ratio (CSR ) versus number of cycles ( N ) to reach single amplitude 

 SA
=3.0% for cemented paste backfill (

vc' =100 kPa,  =0). (a) 1.5%, (b) 3% and (c) 5% 

cement content. 
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The effects of curing age are more accentuated at higher cement contents, e.g. 5% cement 

samples reached maximum CSR  at 10 cycles of 0.46 when cured for 24 hours, whereas 3% 

and 1.5% samples cured for the same period and number of cycles reached a maximum CSR  

of 0.39 and 0.25 respectively. The specimens tested at 4 hours curing age showed a 

considerable increment in CRR  compared with uncemented specimens for cement contents 

of 3 and 5%. This confirms that the cyclic resistance of CPB can be considerably enhanced 

well before the onset of the hydration acceleration phase (i.e. around 5 hours for 5% cement 

CPB used here). At this early age, liquefaction can occur if cyclic stress ratios greater than 

0.17, 0.21 and 0.25 are applied to 1.5, 3 and 5% cement samples, which may be generated 

under low to medium intensity earthquakes. 

 

Clough et al. (1989) found that as the number of cycles was increased (in the range 10-2000 

cycles), the cyclic resistance of cemented sands approached the uncemented curve. This was 

not observed in Figure 3-6, probably because the maximum number of cycles was not large 

enough to reach this condition. For all data sets in this figure, the number of cycles increases 

as the CSR  decreases. The CSR  versus N  relationships, as shown in Figure 3-6, can be 

closely approximated using the following form (Boulanger and Idriss, 2015): 

 

  bCSR aN  Equation 3-1 

 

The parameter b   in this equation corresponds to the negative of the slope of the linear curve 

in the log(CRR ) versus log( N ) plot. The parameter a  is a fitting parameter which is related 

to the maximum CSR  at log( N )=1. The parameter b  varies with soil type and has been 

shown to influence the equivalent number of loading cycles ( N ) for a given earthquake of 

magnitude M , when using the weighting scheme as originally proposed by Seed et al. (1975). 

The values of the parameter b  obtained after best fitting Equation 3-1 to the curves 

presented in Figure 3-6, are displayed in Figure 3-7. Also shown in this figure are values for 

clean sand (i.e. b =0.337) and clay (i.e. b =0.135) typically used when deriving magnitude 

scaling factors ( MSF ) to adjust CSR  to a common value of M , as discussed in Boulanger 

and Idriss (2004). 
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Figure 3-7 (a) Evolution of the b  parameter in Equation 3-1 as CPB specimens hydrate. 

 

It is interesting to note that uncemented tailings in Figure 3-7 show a b  value that lies 

between sand and clay, as expected, due to the tailings classifying as low-plasticity silt. 

However, as cement hydrates, the different curves, irrespective of cement content, approach 

and flatten out at values similar to those designated as typical of clay by Boulanger and Idriss 

(2004). Higher cement contents reach lower values in a shorter period of time. This effect is 

believed to be a result of the refinement of the CPB microstructure due to the growth of 

cement precipitates in the pore space. One of the practical implications of this constant 

evolution is that the equivalent number of cycles ( N ) used to represent a given earthquake 

magnitude ( M ), which is a function of parameter b  (Boulanger and Idriss, 2015), should be 

larger as cemented hydration advances and b  decreases. The latter is true as long as the ratio 

of uniform stress to peak stress (
er ) is defined by values less than about 0.8, as shown for 

clays (Boulanger and Idriss, 2004). Nevertheless, and for simplicity in comparing results 

under a unique criterion, ten equivalent cycles ( N =10) are selected in this study to simulate 

earthquakes with a magnitude of 7 as determined by Idriss (1999) for clean sands. In Figure 

3-7, a curve with the form of Equation 3-2 was fitted to data points using the least squares 

method. The values determined for the fitting parameters of this equation, at a given cement 

content, are also displayed in Figure 3-7.  
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where b
 (1/hour) and 

bM  are best fit parameters; t  (hours) is curing time; and 
0b  is the 

value of parameter b  at t =0 (uncemented tailings).  

 

Figure 3-8 (a) Evolution of the a  parameter in Equation 3-1 as CPB specimens hydrate. 

 

In Figure 3-8, the values obtained for the fitting parameter a  in Equation 3-1, for the curves 

presented in Figure 3-6, are shown. This parameter reflects the enhancement of the cyclic 

response due to cementation, however at log( N )=1. Similarly to Equation 3-2, the Equation 

3-3 has been used to fit the a  data points. In this equation a
 (1/hour) and 

aM  are best fit 

parameters; and 
0a  is the value of parameter a  at t =0 (uncemented tailings).  

 

    a t

a 0a M 1 e a      Equation 3-3 

 

Incorporating the newly derived expressions for a  and b , Equation 3-1 can be rewritten as 

follows: 
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a
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a 0CSR M 1 e a N  Equation 3-4 

 

The Equation 3-4 was fitted to the experimentally obtained CRS- N  data in Figure 3-6. A 
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specimens prepared at different curing ages and cement contents (as shown in Figure 3-7 

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0 10 20 30 40 50 60

p
a

r
a

m
e
te

r
 a

curing time (hours)

5% cement

3% cement

1.5% cement

best fit curve

λa=0.069 , Ma=0.423

λa=0.040 , Ma=0.429

λa=0.010 , Ma=0.433

a0=0.218



School of Civil, Environmental and Mining Engineering 

Chapter 3                                                                              The University of Western Australia 

3-61 

 

and Figure 3-8) important observations arise which may simplify the practical use of this 

equation. Firstly, as cement content is increased from 1.5 to 5%, both the a
 and b

 

parameters are observed to increase almost linearly, as shown in Figure 3-9a. This suggests 

that these fitting parameters are intimately related to cement content of the specimens. Thus, 

a
 and b

 may optionally be expressed as a linear function of cement content in Equation 

3-4. On the other hand, 
aM  and 

bM  remain practically unchanged as cement content is 

increased (Figure 3-9b). The practical consequence of these observations is that Equation 

3-4 may be used to estimate CSR  values for a wide range of cement contents and curing 

ages. Pameters’ values are likely to be specific to a given material, however the overall 

behaviour may be similar to the observed for the CPB specimens used here (e.g. a
 and b

 

increasing linearly with cement content). Therefore, to use these expressions, it is 

recommended to at least examine the cyclic response of uncemented tailings and the cyclic 

response of specimens prepared at two different cement contents and tested at different 

curing ages. 

 

 

Figure 3-9 Comparison of the effects of cement content on (a) a
 and b

, (b) 
aM  and 

bM  

3.3.3 Proposed correction to CRR to account for cementation 

Seed (1983) developed correction factors used to account for variations in overburden stress 

(
K ) and initial static shear stress ratio (

K ) on the CRR . Using the data collected as part of 

this study, a correction factor due to curing time is proposed:  
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here, 
 '

vcct 0 ,   100  kPa
CRR  refers to the cyclic resistance ratio of uncemented samples tested at 

 vc' =100 kPa while 
ctCRR  is the cyclic resistance ratio for cemented samples at curing time 

“t” and  vc' =100 kPa. The 
ctK  has not been included in the same general correction 

equation for CRR  which includes 
K  and 

K , as proposed by Seed (1983), since the 

interaction of cement hydration with these two factors are unknown (e.g. chemical shrinkage 

may induce some densification, thus potentially affecting either 
K  or 

K ), and it is very 

possible that there is collective dependence among the correction factors. The 

  vcct ,  100  kPa  CRR  can be obtained through the proposed relationship for CSR  and N  in 

Equation 3-4. Similarly, 
 '

vcct 0 ,   100  kPa
CRR  can be found by evaluating Equation 3-4 at t =0. 

Thus, 
ctK  can adopt the following form for N =10: 

 

 
   

   




   
 



  
 

tb
b 0

a

0

M 1 e bt

a 0

ct b

0

M 1 e a 10  
K

a 10
 Equation 3-6 

 

In Figure 3-10, the experimental 
ctK  for the different specimens tested is shown. The cyclic 

resistance (
ctCRR ) was obtained at N 10  from Figure 3-6. A considerable increment in 

ctK  is observed as cement hydration progresses for the range of cement contents considered. 

Within 24 hours the cyclic resistance of 5% cement specimens increases threefold and even 

the cyclic resistance of 1.5% specimens is almost doubled in 48 hours. This significant 

increment in the liquefaction resistance of CPB due to curing time is congruent with the 

findings of other authors (le Roux, et al., 2004; Saebimoghaddam, 2010). In the same figure, 

the suitability of Equation 3-6 was evaluated by fitting this equation to the experimental data. 

The a
 and b

 were determined from the linear regression analysis in Figure 3-9a. Similarly, 

average values for 
aM  and 

bM , as shown in Figure 3-9b, were adopted. All of these values 

are presented aside the fitting curves in Figure 3-10. In general, there exists a good correlation 

between thproposed curve and the experimental data. This suggests that Equation 3-6 may 

be used to study the cyclic response of other CPB materials, with important savings in testing 

resources. However, the 
ctK  correction factor, as expressed in Equation 3-6, is valid only at 

early curing ages (i.e. less than 48 hours) and cannot be extrapolated for advanced curing 

ages. In addition to this, further research is required to validate the basic findings about the 

effects of cement content on fitting parameters for a wider types of CPB. 
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Figure 3-10 Evolution of 
ctK  correction factor versus curing time for CPB prepared at 

different cement contents ( vc' =100 kPa). 

3.3.4 CPB liquefaction resistance under large cyclic stress ratio (CSR) 

The enhanced cyclic resistance ratio of CPB due to cementation is compared to earthquake 

induced CSR  in this section. The effects of increased confining stress and initial static shear 

stress are not taken into account in this approach.  A discussion about 
K  and 

K  can be 

found in Montgomery et al. (2014) and Boulanger (2003), respectively. The effects of 

cementation on CRR  obtained at N =10 is shown in Figure 3-11. Also plotted is the 

earthquake induced CSR  caused by an equivalent maximum ground surface acceleration         

(
maxa ) of 0.3g, determined from the simplified procedure proposed by Seed and Idriss (1971). 

This value was chosen as a reasonable large value for most seismic regions (i.e. Australian 

AS1170.4-2007, Chilean Nch433-1966). From best fit curves in this figure, it is observed that 

the specimens’ CRR  becomes larger than the reference CSR  after 15, 24 and 80 hours, for 

the 5, 3 and 1.5% samples, respectively. 
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Figure 3-11 Comparison of earthquake induced CSR  and liquefaction resistance CRR  with 

respect to time for CPB specimens ( vc' =100 kPa). 

 

In Figure 3-12 and Figure 3-13 the CRR , as determined for Figure 3-11, is plotted against 

the unconfined compressive strength (UCS) and the shear wave velocity (
SV ) for specimens 

prepared at 78% solids content, 3 and 5% cement content and tested under saturated 

conditions and no overburden stress. It was found that a UCS between 60-75 kPa is sufficient 

to avoid the triggering of liquefaction (under the assumed CSR ). This unconfined strength 

is greater than the minimum UCS equal to 30 kPa reported by Le Roux (2004), although 

differences may arise due to different tailings mineralogy, chemistries, curing condition, 

binder type, testing device, CSR  considered, equivalent number of cycles, correction factors, 

among others. The ratio between the CSR  at UCS=100 kPa (“rule of thumb”) and the CRR  

for 3 and 5% cement samples at the earthquake induced CSR  level (i.e. CSR CRR ), yields 

a “safety factor” of 1.10. Therefore, the rule of thumb seems to be a reasonable upper limit 

when dealing with a large earthquake induced CSR . However, the occurrence of such large 

earthquakes is rare. During routine operations, underground mines experience considerably 

less severe seismic events; hence, the current guideline may be conservative in these 

circumstances. In terms of shear wave velocity, a unique value of about 
SV  = 220 m/s was 

found to be the lower limit at which CPB becomes liquefaction resistant. This value is in 

agreement with typical minimum 
SV  values to avoid liquefaction in natural soils as proposed 

by a series of authors (Robertson, et al., 1992; Andrews and Martin, 2000; Yunmin, et al., 

2005). It must be pointed out that 
SV  is affected by confining pressure so results in Figure 
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3-13 should be treated carefully. The use of 
SV  and UCS shows that CPB cyclic resistance 

may be reasonably characterised using simple strength measurements which can be easily 

implemented in the field. These guidelines consider only the effects of shear waves on fill 

liquefaction. The potentially detrimental effects of compressional waves (e.g. due to blasting 

sequences) on pore water pressures behind barricades requires further work. 

 

Figure 3-12 Comparison of the evolution of liquefaction resistance versus unconfined 

compressive strength (UCS) over time for CPB specimens. 

 

Figure 3-13 Comparison of the evolution of liquefaction resistance versus shear wave 

velocity (
SV ) over time for CPB specimens 

3.3.5 Effects of initial void ratio on cyclic resistance of CPB 

It is well stablished that the cyclic resistance of soils is affected by void ratio (or density) 

(Yilmaz, et al., 2009). Also, previous work indicates that the performance of CPB is enhanced 

0

0,05

0,1

0,15

0,2

0,25

0,3

0,35

0,4

0,45

0,5

0 20 40 60 80 100 120 140

C
S

R
 =

 τ
c
y
/σ

' v
c

UCS (kPa)

5% cement content

3% cement content

Induced CSR=0.39, a=0.3, rd=1

60-75 (kPa) Rule of thumb

SAFE

0

0,05

0,1

0,15

0,2

0,25

0,3

0,35

0,4

0,45

0,5

0 50 100 150 200 250 300 350

C
S

R
 =

 τ
c
y
/σ

' v
c

Vs (m/s)

5% cement content

3% cement content

Induced CSR=0.39, a=0.3, rd=1

Recommended 

value

220 (m/s)

SAFE



School of Civil, Environmental and Mining Engineering 

Chapter 3                                                                              The University of Western Australia 

3-66 

 

when samples are cured at lower void ratios (Yilmaz, et al., 2009). In order to study the 

effects of void ratio on the CRR  of CPB, a series of cyclic tests were conducted on samples 

prepared at four different initial void ratios (
0e ), cured for 4 hours and confined at  vc' =100 

kPa. The 
0e  corresponds to the void ratio after consolidation. A total of 15 DSS tests were 

carried out. The CRR  at 10 cycles was obtained from these tests and plotted against void 

ratio in Figure 3-14 along with the response of uncemented samples. The overall trend of 

both curves is similar, i.e. as void ratio increases, CRR  decreases. However, the slope of the 

curve of cemented material is steeper than the slope of the uncemented tailings. The 

observed differences are attributed to the dual effect of void ratio on cyclic resistance of 

CPB, i.e. lower void ratios increase the CRR  due to the extra density, as observed for 

uncemented samples; additionally, samples undergoing hydration at reduced pore size (lower 

void ratio) develop greater cementation, which further improves their strength, and 

consequently CRR . This behaviour appears to be consistent with the general trend exhibited 

by sands, i.e. loose cemented sand responds in a similar way to a denser uncemented sand 

(Clough, et al., 1989). Therefore, the initial solids content appears to have a more important 

impact on the mitigation of liquefaction risk for CPB than it does for uncemented fine-

grained tailings. Another important aspect to mention is that samples recovered from stopes 

have shown higher void ratios than specimens reconstructed in the laboratory under similar 

conditions than those experienced in situ (overburden stress). Thus, liquefaction resistance 

in the field may be lower than the values expected from laboratory testing. 

 

Figure 3-14 Comparison of the influence of void ratio on cyclic liquefaction resistance for 

cemented and uncemented tailings ( vc' =100 kPa). 
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3.4 Conclusions 

The liquefaction susceptibility of cemented paste backfill prepared using fine-grained tailings 

was studied using constant volume direct simple shear tests under a wide range of conditions. 

It was found that all specimens, irrespective of cement content, solids content or curing age 

experienced cyclic mobility type response with maximum pore pressure ratio (  vcu / ' ) of 

above 0.85 but less than unity. The development of pore pressure was less rapid for samples 

with higher levels of cementation. A large number of the specimens showed an overall 

contractive shear response,  with steady cumulative positive excess pore water pressures, 

during both shear stress loading and shear stress reversal in the   versus  vc'  path. 

 

Higher levels of cementation of CPB (as a result of increased cement content or curing age) 

was shown to increase the shear strength and consequently the resistance to liquefaction. 

Similarly, higher solids contents (i.e. lower initial void ratios) resulted in a decreased 

liquefaction risk. Different deformation characteristics were observed when comparing  -

N  paths as cement content or curing age were modified. Also, the refinement of the pore 

space due to cement hydration was shown to affect the slope of the CSR  versus N  curve. 

In an uncemented condition, a response similar to clean sand was observed whereas at 

advanced curing ages the response approached that of clay.  

 

Due to the constant enhancement of specimens’ CRR  over time, a correction factor for 

cyclic resistance, i.e. 
ctK , to account for curing time was proposed. This correction factor can 

be used to correct CRR  obtained for uncemented specimens tested at  vc' =100 kPa. It was 

shown that even a low cement content (i.e. 1.5% cement) can significantly improve 

liquefaction resistance in a matter of hours. The enhancement of cyclic resistance was also 

observed well in advance of the onset of the acceleration phase of cement hydration.  

 

Under large earthquake-induced shear stresses caused by ground acceleration of about 0.3g, 

the risk of liquefaction failure became negligible after 24 hours when specimens were 

prepared at 3 and 5% cement content. The “rule of thumb” for this condition was found to 

be conservatively appropriate. At a curing age of 24 hours, specimens showed a UCS of 60-

75 kPa and shear wave velocity of about 220 m/s. These values can be adopted in practical 

instances as a conservative lower bound for liquefaction resistance, although applicability to 

other cemented paste backfills requires verification. 
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Experimental Investigation on Propagation and Transmission of 
Compressional Stress Waves in Cemented Paste Backfill 

 

By: Gonzalo Suazo, Andy Fourie and James Doherty 

 

Abstract: A Split Hopkinson Pressure Bar (SHPB) was used to characterize the propagation 

of high intensity large strain compressional waves through cemented paste backfill (CPB). 

The effects of curing age, cement content and degree of saturation on stress refraction at 

interfaces, velocity of propagation and internal damping in CPB were investigated. The 

results show that a smaller portion of the incident stress wave is refracted at the CPB 

interface in unsaturated specimens in comparison to those in a near fully saturated condition. 

Increased refraction ratios and velocities of propagation as a result of increased curing age 

and cement content were mainly observed in unsaturated specimens. In addition, the effects 

of degree of saturation on stress wave propagation in unsaturated material seemed negligible. 

The compression wave propagation velocity in the SHPB was also compared with small 

strain velocities found by means of ultrasonic wave measurements. The measured small strain 

wave velocities were found to be consistently smaller than large strain velocities as found in 

the SHPB. Similarly, the small strain elastic theory was found to underpredict the 

transmission ratios at CPB interfaces. Thus, it was proposed to account for correction factors 

by accounting for the changes in density and constrained modulus under high amplitude and 

short duration compressive waves. The coefficient of attenuation remained practically 

unchanged at different curing ages and showed to significantly decrease near saturation. 

 

Keywords: Compressional wave propagation, cemented paste backfill, refraction ratio, 

velocity of propagation, Split Hopkinson Pressure Bar. 
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4.1 Introduction 

Cemented paste backfill (CPB) is widely used to fill mined out voids (stopes) left after 

underground ore extraction. The technique consists of filling stopes with a mixture of full 

stream tailings, water and a binder agent such as cement. Solids contents are typically between 

75% and 85%, and cement contents usually between 3 and 7% by dry total weight 

(Benzaazoua, et al., 2004). The effects of the fill on the surrounding rock are various: 

minimises deformations and optimises stability of benches, reduces blast damage in the rock 

mass, minimises ore loss at stope boundaries and optimises hangingwall support (Villaescusa 

and Kuganathan, 1998). These effects allow the extraction of the mineral contained in the 

pillars left between stopes. 

 

Underground space is a dynamic environment where a series of geological processes and 

human activities take place. CPB is commonly subjected to stress waves resulting from 

phenomena such as development and production blasting, rockbursts, or earthquakes 

(Zhang and Zhao, 2014). These events trigger different body waves in the rock mass, i.e. P-

compressional waves, S-shear waves and surface waves. From a practical point of view, in a 

routine blasting sequence, P-waves are more important (i.e. in terms of stope stability) than 

other types of waves as they show the highest peak particle velocity. On the other hand, S-

waves are the most important waves generated during seismic events (Saebimoghaddam, 

2010). This paper focuses on the study of compressional waves generated by production 

blasting. 

  

As compressional stress waves propagate through rock, energy is attenuated due to a series 

of discontinuities such as bedding planes, rock joints or excavations surrounding mining 

operations (Perino, 2011). When the propagating wave impinges the discontinuity between 

the rock and CPB, a portion of the incident energy is reflected back into the rock, and a 

portion is refracted into the CPB. The ratio between the compressive stress amplitude of the 

refracted wave and the incident wave is defined as the refraction ratio (
rR ). Although only a 

fraction of the energy generated in the vibration source (blast hole) reaches the fill, the 

transmitted wave can affect the stability of the fill at early or advanced curing ages, e.g. 

increasing the stresses exerted on retaining barricades or in fill exposures (Emad, et al., 2014; 

Hasan, et al., 2013). Once refracted, the compressional waves propagate in CPB at a velocity 

PV  which is controlled by the dynamic properties of the fill. On the other hand, the coupled 

movement of paste fill phases, i.e. solid particles, water and air, during the passage of the 
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shock front lead to irreversible loss of energy and the decrease of the refracted peak stress. 

This is known as internal damping. The refraction at interfaces, the velocity of propagation 

of high amplitude compressive waves, and the internal damping in CPB are the focus of 

study in this paper. 

4.1.1 Background 

Despite the potential implications of refracted waves at CPB interfaces on the stability of the 

fill mass, the available published data is surprisingly limited. One of the first studies to 

experimentally explore this phenomenon was performed by Aref (1989) who monitored the 

peak particle velocities resulting from blast explosions in the near rock mass at different 

locations within the rock mass itself and within the CPB fill. Results showed refraction ratios 

(
rR ) of about 5%. Conversely, in a similar experimental approach, van Gool (2007) found 

rR  values of well above 50%. Therefore, at present, there is no clear understanding on the 

amount of compressive energy transmitted to the fill or a rational empirical approach to 

quantify this phenomenon. Similarly, no studies have been performed to examine the 

propagation velocity of large strain compressive waves (i.e. high amplitude and short 

duration) and internal damping in CPB. 

 

The common approach to quantify the phenomena of propagation velocity of compressional 

waves and the reflection/refraction effects not only in soils but also in CPB has been through 

the use of the theory of wave propagation in an elastic medium as proposed by Kolsky (1963). 

This theory states that longitudinal waves propagate with a velocity 
PV  which is related to 

the constrained modulus ( M ) and density (  ) of the elastic body,  

 

 
 P

M
V


  Equation 4-1 

 

Similarly, the reflection and refraction at the boundary between two materials is proportional 

to the acoustic impedance ( Z ) of the materials, 

 

  
PZ V  Equation 4-2 

 

Elastic theory of wave propagation has proven to be very useful in practical geotechnical 

engineering problems where small strain phenomena are of concern (Barrière, et al., 2012). 
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However, the extent to which this theory can be used to rationally examine the propagation 

of high intensity waves, such as those resulting from blasting in CPB, is uncertain. In this 

context, a series of studies have shown that the propagation of high amplitude shock waves 

are affected by a series of factors such as porosity and particle arrangement (Gaviglio, 1989); 

confining stress and capillary tension (Ross, et al., 1986; Bragov, et al., 2005; Tisato and 

Marelli, 2013); and by strain rate (Wu, et al., 2012). These observed effects in soils can be 

even more significant in CPB due to its weakly cemented nature where the passage of high 

magnitude compressive stresses are likely to modify its internal structure due to plastic 

deformations (e.g. breaking bonds, increasing packing density, etc.). Thus, the resulting large 

strain propagation velocity is likely to differ from the small strain velocity due to changes in 

density and constrained modulus. Consequently, the use of small strain elastic properties may 

not be appropriate to study the propagation phenomena of compressive waves by means of 

elastic theory.  

 

Regarding all the above-mentioned, the first objective of the present paper was to 

experimentally examine the refraction ratio, velocity of propagation and internal damping of 

large strain compressional waves in CPB. For this, a Split Hopkinson Pressure Bar device 

was used and CPB specimens were subjected to compressive pulses of high amplitude and 

short duration. In addition, the large strain velocity of propagation observed from the SHPB, 

i.e. 
ls

PV , was compared to the velocity of propagation of small strain compressional waves, 

ss

PV . The accuracy of small strain elastic properties in conjunction with the elastic theory of 

propagation to predict the refraction/reflection at CPB interfaces was evaluated. 

4.2 Materials and Methods 

4.2.1 Materials 

Silver-lead-zinc tailings obtained from an operational mine were used to prepare CPB. 

According to the Unified Classification System (USCS), the tailings are a low-plasticity silt 

(ML). The material has a plasticity index of 4, and a specific gravity of 3.18. The tailings 

particle size distribution is shown in Figure 4-1. The mineral composition of the tailings is 

given in Table 4-1. 
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Figure 4-1 Tailings particle size distribution. 

 

The process water is hypersaline with a total dissolved solids (TDS) of approximately 4300 

ppm and a conductivity of 7920 µS/cm (Table 4-1). The binder agent, obtained from the 

mine site, was normal Portland Type I cement. 

 

Tailings Process Water 

Element Result (mg/kg) Element Result (mg/kg) 

Iron 100,000 Sulphate (from S) 3,110 

Calcium 49,000 Chloride 1,590 

Aluminium 8,190 Sodium 997 

Sulphur 7,600 Calcium 692 

Manganese 4,900 Potassium 54 

Silicon 4,300 Bicarbonate 53 

Patassium 2,400 Magnesium 21 

Table 4-1 Chemical composition of silver-lead-zinc tailings and process water. 

4.2.2 Split Hopkinson Pressure Bar (SHPB) test 

(a) SHPB Device 

The Split Hopkinson Pressure Bar system, originally developed by Kolsky (1949), is a 

standard experimental technique used to investigate the dynamic behaviour of a wide range 

of materials (e.g. steel, rock, polymers, etc.) at high strain rates. Strain rates of 101-104 s-1 or 
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higher can be reached. In the 1970’s it was applied for the first time to the field of 

geomechanics (Semblat, et al., 1999) and since then, it has been occasionally used to measure 

high stress-strain response and the propagation of compressional waves in soils (Pierce and 

Charlie, 1989; Charlie, et al., 1990; Veyera, 1994). The system is composed of a striker, 

incident and transmission bars, and a data acquisition system as depicted in Figure 4-2. The 

soil specimen is usually contained in a cylindrical holder, although other confinement 

methods have been used, such as air or hydraulic pressure (Zhang and Zhao, 2014). This 

holder is sandwiched between incident and transmission bars before a striker is projected 

towards the incident bar. As a result of the impact of the striker a compressive stress wave 

is generated in the incident bar (i.e. 
I ). This stress wave is partially reflected back at the 

incident bar-specimen interface as a tensile wave (
R ) and partially transmitted into the 

specimen as 
1S . The stress amplitude at the opposite end of the specimen 

2S  is lower than 

1S  due to internal damping. At the specimen-transmission bar interface, a portion of the 

pulse is transmitted back into the specimen (not drawn in Figure 4-2) and a portion is 

transmitted into the transmission bar (i.e. 
T ). Typically, a series of strain gauges are installed 

in both the incident and transmission bars in order to record the strain histories (
I R T, ,   ). 

The strain measurements, in conjunction with bar dimensions and elastic properties are then 

used to obtain stresses (
I , 

R  and 
T ). Details of the device developed at the University 

of Western Australia to carry out this research, are summarized in Table 4-2. 

 

 

Figure 4-2 Schematic of the Split Hopkinson Pressure device. 

 

In the SHPB tests, the CPB specimens were held by a thick walled PVC tube. The higher 

flexibility of the PVC, in comparison to other commonly used holders (e.g. steel, aluminium), 

reduces the maximum confinement pressure during testing (Lu, et al., 2009). The aspect ratio 
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of the specimen, i.e. l /d  (where l  and d  are the specimen length and diameter, 

respectively), was approximately 3 for all tests. Aspect ratios above 2 were recommended by 

Charlie et al. (1990) to ensure the passage of a single stress pulse through specimens during 

propagation and attenuation tests. 5 mm steel circular platens were placed at specimens 

interfaces, in order to facilitate specimen preparation and to reduce the loss of material during 

testing. More details about specimen preparation are provided in the following section. 

 

The lengths of the incident and transmission bars (Table 4-2) were chosen to avoid 

overlapping of the generated pulses according to recommendations of Chen and Song 

(2001). In both bars, high sensitivity strain gages, in a wheatstone bridge configuration, were 

installed. The generated pulses were recording using a computer with a high-speed A/D 

board. This high rate data acquisition system is needed due to the low expected impedance 

of CPB in comparison with steel bars (Song, et al., 2009). In addition to this, data was filtered 

using band stop and low pass filters to reduce noise to signal problems. 

 

Characteristic Striker bar Incident bar Transmitter bar Specimen holder 

Material Stainless steel Stainless steel Stainless steel PVC 

Diameter (mm) 30 30 30 30 I.D. 

Length (m) 1 2 2 0.09 

Young modulus (Mpa) 200,000 200,000 200,000 1,500 

Density (kg/m3) 7,800 7,800 7,800 1,300 

Wave velocity Vc (m/s) -- 5,064 5,064 -- 

Impedance (kg/sm2)x106 -- 39 39 -- 

Table 4-2 Properties of Split Hopkinson Pressure Bar components. 

 

Blasts produce loads with strain rates ranging from 10-2 to 104 s-1 (Pajak, 2011). Similarly, 

pressure pulses of about 45 MPa were reported by van Gool (2007) at CPB interfaces during 

in situ blast-vibration monitoring. These values were derived from PPV measurements. 

Considering this, and the capabilities of the SHPB used, an incident pulse of approximately 

18s-1 and 25 MPa was generated for all tests with a frequency response of the data-acquisition 

system of about 65 KHz.  

 

To check and calibrate the SHPB system a series of trial tests were performed. The alignment 

of the bars was checked by launching the striker towards the incident bar which was in 

contact with the transmission bar (i.e. without the specimen in between). The incident and 
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transmission bar signals were compared and re-aligned if reflection waves were observed 

(Chen and Song, 2001). Using the same configuration, a second check consisted of measuring 

the velocity of stress waves in steel. Based on the distance between strain gages and the time 

interval between the incident and reflected pulses, an average propagation velocity of about 

5120 m/s was found in trial tests, which is in good agreement with the expected velocity for 

the steel used here (i.e. 5064 m/s), as shown in Table 4-2. A final check followed the 

calibration performed by Charlie et al. (1990). The specimen holder was modified to allow 

water to be tested (i.e. “O” rings were placed on both steels platens to contain water inside 

the holder). Although most of the tests were unsuccessful due to the holder not adequately 

retaining water, a few tests were successfully conducted. A propagation velocity of about 

1610 for distilled water was found which is similar to previously reported values, i.e. 1524 

(Ross, et al., 1986). 

 

Regarding the maximum striker pressure used and the elasticity of the incident and 

transmission bars (Table 4-2), the system (i.e. steel bars) remained within the elastic range 

during testing. Hence, the theory of elastic wave propagation can be used to understand the 

propagation of compressional waves and to define the concept of transmission ratio (
rT ) in 

the SHPB. For this, consider the interaction of three materials under compressive stresses as 

depicted in Figure 4-2. The peak incident stress, 
I , in the incident bar is related to the 

refracted stress, 
S1 , at interface 1 (Ross, et al., 1989).  

 

 
 S1 S

r

I I S

2Z
R

Z Z





 
   

 
 Equation 4-3 

 

This equation also corresponds to the refraction ratio (
rR ) at this interface, as previously 

defined, where 
IZ  and 

SZ  refer to the impedances of the incident bar and specimen, 

respectively. From this equation it can be inferred that when two materials have the same 

impedance, the incident wave will be fully refracted at the materials’ interface. Similarly, when 

the impedance of the second material is less than the impedance of the first material, the 

majority of the wave will be reflected at the interface. Assuming exponential decay in wave 

amplitude in the specimen, the peak stress, 
S 2 , at interface 2, is given by the expression:   
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  S 2

S1

exp L





    Equation 4-4 

 

where   is a damping coefficient (due to internal damping) and L  is the length of the 

specimen. Using the same continuum wave mechanics relationship used for 
S1 , the 

transmitted stress, 
T , is equal to: 

 

 
 T T

S 2 S T

2Z

Z Z





 
  

 
 Equation 4-5 

 

Finally, combining Equation 4-3, 4-4 and 4-5, and considering that the impedance of the 

incident bar is equal to the impedance of the transmission bar (i.e. 
I TZ Z ) , the stress 

transmission ratio in the SHPB is given by the following equation:  

 

 
  ST I

r

I I S I S

2Z2Z
T exp L

Z Z Z Z






  
     

   
 Equation 4-6 

 

The 
T  and 

I  in this equation are directly obtained from strain gage readings in the SHPB. 

These measurements can be used later to obtain the 
rR  at the nearest CPB interface based 

on Equation 4-3 and the appropriate elastic properties of the materials.   

(b) Specimen preparation and testing program 

In order to study the 
ls

PV  in the CPB, and 
rT  and 

rR  at interfaces, a total of 360 specimens 

were prepared and tested in the SHPB at different curing ages, degrees of saturation and 

cement contents. Test details are summarized in Table 4-3. Four specimens were tested for 

each condition. The CPB mixture was prepared by mixing tailings, cement and process water 

using a portable electric mixer. The slurry was thoroughly mixed for 15 minutes at a low 

speed to avoid air entrapment. A solids content of 78% was selected as the design mix. PVC 

moulds of 30 mm internal diameter and 90 mm length were used to cast the samples when 

studying the refraction and propagation phenomena. On the other hand, different mould 

lengths, i.e. 30, 50, 70 and 90 mm, were used when wave attenuation was studied. The mixture 

was poured in PVC moulds and initially allowed to cure for 12 hrs. Then, specimens were 

allowed to cure under water until the SHPB test was performed.  
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Cement 

Content 
Curing Age Sample length Initial water Content 

Initial 

Density 

Total 

number of 

samples 

(%) (day) (mm) (%) (ton/m3) (#) 

3 1, 3, 7, 14, 28 70 

high 24.7 ± 1.5 2.2 ± 0.0 20 

medium 17.1 ± 1.0 2.0 ± 0.0 20 

low 8.7 ± 1.4 1.9 ± 0.1 20 

5 1, 3, 7, 14, 28 30, 50, 70, 90 

high 24.0 ± 1.7 2.2 ± 0.0 80 

medium 16.2 ± 1.0 2.0 ± 0.0 80 

low 8.5 ± 0.9 1.9 ± 0.1 80 

7 1, 3, 7, 14, 28 70 

high 22.9 ± 1.9 2.2 ± 0.0 20 

medium 15.8 ± 1.1 2.0 ± 0.0 20 

low 8.6 ± 0.9 1.9 ± 0.1 20 

Table 4-3 Split Hopkinson Pressure Bar testing program. 

 

Before conducting a test in the SHPB, the specimens were removed from the mould, the 

plastic film removed and the ends trimmed to the desired length, ensuring surfaces were flat. 

The specimens were then mounted in the holder and steel platens placed at opposite ends. 

It was visually verified that the platens remained as perpendicular as possible to the direction 

of wave propagation. The friction between specimen and sleeve was reduced by oiling inner 

holder faces before placement. Once the specimen was sandwiched between incident and 

transmission bars, good contact was ensured by applying pressure manually on both bar ends. 

 

As widely accepted, compressive waves, in contrast to shear waves, propagate with a velocity 

that is strongly affected by the degree of saturation (Kokusho, 2000). Thus, specimens 

prepared at different water contents were tested, as shown in Table 4-3. High, medium and 

low degrees of saturation refer to specimens with gravimetric water contents of around 26 

(near saturation), 16 and 8%, respectively. These values are equivalent to degrees of 

saturation (Sr) of approximately 97, 60 and 33%, respectively. The target gravimetric water 

content for unsaturated specimens was attained by exposing the initially saturated specimens 

to accelerated evaporation (i.e. the air velocity above specimens was increased by using high 

pressure air lines). Based on the initial specimen weight, initial water content and the desired 

water content, the amount of water to be evaporated was calculated and monitored by 

constantly weighing the specimens on a laboratory scale. 
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4.2.3 Ultrasonic wave test 

The evolution of CPB elastic properties (i.e. constrained modulus) and propagation velocity 

of small strain compressive waves (
ss

PV ) was studied by carrying out ultrasonic wave 

measurements using piezoceramic elements. The 
ss

PV  was found by dividing the sample 

length with the pulse transit time (Helinski, 2007) following the visual picking method (Chan, 

2010). A square excitation pulse of 8 Volts amplitude and a frequency of 2000 Hz was used. 

Bender elements as well as acquisition system corresponded to GDS Bender Element 

System, manufactured by GDS Instrument. 

 

Measurements were conducted on 75 mm diameter and 150 mm height specimens, prepared 

at three different cement contents, i.e. 3, 5 and 7%. Specimens were tested under two 

different conditions. In the first condition, a back pressure was applied to ensure saturation 

whereas the second condition was unsaturated, i.e. specimens were allowed to dry in air. In 

the second condition, specimens were first submerged under water for 24 hrs and then 

allowed to dry out under laboratory controlled atmosphere. Between every ultrasonic wave 

measurement, the change in specimens’ weight was recorded in order to track changes in 

water content (or degree of saturation) with respect to time. For each testing condition, three 

specimens were prepared and measurements carried out over a period of 30 days.  

4.3 Results and Discussion 

4.3.1 Propagation velocity of compressive waves 

(a) Small strain 

The evolution of 
ss

PV  with curing time is shown in Figure 4-3. It was observed that for all 

the specimens, regardless of the cement content used, 
ss

PV  remains constant during the first 

few hours of testing. The observed 
ss

PV  values are slightly greater than the 
ss

PV  in distilled 

water, i.e. 1524 m/s (Ross, et al., 1986). This phenomenon can be explained based on Biot’s 

(1956) theory. When a saturated soil is disturbed, two longitudinal waves (P-wave) are 

generated in addition to a single transverse wave (S). The first longitudinal wave is called the 

“fast” P-wave which is weekly dispersive and is mainly transmitted through the fluid (water). 

The second is the “slow” P-wave which is highly dispersive (especially at low frequencies) 

and is transmitted through the soil skeleton. Thus, a 
ss

PV  value of approximately the 
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longitudinal velocity in distilled water is expected, due to the CPB skeleton not being initially 

interconnected and the velocity being controlled mainly by the fast P-wave (traveling through 

water phase). The slight differences in velocities between pure distilled water and saturated 

specimens (i.e. larger in the second case) can be explained by the extra “push” given by the 

vibrating soil skeleton to P-waves (Richart, et al., 1970). 

 

Figure 4-3 Evolution of ss

PV  with respect to curing time for drying and saturated CPB 

specimens prepared at different cement contents. 

 

Shortly after the beginning of the ultrasonic measurements (i.e. during the first 10 hours), 

saturated specimens showed a decrease in 
ss

PV  of about 3.4% and then a small recovery 

during the following one or two days. Similar behaviour was observed by Galaa et al. (2011), 

who attributed this reduction in velocity to the slow formation of cement bonds due to the 

low water to cement ratio used in CPB mixtures. In addition, it is likely that this behaviour 

is a result of the appearance of the slow P-wave in the weakly cemented soil skeleton which 

causes a viscous drag in the fast P-wave due to inertial coupling between solid and liquid 

phases. As time advances (i.e. from 1 to 2 days curing) and saturated specimens become 

stiffer, the drag disappears and the slow and fast P-wave velocities gradually start to increase. 

After 2 or 3 days, the 
ss

PV  for the 3 and 5% cement saturated specimens remained 

unchanged until the end of the test. However, the velocities for 7% cement specimens in the 

period from 3 to 30 days, increased 14%. This type of response is characteristic of cement 

0

500

1000

1500

2000

2500

0 5 10 15 20 25 30 35

P
-w

a
v
e
 v

e
lo

c
it

y
 (

m
/s

)

Time (day) 

Drying in air

Submerged

7% cement

5% cement

3% cement

3% cement

5% cement

7% cement

specimens allowed to dry 



School of Civil, Environmental and Mining Engineering 

Chapter 4                                                                              The University of Western Australia 

4-84 

 

mortars which are usually prepared at high water cement ratios (Zhu, et al., 2011) where the 

contribution of the slow P-wave component to overall P-wave velocity is larger. 

 

The specimens that were allowed to de-saturate showed a large decrease in 
ss

PV  of more 

than 50% during the first few hours of exposure to atmosphere. This abrupt change is a 

result of air entering the soil pore space. After this initial drop, the desaturation of the 

specimens and the growth of cement hydration products, caused 
ss

PV  to increase 

continuously up to 15 to 18 days. The increased velocity is due to the development of 

capillary tension (Fredlund and Rahardjo, 1993) which increases the effective stress, resisting 

particle rearrangement, and increasing material stiffness (in a phenomenon also called 

“bulking”). The gradual decrease in 
ss

PV  for curing ages of over 15 days is discussed later in 

this paper. 

(b) Large strain 

The evolution of the large strain velocity (
ls

PV ), as found in the SHPB, is presented in Figure 

4-4. The 
ls

PV  was found by dividing the specimen’s length by the stress wave transition time 

(found by subtracting the known transition time through steel bars from the total travel time 

between strain gages). Figure 4-4a shows the evolution of 
ls

PV  for specimens tested at high 

water content and different cement contents. It is observed that all the curves evolve in a 

similar manner, i.e. gradual increase in 
ls

PV  as CPB hardens up to 15 days and a decrease 

thereafter. Slightly higher velocities were observed for specimens prepared at higher cement 

contents. The similarity of these curves is likely a result of the water phase controlling the P-

wave transmission. This makes the contribution of the soil skeleton and consequently the 

contribution of curing age and cement content less significant. 

 

In Figure 4-4b and Figure 4-4c the velocities for specimens prepared at medium and low 

water contents are shown. Conversely to what was found for fully saturated specimens, the 

effects of cement content on propagation velocity are more significant for these specimens. 

This is due to compressive waves traveling mainly through soil structure as air fills pore 

spaces. Thus, higher cement contents or longer curing times, results in higher propagation 

velocities. Comparatively, the velocities for medium water content specimens are slightly 

higher than those prepared at low water contents which are attributed to the effects of soil 

suction (capillary tension) on soil stiffness. However, differences are not significant, which 
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is in agreement with the effects of saturation on 
ls

PV  in sandy material (Ross, et al., 1986). 

In terms of magnitudes, the velocities near full saturation are significantly higher than those 

in an unsaturated condition. This is coincident to what was observed for small strain 

velocities. This type of behaviour is consistent with Pierce and Charlie (1989) who 

determined that below saturations of 80%, the 
ls

PV  decreases significantly. Medium and low 

water contents in this study (i.e. saturations of about 69 and 36%, respectively) are below this 

limit.  

 

Figure 4-4 Evolution of ls

PV  with respect to curing time for CPB specimens prepared at 

different water and cement contents. 

 

As observed for 
ss

PV , the 
ls

PV  gradually decreases after approximately 14 days curing, 

irrespective of degree of saturation or cement content. This behaviour may be due to the 

presence of sulphur (see Table 4-1) in the CPB which degraded the material structure at 

1500

2000

2500

3000

3500

4000

0 5 10 15 20 25 30

V
P

ls
(m

/s
)

3% cement

5% cement

7% cement

(a) High water content (Sr=97%)

800

1000

1200

1400

1600

1800

2000

2200

2400

0 5 10 15 20 25 30

V
P

ls
(m

/s
)

3% cement

5% cement

7% cement

(b) Medium water content (Sr=60%)

0

500

1000

1500

2000

2500

3000

0 5 10 15 20 25 30

V
P

ls
(m

/s
)

Time (day)

3% cement

5% cement

7% cement

(c) Low water content (Sr=33%)



School of Civil, Environmental and Mining Engineering 

Chapter 4                                                                              The University of Western Australia 

4-86 

 

advanced curing ages. This phenomenon was also reported by Kesimal et al. (2004) for CPB 

prepared with sulphurous mine tailings. The decrease in strength, and thus in the effective 

skeleton surface, is due to an internal sulphate attack which occurs from the chemical 

reactions between the sulphate ions and cement hydration products (Benzaazoua and Belem, 

2000). These reactions create highly expansive products which cause high internal pressures 

and the physical deterioration of the CPB when they expand. Sulphate attack is usually 

observed at curing times greater than 28 days. However, under certain sulphate concentration 

and cement contents, deterioration can be observed at early ages, as in this case, due to 

inhibition of cement hydration (Fall and Benzaazoua, 2005). The same deterioration at early 

ages was observed for the authors when conducting unconfined compressive strength (UCS) 

test on the CPB used for this study. The observed decrease in 
ls

PV  is, however, not observed 

for 
ss

PV  (Figure 4-3). This is due to the use of backpressure during ultrasonic measurements 

(i.e. 50 kPa) which kept specimens at higher degrees of saturation than in the SHPB, thus 

reducing CPB deterioration.  

 

Surprisingly, the large strain velocities in CPB are significantly higher than those found under 

small strain perturbations. For instance, the maximum velocity for a high water content, 7% 

cement specimen is about 3300 m/s which is similar to the propagation velocities reported 

for low density limestone (Gaviglio, 1989). For the same specimen, a maximum small strain 

velocity of about 2000 m/s was found. Although it is acknowledged that the high strain 

dynamic response of soils differs from the response under quasi-static loading conditions 

(Richart, et al., 1970), the reasons that caused the increased velocity in CPB specimens under 

impact may be the result of varied phenomena. However, the most important reason seems 

to be related to changes in density and constrained modulus under large deformations.  

 

The constrained modulus of soil (which is related to propagation velocity through Equation 

4-1) has been observed to increase under high amplitude loading and confining stress stress 

(Pierce and Charlie, 1989; Prasad, et al., 2004). For instance, Farr (1990) and Jackson Jr. et 

al. (1980) found that the constrained modulus for sands and silty clays can increase as much 

as one order of magnitude under loads with rise times of a few milliseconds, such as those 

used in this study. In CPB specimens, this would result in an increase in velocity of a factor 

ranging between 1.4 and 3.1. The constrained modulus also increases as a result of increased 

soil density (Gaviglio, 1989). Although most of the samples in this study were prepared at 

initial similar loose densities (Table 4-1), transient waves are likely to result in CPB with 
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higher degrees of soil packing due to the plastic deformations and the breaking of cement 

bonds (grains roll past one another into a more compact, dense condition). This 

phenomenon can be significant in CPB due to the large compressibility of fine-grained 

tailings. In order to study the effects of increased density on 
ls

PV , a few CPB specimens 

prepared at different cement content but at the same water content and curing age were 

subjected to repeated incident loads in the SHPB. The time between load applications was 

of approximately 10 seconds. The results are shown in Figure 4-5 in terms of 
ls 1 ls

P PV /V
 

(where 
ls 1

PV 
 is the longitudinal wave velocity measured at repetition one) versus the 

number of repetitions ( N ). The value at N =0 in this figure corresponds to the small strain 

ls

PV  measured at initial density. The results show that 
ls

PV  increases gradually as the number 

of repetitions is increased up to a point where a unique value is attained. It is believed that at 

this point the specimens reached their final structural condition, i.e. increased density as a 

result of compaction and partial bond breakage, for the given transient incident stress. 

Therefore, at N =1, specimens are in a transitional state between the undisturbed initial 

density ( N =0) and the final density ( N >3). Similarly, Figure 4-5b shows the changes in 

total density due to repeated loading of 7 days unsaturated specimens. A density increase of 

about 8% was observed for these specimens. Measurements of total final density changes on 

a routine basis were not performed due to a series of experimental difficulties (e.g. 

accumulation of material around platens). 

 

Figure 4-5 Effects of successive incident stress waves in (a) velocity of propagation in 

saturated specimens and (b) total final density of unsaturated specimens. 

A comparison between 
ls

PV  and 
ss

PV  for all the conditions examined is shown in Figure 
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Figure 4-6 Comparison of the evolution of ls

PV  and ss

PV  with respect to curing time for 

CPB specimens prepared at high water content at (a) 3% cement, (b) 5% cement and (c) 

7% cement content; and low and medium water content and at (d) 3% cement, (e) 5% 

cement and (f) 7% cement content. LS and SS corresponds to large strain and small strain 

measurements, respectively. 
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In this figure LS  and SS  refers to large and small strains, respectively. The 
ss

PV  values were 

scaled up by an “adjustment factor” in order to best fit the large strain 
ls

PV  values. As later 

discussed in this paper, this factor can be understood as a correction factor applied to small 

strain elastic properties due to the use of rapid dynamic loading in these tests. 

 

For saturated specimens (Figure 4-6a-c), measurements are compared for the entire range of 

curing ages. However, for the unsaturated condition only one 
ss

PV  value could be obtained 

for each test at a given saturation as bender element measurements were conducted in a 

continuous drying manner. Figure 4-6a-c shows that 
ls

PV  and 
ss

PV  evolve in a similar 

manner with a consistent adjustment factor whereas unsaturated specimens in Figure 4-6d-f 

show that a single factor can fairly match the velocities in the small and large strain space for 

specimens prepared at different degrees of saturation but the same cement content (clearly 

seen in Figure 4-6e). A comparison of the adjustment factors obtained at different curing 

ages and degrees of saturation is shown in Figure 4-7. It is observed that average adjustment 

factors of 1.73 and 2.53 are appropriate for saturated and unsaturated conditions, 

respectively. 

 

 

Figure 4-7 Comparison of the evolution the large-small strain velocity adjustment factor 

with respect to time for specimens prepared at (a) saturated and (b) unsaturated condition. 

 

Overall, the small strain waves seem to propagate in a similar manner to the large strain 

compressive waves in CPB specimens. However, the magnitude of the velocities differ due 

to the nature of the incident wave which conditions the response of the soil (e.g. elastic or 

large strain behaviour). Increased velocities as a result of increased density and constrained 
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modulus were observed under large strain waves. Thus, small strain elastic properties may be 

appropriate to describe through the elastic theory the propagation of large strain compressive 

wave in CPB if proper dynamic properties or correction factors are accounted for. This is 

studied in the following sections when examining the refraction phenomena at CPB 

interfaces. 

4.3.2 Transmission ratio at CPB interfaces 

The evolution of the transmission ratio (
rT ) as experimentally obtained from the SHPB for 

the different conditions studied (Table 4-3), is presented in Figure 4-8. Since phenomena of 

propagation velocities and transmission at interfaces are closely linked, the effects of curing 

age, cement content and degree of saturation on these two phenomena are similar. Thus, a 

short discussion is provided here. The specimens tested at high water content, Figure 4-8a, 

all evolve in a similar manner despite differences in cement contents. The maximum 

transmission ratio, i.e. about 55%, is reached at 14 days, which is a result of intense cement 

hardening at this age. However, the effects of sulphur make the average 
rT  at 1 and 28 days 

similar (i.e. of about 47%). Near saturation, increased cement content generates small 

increases in transmission ratio. However, the same cannot be generalized for the effects of 

curing age. Conversely, unsaturated specimens (Figure 4-8b-c) clearly show that transmission 

ratios are increased by increasing cement contents and curing ages. Figure 4-8d-f compare 

the effects of saturation on 
rT  at a given cement content. The saturated specimens show a 

considerably higher 
rT  than that of unsaturated specimens, i.e. at least 25% larger, 

irrespective of cement content. Changes in the degree of saturation had a small impact on 

rT  at a given cement content (e.g. unsaturated curves in Figure 4-8d). The 
rT  values for 

CPB are considerably larger than the 
rT  values reported for unsaturated sands, i.e. 

rT  10% 

(Ross, et al., 1986; Charlie, et al., 1990) which is a result of the enhanced propagation velocity 

of large strain waves in CPB, as discussed in the previous section. Also displayed in Figure 

4-8a-f, are the 
rT  predicted using elastic theory of wave propagation through Equation 4-6. 

The constrained modulus ( M ) was obtained from ultrasonic wave measurements following: 

 

  
ss 2

PM (V )  Equation 4-7 

The damping ratio was assumed to be zero for the given specimen length (i.e.  =0). As 

expected, transmission ratios obtained from the elastic theory underpredict the 
rT  in the 

SHPB for both saturated and unsaturated conditions. 
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Figure 4-8 rT for saturated and partially saturated CPB specimens prepared at different 

cement contents. (a), (b) and (c) show the effects of cement content on rT  at a given degree 

of saturation. (d), (e) and (f) show the effects of degree of saturation on rT  at a given 

cement content. 
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The effects of saturation on measured 
rT  values are shown in Figure 4-9. Also displayed in 

this figure are the predicted 
rT  values obtained after correcting the 

ss

PV  by the adjustment 

factors found in the previous section (i.e. adjustment factor of 1.73 and 2.53 for saturated 

and unsaturated specimens, respectively). It is observed that for saturations ranging from 0 

up to 5-7% there is an initial increase in 
rT  which is a result of soil stiffening due to small 

amounts of water introduced in the soil pore space (Ross, et al., 1986). This effect is 

suppressed at higher degrees of saturation due to CPB becoming denser as extra water is 

introduced to pore space (Pierce and Charlie, 1989). The 
rT  moderately decreases from 

saturations between 7 and 92%. These findings are in agreement with the effects of saturation 

on sands (Pierce and Charlie, 1989). For saturation values above 92%, 
rT  increases 

significantly. The corrected elastic theory provides a reasonable match to the experimental 

data. The differences observed at each degree of saturation are due to the effects of cement 

content and curing age on 
rT . This, in addition to the assumption of an undisturbed density 

when estimating the impedance ( Z ) and the use of  =0. 

 

 

Figure 4-9 Experimental and predicted rT  with respect to degree of saturation of CPB 

specimens prepared at different cement contents. 

 

The refraction ratio (
rR ) as determined by corrected elastic parameters (Equation 4-3) is 
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compressional stress is refracted at the CPB interface. Fairly similar 
rR  values (average 26%) 

are observed for saturated specimens whereas smaller average values are found for 

unsaturated specimens, i.e. 16, 18, 22% for specimens prepared at 3, 5 and 7% cement 

content, respectively. A degree of saturation of between 92 and 95% marks the abrupt 

increase in 
rR . This saturation corresponds to a matric suction of 220 kPa which is larger 

than the air entry value of this material (of about 200 kPa for 30 days specimens). This 

suggests that backfilled stopes in a saturated condition transmit a large and similar amount 

of energy at boundaries, regardless of cement content. Similarly, it seems advantageous to 

allow or promote the fill to desaturate due to the significant decrease in 
rR . The 

rR  values 

found here are similar to the values reported by van Gool (2007) and are considerably larger 

than those reported by Aref (1989). Moreover, larger 
rR  values are expected on site as the 

impedance of rock is smaller than the impedance of steel in the SHPB, i.e. between 15 to 

80% smaller (Persson, et al., 1994).  

 

 

Figure 4-10 Experimental and predicted rR  with respect to degree of saturation of CPB 

specimens prepared at different cement contents. 

 

As a practical recommendation, high refraction ratios, i.e. much greater than those predicted 

by the elastic theory and even greater than the adjusted values, should be considered in a 

routine design of backfilled stopes. This is not only because of the results found here, but 

also due to the expected local dynamic amplification that may occur around stopes (i.e. PPV 
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can be increased by several times at faces of underground voids) (Alviña, 2008). These effects 

are usually not captured during instrumentation of rock mass and may lead to an 

underestimation of the stresses experienced by CPB.  

4.3.3 Attenuation of stress waves in CPB 

The effects of wave attenuation due to internal CPB damping were studied by conducting 

SHPB tests on 5% cement specimens with different lengths. Figure 4-11a-d show the results 

in terms of the transmission ratio (
rT ) with respect to specimen length.  

 

 

Figure 4-11 Experimental SHPB results. Transmission ratios for saturated and partially 

saturated CPB specimens with respect to specimen length. Specimens prepared at (a) high, 

(b) medium and (c) low water content. (d) Averaged damping curves for the different 

degrees of saturation. 

 

A curve with the form of Equation 4-6 was best fitted (using least square method) to these 
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was increased, the energy contained in the transmitted compressional stress wave decreased 

(Figure 4-11a-c). In general, the effects of curing age on the attenuation curves, at a given 

degree of saturation, are small. In Figure 4-11a-c the average attenuation curve for the 

different curing ages considered was found. These curves are plotted together in Figure 

4-11d. It was found that the unsaturated specimens follow almost the same curve, regardless 

of water content. This is consistent with the results presented in Figure 4-10 for the effects 

of saturation on 
rR , and with previous research on sands (Chiang and Chae, 1972). The 

saturated and unsaturated damping curves converge to transmission ratios of less than 1% 

at lengths of approximately 1.12 m and 0.42 m, respectively. This results should be validated 

by conducting attenuation experiments preferably in situ or by using larger specimens in the 

laboratory. The latter will make the fitting procedure shown in Figure 4-11 less susceptible 

to experimental errors. It is also uncertain the effects that the steel sleeve has on the 

dissipation of energy during testing. Nevertheless, the large attenuation observed here at 

increased lengths may qualitatively explain the small transmission ratios found by Aref 

(1989). In addition, large attenuation was also observed by Mohanty and Trivino (2014) 

through in situ monitoring.  

 

 

Figure 4-12 Evolution of the coefficient of attenuation ( ) with curing time at different 

degrees of saturation. 

 

In Figure 4-12, the coefficients of attenuation ( ) found at each curing age are presented. 
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materials have smaller damping ratios. This was not observed here. However, this rule seems 

unclear for cemented soils since previous research in sand has shown that damping ratio can 

increase with curing time (Saxena, et al., 1987). High water content specimens clearly 

dissipate a smaller amount of the incident stress wave in comparison to unsaturated CPB. 

The average best single fit   for saturated and unsaturated specimens for the curing ages 

examined is approximately 3.7 and 8.8 (1/m), respectively. These values are similar to the 

damping ratios reported for sands in the past (Ross, et al., 1986). Previous studies give 

conflicting results regarding the effects of saturation on  . Albert (1993) presented similar 

findings to this study, although in the small strain space. Conversely, it has been shown that 

  becomes a maximum when soils are under complete saturation (Winkler and Nur, 1979; 

Madhusudhan and Kumar, 2013). In general, damping in three phase materials such as 

unsaturated soil is a complex phenomenon which is affected by a large number of variables 

(e.g. inertial coupling of soil phases, viscous drag, stress history, state of stress, strain 

frequency, etc.), thus direct comparison of results can be misleading. 

4.4 Conclusions 

A series of SHPB tests were carried out to study the refraction ratio, velocity of propagation 

and internal damping of large strain compressional waves in CPB. In addition, the small 

strain wave propagation velocity (
ss

PV ) was compared with the large strain velocities (
ls

PV ) 

measured in the SHPB, and the applicability of small strain elastic properties and the elastic 

theory to predict the refraction phenomenon at CPB interfaces was evaluated. The main 

findings can be summarised as follows: 

 

- The evolution of 
ss

PV  and 
ls

PV  was shown to be strongly affected by the degree of 

saturation of the specimens. Considerably larger velocities were found for specimens 

prepared near full saturation. The effects of cement content and curing age are more 

significant in unsaturated specimens. 
ls

PV  was found to be consistently larger than 
ss

PV  

by a factor of 1.73 and 2.53 for saturated and unsaturated specimens, respectively. These 

values are somewhat independent of cement content or curing age. The increased 
ls

PV  

was attributed to the effects of the shock front on the total density and constrained 

modulus of CPB specimens. 
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- The saturated specimens show considerably larger transmission ratios (
rT )  and 

refraction ratios  (
rR ) than unsaturated specimens (i.e. at least 25% larger). Both 

rT  and 

rR  were less affected by curing age and cement content at high degrees of saturation (i.e. 

above 92%). Similarly, 
rT  and 

rR  of unsaturated specimens were observed to increase 

due to increases in cement contents and curing ages. However, different degrees of 

saturations, i.e. from 0 to 92%, had a low impact on 
rT  and 

rR . A typical 
rR  for 

saturated specimens was approximately 26%. Lower values, of approximately 16, 18, 

22% for specimens prepared at 3, 5 and 7% cement content, respectively, were observed 

for unsaturated specimens. Higher values of 
rR  are expected on site due to the lower 

impedance of rock in comparison to the SHPB steel bars. The effects of desaturation 

seem to be advantageous in reducing the loads exerted in the fill due to near field 

explosions. However, the air entry value of the fill has to be surpassed for the effect to 

be observed. 

 

- Small strain elastic parameters, as found from ultrasonic wave measurements, combined 

with the elastic theory of wave propagation, were shown to largely underpredict 

experimental 
rT . This was a result of the increases in density and constrained modulus 

during the passage of the compressive shock front.  Therefore, the use of correction 

factors were proposed to account for the effects of loading nature on elastic parameters. 

Further work is needed to prove the practical validity of the correction factors found in 

this study. 

 

- Coefficients of attenuation ( ) of CPB specimens were found to be in the normal range 

of attenuations reported for sands.   remained fairly unchanged at different curing ages 

at a given saturation condition. Unsaturated specimens show smaller   values than 

saturated specimens. The determination of the attenuation coefficient to a specific 

backfill material should be considered when performing dynamic analysis since it can 

limit the extent of the liquefaction and ore dilution zone in the fill at early and advanced 

curing ages, respectively. 
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Numerical Simulation of the Blast Response of Cemented Paste 
Backfilled Stopes 

 

By: Gonzalo Suazo, Andy Fourie and James Doherty 

 

Abstract: The effects of underground blasting on the stress wave propagation, blast 

response and the generation of pore water pressures in cemented paste backfilled (CPB) 

stopes is numerically researched in this study. The finite element code LS-DYNA was used 

to firstly examine the propagation of blast induced stress waves in rock and CPB. Later, it 

was implemented to parametrically explore the effects of blasthole proximity, number of 

blastholes and sequencing of detonation on the total pressures exerted in the fill and in the 

generation of transient and residual pore pressures.  Results show that total pressures and 

consequently liquefaction risk greatly decreases as explosives are detonated in rows located 

perpendicular to stope’s exposed face or delay times between detonations in excess of 2 

milliseconds are provided. Less significant effects on total pressures were observed when the 

order of detonation was modified at a given delay time and blastholes arrangement. Finally, 

fairly similar blast-induced pressure were found in the fill at early and advanced curing ages 

under fully saturated conditions.  

 

Keywords:  Cemented paste backfill, blasting, total pressure, excess pore pressure, tailings, 

stope. 
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5.1 Introduction 

The extraction of minerals from underground mines results in the creation of voids, usually 

called stopes. In order to provide support for the surrounding rock mass, ensure long-term 

stability of the mine and limit excavations exposure; these stopes are filled with a mixture of 

mine waste materials, water and a binder agent (Sivakugan, et al., 2006). The decision on the 

type of fill used, e.g. rock backfill, paste backfill or hydraulic backfill, is intimately related to 

mining methods, mining strategy and mining sequences (Potvin, et al., 2005). 

 

Cemented Paste Backfill (CPB) is made by mixing recycled full stream tailings, mine process 

water and cement. CPB plants typically mix tailings, cement and water to solids contents 

ranging between 75 and 85% and cement contents between 3 to 7% by dry total weight 

(Benzaazoua, et al., 2004). The mixture is pumped or gravity delivered to the deposition 

point, commonly located at the top of the stope, through reticulation pipes. To initially retain 

the fill inside the stope, a structural barricade (also referred to as a bulkhead) is constructed 

across the access drive. These barricades are designed to resist the maximum horizontal stress 

exerted by the fill at the different curing ages. Although, several barricade failures have been 

reported in recent years (e.g. Revell and Sainsbury, 2007).  

 

During the first hours of deposition, the total horizontal stress on the barricade is equivalent 

to the total vertical stress of the overlying fill (Helinski, et al., 2007; Hasan, et al., 2013; Hasan, 

et al., 2014). However, as a result of the consolidation and arching of the fill and other 

chemical reactions (e.g. cementation and self-desiccation phenomena) that take place during 

and after filling, the total horizontal pressure at the barricade is typically well below the total 

vertical stress. Several relationships have been proposed to quantify the pressures acting on 

the barricades under a range of conditions related to drainage and friction on the rock walls 

(e.g. Mitchell, et al., 1975; Smith and Mitchell, 1982; Kuganathan, 2002; Li and Aubertin, 

2009). However, most of these solutions are based on static equilibrium of forces, and thus, 

they neglect the important effects that dynamic loads may have on the geomechanical 

response of the fill and consequently on the structural stability of the barricades.  

 

Dynamic loading resulting from seismic events (e.g. earthquakes and rockbursts) and blasting 

production have been shown to increase the water pressures within the fill and the horizontal 

loads exerted at the barricade location (Hasan, et al., 2014). Under increased residual pore 

water pressure, liquefaction of the fill might be triggered, i.e. residual excess pore pressure    
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( u ) equals the vertical confining stress (
vc  ) of the soil. In such a scenario, the pressure on 

the barricade may rise to as high as the fill overburden pressure.  

 

Seismic and blasting events produce a series of body waves (i.e. compressional, shear and 

surface stress waves) of different frequencies, amplitudes and duration. However, from a 

practical point of view, shear waves and compressional waves seems to be more significant 

in seismic and blasting events, respectively. The effects of seismic loads on the CPB pore 

pressure build-up have been studied in the recent past by a few authors through cyclic shear 

testing (le Roux, 2004; Saebimoghaddam, 2010; Gala, 2011). These authors have concluded 

that CPB can liquefy (i.e. cyclic mobility type of response) if a critical combination of cyclic 

shear stresses and number of cycles is applied to the fill. On the other hand, the blast 

response of CPB, specifically the build-up of pore pressure during and after (residual) the 

passage of the compression wave have barely been studied. In this context, many of the 

traditional soil dynamics assumptions for small strain shear waves are not applicable to blast 

stress waves propagation. For instance, it is usually stated that saturated soil does not 

experience a change in the effective stress when subjected to changes in total compressive 

stress. This is based on the assumption that the soil solid particles are rigid and hence do not 

deform and that the bulk modulus of water is high enough to render the material essentially 

incompressible. This assumption is not necessarily valid under blast loading since water 

component (or even solid particles) could deform under peak pressures than can reach 

several mega-Pascals (Wang, et al., 2008). 

 

Several empirical relations have been proposed to predict the residual excess pore pressure  

after the passage of the stress wave as a function of explosive mass and distance, peak particle 

velocity (PPV) and peak volumetric strain (Charlie, et al., 2013). The common approach is 

to quantify the liquefaction potential through the pore pressure ratio ( PPR ), which is usually 

defined as the ratio between the peak residual pore pressure increase divided by the initial 

vertical effective stress. Here, a more general definition of PPR  is suggested, which not only 

considerers the residual condition but also the transient phase of the shock wave: 

 

 
vc

p
PR

u
P



 




  Equation 5-1 
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where p  is the compressive pressure caused by the explosion. In a saturated soil 

B u / p   , where B  is the Skempton’s parameter (0 B   1). As the loading phase of the 

shock front reaches the soil, the largest part of the incident pressure is transmitted to the 

water phase. However, a portion is also transmitted to soil particles ( B   1) which results in 

the contraction of the soil which finally leads to an increase in the confining stress 

(compaction). 

 

Although large plastic strains might be observed at this phase, liquefaction cannot be 

triggered. On the other hand, in the unloading phase of the pulse, soil dilates as a result of 

the combined effect of a decrease in the incident pressure and the dissipation of the transient 

peak excess water pressure. After this stage, when the stress wave has passed completely          

( p =0 in Equation 5-1), residual plastic strain may be observed resulting from the 

contraction-dilation process. These residual strains are accompanied by residual pore 

pressure (which were not dissipated in the unloading phase). Generally, this condition is 

attained after a few seconds and may eventually lead to a liquefaction failure. 

 

Shock loading tests conducted by Veyera and Charlie (1990), Veyera et al. (2002) and Charlie 

and Doehring (2007), have shown that liquefaction of sands can be triggered by a single large 

compressive pulse or a series of small compressive loadings at peak strains in excess of about 

0.01. Similarly, single detonation field tests conducted by Charlie et al. (1992) and Al-Qassimi 

et al. (2005) have demostrated that liquefaction occurred at peak strains excedding 0.06 and 

0.04%. Under multiple detonations, Al-Qassimi et al. (2005) found liquefaction for peak 

strain exceeding 0.008%. Most of these researchs have concluded that the PPR  in sands is 

dependent on a series of factors such as soil’s density and confining stress.  

 

Most of the experimental approaches used in the past (e.g. shock tubes, controlled detonation 

in centrifuge tests) may not be economically feasible when dealing with the dynamics of CPB 

due to the high sophistication of equipment or the high costs associated with mine field work 

using explosives. However, with recent advances in computer technology, numerical analysis 

has become a viable option to simulate the full scale blast response of backfilled stopes. A 

few authors have used this approach in the past. Wei et al. (2007) and Van Gool (2007) used 

finite discrete (i.e. ELFEN) and finite element software (ABAQUS) respectively to 

investigate the propagation of compressional waves and the potential for ore dilution of CPB. 

However, these studies have not captured the response of CPB under various blast loadings 
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and detonation patterns, and the generation of transient and residual pore water pressure has 

not received attention.   

  

In this study numerical simulations are performed to parametrically investigate the blast 

response of saturated CPB using the commercial explicit nonlinear finite element code LS-

DYNA. The propagation of blast induced waves in rock and CPB are firstly studied and 

numerical accuracy evaluated against experimentally determined attenuation curves. 

Following this, the effects of blasthole proximity, number of blastholes and sequencing of 

detonation on the total pressures and pore pressure developed within the fill during and after 

the passage of the compressional stress wave are investigated.  

5.2 Background of the Numerical Approach 

5.2.1 Numerical software 

LS-DYNA is a FEA hydro-code typically used to model highly non-linear events. It has been 

used extensively in recent years to model the response of structures subjected to blast loads 

(e.g. Wei and Zhao, 2008; Cheng, et al., 2013) and to study the propagation of shock waves 

in rock (Wang, et al., 2008; Wang and Konietzky, 2009). It has also occasionally been 

employed to study the blast response of saturated soils (Lee, 2006) and the response of buried 

structures in soils (Fasanella, et al., 2009; Jayasinghe, et al., 2013).  

 

The software combines the capabilities of the Lagrangian and the Eulerian algorithms into 

the ALE algorithm, which remains one of the most used algorithms for blast response studies 

(Trajkovski, et al., 2014). In the ALE method the finite element mesh moves independently 

from the material flow which ensures continued integrity between components under large 

deformations (Cheng, et al., 2013). A multimaterial formulation (MMALE), in which two or 

more different materials are mixed within the same element, is possible in LS-DYNA. This 

type of formulation yields a precise approximation of the effects of high energy events in the 

surrounding media; however, it presents high computational costs due to the continuous 

remapping of state variables as the mesh moves. Thus, computational times for each run 

were improved by using supercomputing resources at the University of Western Australia as 

part of the iVEC-Australian high-performance national facility. 

 

In the blast response of backfilled stopes four types of materials are involved, namely: rock, 

CPB, air and explosive. The explosives are located within the rock mass which surrounds the 
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backfilled stope. The air is used to model the access drive at the barricade location in order 

to better mimic the reflection of compressional waves at this point. 

5.2.2 Material models 

(a) Explosive 

The common approach when studying the response of backfill stopes under blasting (e.g. 

Wei, et al., 2007; Van Gool, 2007) is to simplify the pressures generated by the explosive in 

the surrounding rock by utilizing a time varying pressure that is applied to a cylindrical 

“equivalent cavity”, i.e. zone beyond cracking zone of the blasthole where elastic wave 

propagation is expected to occur. This approach has been demonstrated to be adequate for 

single detonations, although it may oversimplify the resulting pressures from multiple 

detonations. In this study, the non-ideal pressure generated by the expansion of the 

detonation product of the explosive is fully simulated through the Jones-Wilkens-Lee (JWL) 

equation of state (EOS): 

 

 
1 2R V R V 0

1 2

wEw w
P A 1 e B 1 e

RV R V V

    
       

   
 Equation 5-2 

 

where P  is the pressure inside the explosive; V  is the relative volume;
o E is the initial 

internal energy; A , B , 
1R  and 

2R  are material constants; and w  is the Grüneisen constant.  

 

The explosive is modelled through LS-DYNA’s High Explosive Burn model, i.e. Material 

Type 8. When “programmed burned” is selected the material requires a predefined 

detonation initiation, i.e. time and location of lighting, from which the actual detonation time, 

lt , is computed. The closest detonation point determines 
lt  when multiple detonations are 

defined.  Once detonation begins, the burn fraction of gas, F , controls the energy released 

into the rock, according to the maximum value between Beta Burn (
1F ) and Programmed 

Burned (
2F ). In 

1F , any volumetric compression will cause detonation while in 
2F  the 

explosive can compress behaving as an elastic perfectly plastic material (LS-DYNA, 2007). 

 

  1 2F max F , F  Equation 5-3 
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 Equation 5-4 
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 Equation 5-5 

 

where t  is the current time, VOD  is the detonation velocity, x  is the characteristic length 

of element, V  is relative volume and CJV  is the Chapman-Jouget volume. At all moments 

the pressure in the high explosive ( P ) is computed from the corresponding EOS pressure (

EOSP ) and the burn fraction ( F ), as follows: 

 

 EOSP FP  Equation 5-6 

 

(b) Air 

The air is modelled by null material model with a linear polynomial equation of state. The 

relationship between pressure, P , and internal energy per unit initial volume, 
0E , is given by 

the following equation: 

 

  2 3 2

0 1 2 3 4 5 6 0P C C C C C C C E              Equation 5-7 

 

Where   is defined as 
0 1    , where 

0   is the ratio of current air density to initial 

density; 
0C , 

1C , 
2C , 

3C , 
4C , 

5C  and 
6C  are the equation coefficients. 

(c) Rock mass 

Regarding the scope of this study, the geotechnical data typically available, and the 

computational resources available, an elastic model was used to model the rock mass. The 

main parameters of this model include: mass density (  ), elastic modulus ( E ) and Poisson’s 

ratio (  ). As discussed later in this paper, this model provides reasonable accuracy when 

characterizing the propagation of blast induced waves in rock. 
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(d) Cemented paste backfill 

There are limited soil material models available for simulating blast events in soils. The LS-

DYNA’s *MAT_FHWA_SOIL has been used by a few authors when dealing with the 

response of saturated soil under blasting loads (Lee, 2006; Jayasinghe, et al., 2013; 

Koneshwaran, et al., 2015). This model, developed by Brett Lewis for the Federal Highway 

Administration (FHWA) in 2004 (Lewis, 2004), is an elasto-plastic model with a modified 

Mohr-Coulomb yield surface. It accounts for excess pore water pressure while including 

failure, kinematic hardening, damage, strain softening and strain rate effects. A full 

description of the model can be found in LS-DYNA manual (2007). 

 

Paramete

r 
Definition 

Values as 

suggested by Lee 

(2006) 

Considerations 

GAMMAR 

Viscoplasticity parameter 

(strain-rate enhanced 

strength) 

1.0e-4 
in this range stable and consistent pore 

pressure response is obtained 

COH 
Cohesion or shear strength at 

zero confinement 
greater than 0 

at COH=0 yield surface approaches a 

discontinuity 

AN 
Strain hardening as a 

percentage of PHIMAX 
0.25 

less important in pore water generation 

compared to ET 

PWKSK Soil's skeleton bulk modulus 5% of K 
better stability, run time and reasonable 

pore water pressure generation 

PHIRES 
Minimum internal friction 

angle 
15o 

at this angle pore water pressure results 

stabilize 

VDFM 
Void formation energy 

(fracture energy) 
1 greater than 0 to avoid divergence 

EPSMAX 
Maximum principal failure 

strain 
1 ignored in the analysis if DAMLEV=0 

VN 

Viscoplasticity parameter 

(strain-rate enhanced 

strength) 

10 
the larger the value, the less pore pressure 

is generated 

INTRMX 
Maximum number of 

plasticity iterations 
10 

additional iteration may only increase run 

time 

AHYP 
Coefficient A for modified 

Drucker-Prager surface 

AHYP = 0.05 COH 

cot(PHIMAX) 

at AHYP=0 Mohr-Coulomb surface 

develops 

ECCEN 
Eccentricity parameter for 

third invariant effects 
1 

this produces a standard circular-cone 

Mohr-Coulomb yield surface 

ET 
Strain hardening amount of 

non-linear effects 
0.01 greater than 0 in a blast environment 

PWD1 
Parameter for pore water 

effects on bulk modulus 
4.63 /GPA to account for fully saturated soil 

PWD2 

Parameter for pore water 

effects on the effective 

pressure 

0 no effects on pore water pressure 

DINT 
Volumetric strain at initial 

damage threshold 
0.1 run time improves at this value 

DAMLEV 
Level of damage that will 

cause element deletion (0-1) 
0 

detrimental shock waves are produced if 

element deletion is considered 

Table 5-1 Input stable parameters for the LS-DYNA’s *MAT_FHWA_SOIL model. 
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One of the difficulties when using this model is the large number of input parameters 

required. There is limited guidance available on parameter selection and many of the 

parameters lack a theoretical or clear physical meaning. However, Lee (2006) conducted 

extensive comparative studies to reduce the uncertainties involved in the model, and to 

suggest stable values for several model parameters. The input parameters required for the 

model (as displayed in the input card), their definition and the values adopted in this study 

based on Lee’s suggested parameters are summarized in Table 5-1. 

 

In addition to these parameters, another 5 parameters, which can be obtained through 

traditional soil testing techniques, need to be defined, i.e. density of water (
w ), shear 

modulus (G ), total bulk modulus ( K ), friction angle ( ), moisture content ( w ), specific 

gravity  (
SG ) and soil density (

s ). 

(e) Pore water pressure 

The *MAT_FHWA_SOIL handles the excess pore water pressure ( u ) using the following 

relationship for saturated soil: 

 

 s vku K ε    Equation 5-8 

 

where 
vε  is the change in volumetric strain. From past research, the definition or physical 

meaning of 
skK  is not clear. In the material model’s manual this parameter is defined as the 

soil skeleton’s bulk modulus (Lewis, 2004) whereas in the evaluation manual as the 

nonporous bulk modulus (Reid, et al., 2004). Both values may differ by several orders of 

magnitude. On the other hand, Lee (2006) pointed out that
skK  is not a measure of the bulk 

resistance of soil but an abstract pore pressure multiplier used to iteratively fit experimental 

data. Lee suggested that a value of 
skK  of approximately 5% of the total saturated bulk 

modulus ( K ) may feasibly reproduce the excess pore pressures measured in the field. Most 

previous researchers have adopted this recommendation when using the FHWA model 

(Jayasinghe, et al., 2013; Koneshwaran, et al., 2015).  

 

The traditional approach to evaluate the increase in pore pressure is to relate u  and 
vε  

through 
wK  which is the effective modulus of the pore fluid. When the compressibility of 

the soil skeleton is significantly larger than that of water, 
wK  is generally set as 100-1000 
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times the bulk modulus of the soil skeleton ( K ' ) or simply as equal to the value of the bulk 

modulus of water ( fK ). However, if the soil is expected to be subjected to high pressures, 

where the effects of soil structure (e.g. cemented or compacted soils) may be important, the 

following equation can be used (Xu & Zhang, 2015): 

 

 

1

w

f s

n (1 n )
K K K '

K K



 
    

  

 
Equation 

5-9 

 

 

1

f s

n (1 n )
u

K K




 
    

  

  Equation 5-10 

 

where n  is the porosity and 
sK  is the bulk modulus of soil particles. For most soils this 

parameter predicts that most of the incident wave pressure is mainly transmitted to the water 

phase of the soil, as expected. 

 

 

Figure 5-1 Effective and total stress path resulting from introducing 
skK  and 

wK  in the 

FHWA soil model. 

 

The use of Lee’s practical recommendation (
sk 0 KK .05  in Equation 5-8) or 

wK  (Equation 

5-10) may lead to significant differences in the effective stress path followed by the soil. In 

order to explore these differences, a triaxial test was reproduced in LS-DYNA and the 
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effective and total stress path compared. This is shown in Figure 5-1. First of all, the same 

total stress path is followed, regardless of the bulk modulus selected. This suggests that the 

FHWA model can properly reproduce p  and indirectly u  (through Equation 5-10) during 

the transient blast load, regardless of the parameter used in Equation 5-8. However, it is also 

observed that the effective stress path rises more vertically when 
wK  is adopted, in 

comparison to the stress path for 
skK , as more of the total compressive stress is carried by 

the water phase of the soil. On the other hand, 
skK  generates small pore water pressures and 

the effective stress path is similar to the total stress path. The same total stress path is 

followed, regardless of the bulk modulus selected. Such significant differences in the effective 

stress path, and particularly the build-up of pore pressure, arose several concerns and 

reservations about the applicability of this model in its present form to evaluate CPB 

liquefaction susceptibility ( PPR ). 

 

After thoroughly analysis of Lee’s experimental characteristics and the numerical procedures 

followed to adjust the FHWA soil model to experimental results (through the 
skK  

parameter), it was hypothesized that 
skK  may have been selected to conveniently reproduce 

the residual excess pore pressure in the soil instead of the peak excess pore pressure. This 

presumption was based on the scale of time in which pore water pressures were 

experimentally recorded (20 seconds or more in contrast to the few miliseconds that a blast 

wave last) and numerically reproduced by Lee. If this was proved valid a significant decrease 

in analysis run time was expected due to the use of peak values instead of residual values. 

Preliminary test runs for a single stope model utilizing Equation 5-10 took a clock time over 

100 days to capture the residual excess pore water pressure occurring at about 2 seconds 

after detonation. Bearing this in mind, the authors numerically conducted single and multiple 

blast detonations in CPB using 
skK  as suggested by Lee (i.e. 

sk 0 KK .05 ) and compared 

the curves for PPR  versus peak volumetric strain ( vpk ) to the curves found by Charlie et al. 

(2013) obtained from controlled detonations experiments in saturated sand at different 

relative densities ( DR ): 

 

 
1.2 ' 0.15 0.08

vpk vcPPR 134( ) ( ) ( DR )     Equation 5-11 

 

The results at 
'

vc =125 kPa compared to Charlie’s et al. curve at different DR  (%) are 

shown in Figure 5-2. It observed that LS-DYNA predicts PPR values at a given vpk  similar 
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to those experimentally found for sands. Liquefaction is observed in the software at vpk  in 

excess of approximately 0.035 and 0.048 %. These values are similar to those reported by 

Charlie et al. (1992) and Al-Qasimi et al. (2005). This evidence suggests that the use of 
skK  

in Equation 5-8 may reproduce reasonably well the PPR in CPB with the consequent large 

savings in computational costs. Therefore, this approach is adopted in this study when 

quantifying  PPR . Further discussions about additional limitations of the FHWA model can 

be found in the following sections. 

 

 

Figure 5-2 Experimental and numerically obtained pore pressure ratios (PPR) versus peak 

volumetric strains ( vpk ) under single and multiple explosive detonation. 

5.3 Liquefaction Blast Response of Cemented Paste Backfilled 
Stope 

5.3.1 Numerical Model: baseline model 

The baseline model consists in a rock mass of 27 m in height and 23x14 m in plan where a 

25x12x12 m stope was mined and filled with CPB material. The 3-D model was developed 

using ANSYS Workbench finite element pre-processor as shown in Figure 5-3. Dimensions 

of the stope are shown in Figure 5-4. The minimum mesh size criteria as proposed by 

Trajkovski et al. (2014) was followed, i.e. 10 elements per radius of the explosive charge, 

refined at the place of the charge with mesh biasing factor of 3 to 4. Cubic mesh elements 

were generated around the explosive while a coarser mesh with tetrahedral elements was used 
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for the surrounding bodies. A global uniform mesh size of 50 cm and 30 cm were used for 

rock mass and stope, respectively.  

 

The models developed in ANSYS were translated later into LS-DYNA input format. In the 

LS-DYNA, Eulerian meshes were generated around the explosives to account for severe 

mesh deformation whereas Lagrangian meshes were used for the elements located away from 

the blasthole. The solid elements near the explosive (including TNT) and air were formulated 

using 1-point ALE multi-material element (ELFORM=11 in LS-DYNA notation). The 

default pure Lagrangian “constant stress solid element” formulation (ELFORM=1) was used 

for the stope and rock in the far field. The explosive was represented using the “initial volume 

fraction geometry” option, which consists in filling a fraction of the rock volume (“blasthole” 

zone in Figure 5-3) by the explosive material, without modifying the model mesh. In order 

to preload the model prior to applying blasting loads, the “dynamic relaxation” option was 

utilized. No model symmetries were used and non-reflecting boundaries (to minimize shock 

wave reflection at boundaries) were imposed to lateral surfaces. 

 

 

Figure 5-3 Schematic cross section of the baseline LS-DYNA model developed in ANSYS 

Workbench. 

5.3.2 Numerical model: scenarios modelled 

The baseline model was subjected to a embedded single or multiple detonations of a 

cylindrical shape blasthole with a typical diameter of 89 mm and a length of 9 m (Van Gool, 



School of Civil, Environmental and Mining Engineering 

Chapter 5                                                                              The University of Western Australia 

5-115 

 

2007). The centre of the explosives were always located around stope’s mid height. Three 

scenarios of explosive detonation were studied, as shown in Figure 5-4. In scenario 1, the 

distance “ D ” and offset “ O ” were sequentially modified, as shown in Figure 5-4a. In 

scenario 2, the number of boreholes ( N ) in the planes A-A’ and B-B’ was modified (Figure 

5-4c). In both planes the distance between consecutive blastholes was equal to 1 m. In 

scenario 3, five explosives were detonated along plane B-B’ and delay between consecutive 

detonations (i.e. t ) modified. In this scenario (Figure 5-4d), explosives were located one 

metre apart from each other and lighting started firstly from the closest to the farthest 

explosive (sequence of detonation defined as SD-1) and secondly from the farthest to the 

closest explosive (sequence of detonation defined as SD-2) with respect to stope. 

 

 

Figure 5-4 Schematic of the different scenarios modelled. (a) full view of the stope, (b) 

Scenario 1, (c) Scenario 2 and (d) Scenario 3. Units in the figure are in meters. 
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5.3.3 Numerical model: input parameters 

In the first stage of the numerical modelling, the free field propagation of compressional 

waves in rock was evaluated and contrasted with experimental data obtained by Villaescusa 

et al. (2004) in the Hilton operation in North West Australia. Rock mechanical properties as 

reported by these authors, are given in Table 5-2. TNT was selected as the explosive charge 

and parameters of the JLW and High Explosive Burn model adopted from Toussaint and 

Durocher (2008) (Table 5-2). 

Explosive Burn Model JWL equation of state Rock 
 

TNT
 

(g/cm3) 

 

VOD  

(m/s) 

 

CJP  

(GPa) 

 

A  
(GPa) 

 

B  
(GPa) 

 

1R  

 

2R  
 

w  

 

0E  

(GPa) 

 

  

(g/cm3) 

 

E  
(GPa) 

 
  

1.63 6930 21 371.2 3.23 4.15 0.95 0.3 7 2850 80 0.31 

Table 5-2 Input parameters for the LS-DYNA numerical model. 

 

Most of the CPB properties were defined according to the recommendations of Lee (2006), 

as summarized in Table 5-3. The other six parameters of the  FHWA soil model (i.e. 
w , K

, G ,  , w , 
SG  and 

s ) were experimentally determined for CPB prepared using silver-lead-

zinc tailings. The properties of saturated CPB prepared at 5% cement content at 1.5 days 

curing age, as summarized in Table 5-3, were used. 

 

FHWA-CPB Model Air 
 

w
 

(g/cm3

) 

 

K  
(Gpa) 

 

G  

(GPa) 

 

  

(0) 

 
w  

(%) 

 

SG  

(g/cm3

) 

 

s
 

(g/cm3) 

 

  

(g/cm3) 
 

0 6C C  

 

4 5C ,C

 

 

0E  

(MPa) 

1.0 7.5 0.10 35 26 3.1 2.0 1.29 0 0.4 0.25 

Table 5-3 Input parameters for the LS-DYNA numerical model. 

 

The mechanical properties of CPB at early curing age are time dependant due to cementation 

of tailing particles (Helinski, et al., 2007). Regarding this, an additional scenario (i.e. Scenario 

4) to the study of the effects of the evolution of CPB strength properties on liquefaction 

susceptibility was also considered. The properties of CPB were input into the numerical 

model at intervals of approximately one day, following the bulk modulus ( K ) and shear 

modulus (G ) evolution with respect to time shown in Figure 5-5. These values were found 

by the authors after conducting bender element tests in saturated CPB. Similar values for G  

and K were found by Galaa et al. (2011) but in tailings of different origin. 
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Figure 5-5 Evolution of CPB elastic strength parameters under saturated conditions and 

5% cement content. (a) Shear modulus and (b) Saturated bulk modulus. 

5.4 Results and Discussion 

5.4.1 Blasting wave propagation in rock and CPB 

The accuracy of the numerical model was firstly evaluated in terms of the free field velocities 

generated in a rock mass due to the buried explosion of a single TNT borehole. A reduced 

section of the baseline model was used and a 89 mm blasthole was detonated inside the rock 

mass, in the absence of the stope. Figure 5-6 shows the detonation pressure contours 

generated inside the rock at different time intervals after explosive detonation. It is observed 

that the pressure waves propagate in the rock in the form of hemispherical waves showing 

higher pressures at about explosive’s centre.  
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Figure 5-6 Blasting wave propagation contours at times 0.12, 0.2, 0.25, 0.38 and 0.7 ms 

(from top to bottom in the figure). 

 

The research of Villaescusa et al. (2004) determined that the Holmberg and Persson site 

specific attenuation constants for this type of rock were equal to k =456 and  =1.12. The 

Holmberg and Persson relationship relates the peak particle velocity (PPV) at a given point 

in the near field with the distance of that point to a cylindrical detonation charge (Holmberg 

and Persson, 1979). Figure 5-7a compares numerically found PPV (computed as the sum of 

longitudinal, traverse and vertical velocities at a given point in the rock) with the experimental 

curve. The horizontal axis in Figure 5-7, i.e. distance (m), represents the horizontal distance 

from the centre of the borehole to the point of interest. In general, a good agreement 

between both curves is observed. In the nearest field (between 1 to 3 m), the LS-DYNA 

predicts slightly higher PPV than the experimental curve. However, it is believed that neither 

the experimental nor the numerical model can properly simulate the free field velocity at 

such close distances to blasthole (i.e. geophones cannot be installed close to the rock damage 

zone and the numerical model cannot capture rock fracture mechanism of rock). However, 

for distances greater than 3 metres the experimental curve and the numerical results seem to 

closely match. It was initially expected the results to slightly differ due to the original 

experiment conducted under production blast based on ammonium nitrate (ANFO) type of 
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explosive instead of TNT, as used in the model. ANFO shows a lower release of energy at 

the same volume when compared to TNT, and hence, the PPV values may have been smaller 

if ANFO were selected. ANFO was not used in LS-DYNA due to the difficulties in 

determining appropriate values for the parameters of the JWL equation of state. Although, 

there is a counteracting effect not considered in the numerical model which may have 

reduced the effects of the explosive selected, i.e. the confinement of the explosive which 

increases blasting pressure around borehole and thus PPV.  

 

 

Figure 5-7 Comparison of free field velocities generated from single detonation in (a) rock 

and (b) CPB. 

 

As it was performed for rock, the propagation of compressive waves in CPB was examined 

and results compared against experimental data as reported by van Gool (2007) for CPB 

prepared using tailings of same origin, and mixed at comparable solids and cement content, 

to those used here. The Holmberg and Persson attenuation constants were found equal to            

k =1000 and α =1.02 for this material. CPB properties at 5 days curing age were input in the 

model (i.e. from Figure 5-5). Figure 5-7b shows that larger differences exist in the prediction 

of PVV in CPB when compared to rock, especially in the near field. In general, a faster 

attenuation of the compressive waves is predicted by the numerical model. Similarly, the PPV 

in the fill is overpredicted by the numerical model as the distance from explosive is increased 

between 0 and 5 m. However, from 5 m the model underpredicts PPV and the curves seem 

to converge to relatively similar values at distances greater than 12 m. Several reasons may 

explain the observed differences in addition to those discussed for rock. For instance, the fill 

was presumably desaturated due to its long exposure to environment, and fully cured at the 

moment of the experiment. Hence, the model input parameters may not correspond to in 
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situ conditions. Nevertheless, regarding the results above discussed, it is believed that the 

numerical model can reasonably simulate the propagation of blasting waves in both rock and 

CPB is suitable to parametrically investigate the blast response of the fill. 

5.4.2 Blast response of backfilled stopes 

(a) Pressure blast response 

A typical blasting response of a backfilled stope is shown in Figure 5-8 at different time 

intervals for a single blasthole located 2 m away ( D =2m) from CPB-Rock interface. It was 

observed that the hemispherical compressive waves generated from the cylindrical explosive 

propagate towards rock-CPB interface where part of the incident energy is reflected back to 

rock and part is transmitted to CPB. The extent to which the wave is refracted is a function 

of the impedance ratio of the materials at the interface. As the waves propagate inside CPB, 

they geometrically attenuate and the peak pressure of the front gradually decreases, as shown 

in Figure 5-9. 

 

 

Figure 5-8 Transient pressure front generated in CPB after single explosive detonation in 

rock mass at different time intervals. The colour contours in the figure represents total 

pressure in gigapascal. 
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At time 10.7 ms the transient front reaches the opposite wall of the stope, where a wave is 

reflected back into the stope. This reflection is repeated several times until all the energy 

radiates out of the stope. As expected, the largest pressures are experienced at about the 

centre of the stope which is coincident with the centre of the explosive. Between the 

blasthole and the stope negative pressures are generated. This phenomenon is due to the 

superposition of the incident and reflected waves in the zone near the rock-CPB interface. 

Also, behind the shock front, negative pressures are observed which are attributed to the 

negative phase of the explosion, also referred as negative specific impulse, which arises after 

the transient peak pressure is experienced (Figure 5-9). It should be reminded that the 

pressures displayed in Figure 5-9 are similar to the generated excess pore pressure in the fill 

during the transient passage of the shock front. This is regardless of the use of 
skK  instead 

of 
wK  in the model, as the total stress path remains unchanged, as shown in Figure 5-1. 

Regarding that K'  and K  for CPB are approximately 0.5 and 8 GPa, respectively, 
wK 0.93  

and p 0.93 u   . In Figure 5-8 the maximum increase in u  is about 3.3 MPa, which is 26 

times greater than the confining pressure at that location. However, liquefaction is not 

possible since p u   and as a result soil compresses (Equation 5-1).  

 

 

Figure 5-9 Pressure time history at different locations in the stope along X axis. 

(b) Liquefaction blast response 

The LS-DYNA version used did not output excess pore water pressures (treated here as 

residual pore pressure, as previously discussed) and thus they had to be obtained from 

volumetric strains and Equation 5-8. Figure 5-10 shows a stope subjected to multiple 

detonations where zones in blue are meant to have liquefied, i.e. PPR =1. The other colour 
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contours in the figure are defined according to PPR . For this figure, the effective confining 

stress at stopes’ mid height (i.e. 
vc  =125 kPa) was used as an average value for the whole 

stope when determining PPR . Hence, the actual PPR  at points above and below the centre 

of the stopes should be greater and smaller than those shown in Figure 5-10, respectively.  

 

 

Figure 5-10 PPR generated inside the stope under simultaneous multiple explosive 

detonations in the rock mass. 

 

It is observed that a small section of the stope liquefies which is located in the nearest zone 

to blasthole. This is expected as high blast pressures and consequently large plastic strains 

are developed at this location. The maximum PPR  at the centre of the stope is about 0.3 

which develops after 7 ms. In a real scenario the excess pore pressure will dissipate after 

seconds or minutes and CPB particles will resume contact (consolidation). A more detailed 

analysis of PPR  and the total blast pressures exerted in the stope are presented in the 

following sections. The X and Z reference axis as shown in Figure 5-8 are used for this 

purpose. 

(c) Scenario 1: Effects of location of single blasthole on stope blast response 

The predicted total pressures and PPR  inside the fill at different points located along X and 

Z axis due to the detonation of a single blasthole are shown in Figure 5-11. When distance 

D  was increased (Figure 5-11a) a maximum PPR  along the Z axis of 0.06 was observed at       

Z=-3m and D =2m. This value dropped 50% when D  was increases to 8 m. The maximum 

PPR  was generally observed near the three upper quarters of the stope whereas the 

minimum value was found at the bottom of the stope. Despite the maximum volumetric 

strains are coincident with the centre of the explosive, higher effective confining stresses as 

fill depth is increased make the PPR  not being centred along  Z=0. The top layers of the fill 

(i.e. -9<Z<-12 m) are not plotted in Figure 5-11a due to the low confining stresses in these 
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zones and consequently the large computed PPR . Nevertheless, liquefaction was only 

observed in the top 0.25 m of the fill which may not possess a risk for the fill or barricade 

stability. The maximum p  (450 KPa) occurs in the centre of the fill which is coincident 

with the centre of the blasthole. In the upper layers the maximum p  values are similar, 

regardless of D , and not larger than 0.050 Mpa. 

 

 

 

Figure 5-11 Effects of single explosive location on stope blast response. Effects of distance 

D  on (a) PPR  along Z axis and (b) PPR  and p  along X axis. Effects of offset O  on (c) 

PPR  along Z axis and (d) PPR  and p  along X axis. 

 

Figure 5-11b shows that points located close to the CPB-rock interface (i.e. close to 

explosive), along the X axis, experiences large blast pressures and PPR . Similarly, as D  in 

increased, the PPR  and p  significantly decreases. For X>6 m, PPR  and p  are negligible 

and seems to converge to a single curve, with PPR  and p  values of less than 0.03 and 0.19 

MPa. Liquefaction failure (i.e. PPR =1) was not attained for any of the conditions studied 
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and the maximum PPR  was about 0.8 occurring in the near field, i.e. X<1m. In terms of 

volume, only a 4% of the stope experiences this maximum excess pore water pressure (this 

is not considering the top 0.25 m of the fill that liquefies due to low confining stress). 

Similarly, the maximum p  is approximately 4.3 MPa which occurs near the rock-CPB 

interface. At the same location the p  only drops to 1 MPa as the explosive is moved 8 m 

away from the fill. Similar overall behaviour for p  and PPR  in the X and Z axis was 

observed for increased offset O  in comparison to the effects of distance D , as shown in 

Figure 5-11c and Figure 5-11d. However, the effects of increased O  on reducing PPR  and 

p  seem slightly less pronounced than the effects of increased distance D . This is attributed 

to the extra travel distance in rock, which shows a higher rate of dissipation than CPB, as D  

is increased. Overall, the results in Figure 5-11 show that, as expected, increased 

perpendicular distance from stope’s face or increased offset of the explosive have an 

important effect on reducing the loads exerted in the fill and consequently on the liquefaction 

risk. 

(d) Scenario 2: Effects of number of blastholes on stope blast response  

Figure 5-12a and Figure 5-12c show the effects of increased number of blastholes ( N ) in 

PPR  and p  along Z axis. Overall, the contribution of an additional blasthole seems to be 

significant, regardless of the plane of detonation. As N  is increased from 1 to 5 in the plane 

A-A’ and plane B-B’, the maximum PPR  increases approximately four and five times at Z=-

3 m, reaching values of about 0.25 and 0.28, respectively. A similar effect is observed in p  

where such increment in N  produces an increase in p  of about four times in the B-B’ 

plane.     

 

Figure 5-12a shows that the curves for N =4 and N =5 are fairly similar which suggests that 

the contribution of an extra blasthole, e.g. N =6, in the pressure exerted in the fill and 

consequently on PPR  may be negligible. This is due to the large attenuation experienced in 

rock when the plane A-A’ is considered. The same cannot be generalized for the plane B-B’ 

where curves do not seem to converge at N =7 (Figure 5-11c). For this case, the 

compressive energy of a single explosive almost linearly superimpose with the energy of 

adjacent explosives at a given point inside the fill. This can be seen in Figure 5-12c were 

points at a given Z are equally separated as N  is equally increased. This superimposition 

leads for instance to the fill to experience p  in excess of 4.3 MPa at N =7. 
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Figure 5-12 Effects of multiple explosive detonation on stope blast response. Effects of 

number of explosive ( N ) on plane A-A’ on (a) PPR  along Z axis and (b) PPR  and p  

along X axis.  Effects of number of explosive ( N ) on plane B-B’ on (c) PPR  along Z axis 

and (d) PPR  and p  along X axis. 

 

Figure 5-13 shows the pressure contours in plan view for N =5 in the A-A’ and B-B’ planes 

at 2.5 ms after detonation. It can be seen how larger blasting pressures, spread in a quite 

extended area, are exerted to the fill when the explosives are located along the plane B-B’ in 

comparison to plane A-A’. The maximum pressure values in Figure 5-13 (values in 

gigapascals) are similar to those derived by Van Gool (2007) during in situ blast-vibration 

monitoring. The differences in the mechanisms of propagation when different planes of 

detonation are selected result in the different patterns observed in Figure 5-12b and Figure 

5-12d for PPR  and p  along X axis. For instance, Figure 5-12b shows that the fill does not 

liquefy when N  is consistently increased along plane A-A’. However, if N  is increased to 

3, 5 or 7 in the plane B-B’, a significant part of the stope liquefy (Figure 5-12d). When N
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=7, at least 2 m of the stope liquefy and most of the stope experiences PPR >0.3. The stope 

modelled here has a large cross section width to length ratio in comparison to typical 

production stopes. Thus, if narrower stopes are modelled (e.g. 3 m width) the whole fill is 

expected to liquefy. Again, as N  is increased in the plane B-B’ the PPR  and p  along X 

seems to linearly increase. The maximum p  recorded in all the simulations performed, i.e. 

19.4 MPa, ocurrs in the plane B-B’ when N =7 and X=0.5 m. The different curves along X 

axis, regardless of detonation plane, seem to attain a unique curve when X>10 m.  

 

 

Figure 5-13 Pressure time history at different locations in the stope after multiple 

detonation along (a) plane A-A’ and (b) plane B-B’. 

 

In Figure 5-12b, it is interesting to note that a similar maximum PPR  and p  of about 0.8 

and 4.4 MPa, respectively, are obtained when X<1m, regardless of N . These values are 

similar to those found under single detonation (Figure 5-11). However, when X>1m, both 

PPR  and p consistently increases with N . It seems that the geomechanical behaviour of 

the most exposed part of the fill (X<1m) is controlled by the arrival of the first shock wave 

which is generated from the closest explosive to the stope (explosive at D =2 m). On the 

other hand, the response of deeper parts in the fill (X>1m) seems to be controlled by the 

combined effects of all the explosives in the row. This phenomenon is shown in Figure 5-14, 

where the pressure time history at two locations in the fill, i.e. X=0.5 m and X=4.5 m, are 

plotted. For X=0.5 m, a similar transient total peak pressure (and consequently similar     

PPR ) is experienced, which occurs at a fairly same time, i.e. 1.9 ms, regardless of N . 
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Conversely, for X=4.5 m different peak pressures magnitudes, occurring at different times, 

are observed.  

 

Figure 5-14 Pressure time history at different locations in the stope after multiple detonation. 

(e) Scenario 3: Effects of detonation delay time on stope blast response 

The increase of p  as a result blasting under delay time is the main focus of interest in this 

section. As previously described, two sequences of detonation for each t  (with N =5) 

were studied, i.e. SD-1 (from the closest to the farthest explosive) and SD-2 (from the 

farthest to the closest explosive). Overall, it is observed that providing a delay between 

detonations greatly diminishes the pressures exerted to the fill, regardless of the sequence of 

detonation followed and the number of explosives considered. 

 

Figure 5-15a-b show the p  response under SD-1 and Figure 5-15c-d under SD-2 along X 

and Z axis. When SD-1 is examined along Z and X axis (Figure 5-15a,b) all the curves overlap 

when t >2ms. These curves are similar than those found for single detonation in Figure 

5-11a-b. This suggests that the maximum p  in the fill is controlled by the nearest blasthole 

from stope ( D =2 m). This is shown in Figure 5-16 where the total pressures generated at 

X=0.5 m due to multiple ( t =2 ms) and single detonation ( D =2 m) are compared. Five 

peak pressures are clearly observed for multiple detonations. The first peak occurs at the 

same time and with the same magnitude than the maximum peak experienced under single 

detonation. It is also observed in this figure that secondary peaks (e.g.          N =2,3,4 and 

5) generate pressures of smaller magnitude than that generated by the first incident peak. 

This is attributed to the increased distance from stope, resulting in a larger dissipation of 

energy, as N  is increased. 
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Figure 5-15 Effects of delay time and sequencing of detonation on stope blast response. 

Effects of t  under SD-1 on (a) PPR  along Z axis and (b) PPR  and p  along X axis. 

Effects of t  under SD-2 on (c) PPR  along Z axis and (d) PPR  and p  along X axis. 

 

A slightly different behaviour of p  is observed when SD-2 is examined (Figure 5-15c,d). 

As delay time is increased, p  also decreases along both X and Z axis. This is attributed to 

the effects of progressive superposition of incident and reflected waves between the 

explosive and the rock-CPB interface as blastholes are sequentially detonated. This effect is 

shown in Figure 5-17 where single ( D =6 m) and multiple detonations ( t =2 and 5 ms) are 

plotted together. When t  tends to zero (e.g. 2 ms) the first peak of pressure is coincident 

with the peak generated under single detonation at D =6 m. This is in agreement with the 

behaviour observed when SD-1 was followed. However, as t  increases, the first peak of 

pressure decreases which explain the drop in p  observed in Figure 5-15d as t  increases. 

It is also interesting to note that consecutive peaks are fairly similar in magnitude, although 

they were generated from detonations carried out at different locations in rock. 
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Figure 5-16 Pressure time history in the stope at X=0.5 m and Z=0 m under single and 

multiple detonation following sequence of detonation SD-1. 

 

In the numerical model the pressure in the fill is quickly released between detonations. This 

makes the liquefaction risk to considerably decrease between detonations which is not 

representative of a real situation where u   dissipates at a fairly different rate than the drop 

in p  (this effect finally leads to the generation of residual excess pore pressure). PPR curves 

were not shown in this section since they could not clearly capture the effect of t  in the 

build-up of residual pore pressure. The implementation of a dissipation mechanism in the 

numerical model requires further research. 

 

 

Figure 5-17 Pressure time history in the stope at X=0.5 m and Z=0 m under single and 

multiple detonation, following sequence of detonation SD-2. 
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(f) Scenario 4: Effects of curing age on stope blast response 

As shear modulus (G ) and bulk modulus ( K ) were modified to represent the effects of fill 

maturity, negligible changes in p  and PPR  along X and Z were observed under single 

detonation ( D =2m), as shown in Figure 5-18. This was in a certain manner expected due to 

the fill being modelled fully saturated. In this scenario, the maximum pressures exerted in 

CPB and consequently its liquefaction susceptibility are mainly controlled by the saturated 

bulk modulus ( K ) (Ross et al., 1989).  In addition, K  for the material considered remains 

practically unchanged as curing time is increased (Figure 5-15) as a result of water phase 

controlling its mechanical response. Nevertheless, the small decreases and increases at 

advanced curing ages observed in Figure 5-18a and Figure 5-18c for PPR  and p  along the 

Z axis, respectively, seem to be a result of the contribution of cementation of soil skeleton 

(i.e. increases in G ).  

 

 

 

Figure 5-18 Effects of degree of cementation on stope blast response. Effects of curing age 

on PPR along (a) Z and (b) X axis. Effects of curing age on p  along (c) Z and (d) X axis. 
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The above-mentioned seems an interesting finding regarding common underground practice 

to avoid liquefaction of CPB by means of reducing the pressure acting on retaining 

barricades. It seems that significant excess pore pressure (several megapascals) can develop 

during the transient passage of the blast wave as long as the fill remains saturated, regardless 

of the curing age of the fill. This may result in significant increased pressure at the barricade 

location if a series of conditions are present (e.g. location of blastholes, delay time, etc.). On 

the other hand, it has been observed that residual pore pressure may trigger liquefaction 

(Figure 5-12d). However, a flow-type of failure leading to the inrush of CPB into production 

areas is unlikely at advanced curing ages due to the extra cohesive strength of the fill induced 

by cementation. Therefore, the common 100 kPa UCS “rule of thumb” used by backfill 

engineers to avoid cyclic liquefaction may be a valid indicator of the point at which flow-

failure is not possible under blast loading. However, this rule should not be interpreted as 

the point at which increases in pore pressure are avoided which are purely controlled by 

blasting operations when the fill is saturated. In this context, blast patterns, delays times and 

blastholes arrangement, among other, should be carefully designed to avoid excessive 

pressures at the barricade location. Finally, it seems that the most effective natural way to 

reduce the blast loads in the fill and consequently the liquefaction risk is through the 

desaturation of the fill.  

5.5 Conclusions 

In this study the geomechanical response of CPB under blast loading was parametrically 

investigated. It was initially shown that LS-DYNA and especially the FHWA soil model can 

adequately reproduce the propagation of blasting waves in rock and CPB. However, the 

excess pore pressures obtained from the model must be treated carefully to avoid erroneous 

interpretation.  It was found that pressures of several megapascals resulting in a high potential 

for liquefaction failure can be generated if a combination of blastholes are detonated near 

the stope. As expected, increase distance between blasthole and stope and reduced number 

of explosives are of significant importance to reduce the total pressures in the fill and the 

residual and transient pore pressures. The simultaneous detonation of explosives along a 

plane parallel to stope was found to be the most disadvantageous condition in terms of 

generated pressures inside the fill. On the other hand, delay times between detonations, as 

small as 2 ms, were shown to significantly decrease total pressure in the fill and the generation 

of residual pore water pressure. The sequence of detonation seemed not to significantly 
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influence the blast loads in the fill. Similarly, the cementation of CPB was not observed to 

influence the total pressures and consequently the transient pore water pressure in the fill in 

a saturated condition. In-situ experimental work is needed to validate the overall behaviour 

of CPB under blasting loading observed here. Other effects, such as closure of hanginf-wall 

of the stope, should also receive attention since it can increase total pressures exerted to the 

fill. In addition, the effects of compressive waves in the cementation of CPB particles (e.g. 

cement bond breakage) should be studied since it can promote liquefaction failure at 

advanced curing ages. Improvements to the FHWA model should be considered in order to 

more realistically reproduce the three phases nature of CPB. 
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Experimental Study of the Evolution of the Soil-Water Characteristic 
Curve for Granular Material undergoing Cement Hydration 

 

By: Gonzalo Suazo, Andy Fourie and James Doherty 

 

Abstract: The evolution of the soil-water characteristic curve (SWCC) for cemented paste 

backfill (CPB) undergoing cement hydration is evaluated in this paper. A pressure plate 

apparatus and insertion tensiometers in a continuous drying configuration were used to 

measure suction at different CPB curing ages. In addition to this, a novel experimental setup 

that combines the above-mentioned techniques was developed and validated in an effort to 

reduce the time associated with SWCC determination. Unconfined compressive strength 

(UCS) tests and shear wave velocity measurements on CPB specimens provided 

complementary information regarding the rate of change of material properties due to 

cementation. An exponential “maturity relationship” commonly used for cement hydration 

was used to fit this data. The results showed that the SWCC evolved in a continuous manner 

from low to high suction ranges as cement hydration progressed. The evolution of the air 

entry value with hydration time was found to be well described by a simple exponential 

function, regardless of the technique used. The suctions measured in the pressure plate were 

observed to be, in general, larger than those found by means of insertion tensiometers. 

Similarly, the overall shape of the SWCC was observed to differ slightly, depending on which 

testing technique was used. 

 

Keywords: Cemented paste backfill, soil-water characteristic curve, hydration, insertion 

tensiometers, pressure plate. 
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6.1 Introduction 

Cemented paste backfill (CPB) has been widely used in underground mining operations in 

the recent past for filling the voids (stopes) left after blasting and mucking of ore. CPB is a 

mixture of full stream tailings, a cementitious binder (e.g. cement), and water. Solids contents 

are typically between 75% and 85%, and cement contents usually between 3 and 7% by dry 

total weight (Benzaazoua, et al., 2004). Due to the relatively high amount of water used during 

CPB transportation, the high placement rate of the mixture, and the low permeability of 

unclassified fine-grained tailings, the fill initially remains in a saturated condition in the stope 

(Helinski, 2008). However, there are several mechanisms that lead to gradual desaturation of 

the fill, e.g. drainage of water through rock walls or barricades (if allowed), hydration of 

cement, and evaporative fluxes from surfaces exposed to the environment. If the backfill 

desaturates, negative pore water pressures, commonly known as “suctions”, arise. These 

suctions significantly impact the effective stress in a stope and therefore impact the behaviour 

of mine backfill. In order to optimise backfill operations (in terms of cement content and 

filling/exposure times) this behaviour must be properly understood.    

 

The relationship between the amount of water in an unsaturated soil and soil suction defines 

the “soil-water characteristic curve” (SWCC). The importance of this curve in the assessment 

of dynamic and static unsaturated soil properties is widely recognized (Fredlund and 

Rahardjo, 1993b). It provides the basis for the analysis of seepage, shear strength and volume 

change in unsaturated soils (Fredlund, 2000). It is known that matric suction contributes to 

the shear strength of coarse and fine-grained soils (Sheng, et al., 2011). Doherty (2015) 

presented numerical analysis on the stresses in a stope during and after stope backfilling. The 

constitutive model used in this study accounted for the evolution of strength, stiffness, 

permeability and chemical shrinkage due to cement hydration. However, due to lack of 

reliable data, the model used a SWCC that remained constant throughout hydration time. A 

parametric study demonstrated the significant impact the assumed SWCC had on the stress 

state in backfilled stope and therefore demonstrated the importance of accurately 

determining the SWCC for CPB. In addition, the SWCC is related to a series of 

environmental issues of the fill (e.g reactivity of sulphides, concentration of ions and the 

production and migration of acid mine drainage) (Mualem, 1976). 

 

The characteristics of the SWCC depend strongly on the microstructure of the soil, e.g. shape 

of particle, pore space distribution, mineralogy, and the water chemical composition 
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(Aubertin , et al., 2003). This makes the determination of the SWCC for materials such as 

CPB a challenge, as it is well established that CPB microstructure evaolves continuously as 

cement hydrates and as precipitates accumulate in the pore space. This leads to the reduction 

of the pore space as curing advances (Ouellet, et al., 2007). In addition to this, cementation 

causes a series of exothermic reactions that consume the water that exists in the pore space. 

These reactions decrease the availability of water and change the material’s porosity. In 

addition to this, the phenomenon known as self-desiccation influences suction development 

due to chemical shrinkage (Grabinsky and Simms, 2005, Helinski et al., 2007). This time-

dependent microstructural evolution results in a constantly evolving SWCC in CPB, making 

it extremely difficult to measure a water retention curve using traditional measurement 

devices. For example, the equalisation time for each pressure increment in a pressure plate 

test may be many days if not weeks. During this equilibration time, however, the cement 

hydration process continues, with associated changes in pore volume and pore sizes 

occurring. Thus the very thing we are trying to measure is changing during each pressure 

increment. In this paper, the applicability to CPB of two commonly used techniques of 

controlling suction in soils, i.e. the axis translation technique and insertion tensiometers 

methods are firstly investigated. Then, in an effort to overcome issues related to excessive 

equalisation time, a novel device (called the “desaturation cell”), that combines the above-

mentioned techniques, was developed and for the first time used to study the SWCC of CPB 

material.  

6.2 Background 

6.2.1 SWCC and statistical model 

A typical SWCC is represented in terms of total suction ( ) (defined as the difference 

between soil matric suction ( m
) and the osmotic suction (π)) versus gravimetric (

sw ) or 

volumetric water content (  ). On any SWCC curve two important points can be 

distinguished, i.e. “air entry value” ( aev
) and the “residual water content” as shown in Figure 

6-1. These points divide the curve into three desaturation regions, i.e. boundary effect zone, 

transition zone and residual zone (Fredlund, et al., 2011). The slope of the curve at the 

inflection point located in the transition zone (i.e. Si in Figure 6-1) is referenced in this study 

as the slope of the SWCC.  

 

 



School of Civil, Environmental and Mining Engineering 

Chapter 6                                                                              The University of Western Australia 

6-140 

 

 

 

Figure 6-1 Typical soil-water characteristic curve (SWCC) and its zones of desaturation. 

 

Several well-known empirical and physical models for estimating the SWCC are available 

(e.g. Brooks and Corey, 1964; Mualem, 1976; van Genuchten, 1980; Fredlund and Xing, 

1994). Within statistical models the three parameter Fredlund and Xing (1994) equation, i.e. 

Equation 6-1, has demostrated a good accuracy in the description of experimental data 

through the whole range of suction from 0 to 106 kPa (e.g. Leong and Rahardjo, 1997; 

Sitarenios, et al., 2011). In this equation, w  is the gravimetric water content, 
sw  is the 

saturated water content (at  =0 kPa) and   is  total suction. 

 

 
 




   

   
    

s

m
n

w
w

ln e
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 Equation 6-1 

 

Three fitting parameters are included in Equation 6-1, i.e.  a , n  and m  parameter. The a   

parameter value is closely related to  aev
. However, a  is generally larger than  aev

. The n  

parameter controls the slope of the curve and thus it is related to the soil pore uniformity. 

The m  parameter is related to the asymmetry of the model, where small m  values produce 

curves with a moderate slope in the low suction range and a steeper slope in the high suction 

range (Sillers, et al., 2001). When m  adopts small values, 
aeva   (Fredlund and Xing, 

1994).  
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6.2.2 Applicability of SWCC testing techniques to CPB 

The effectiveness of the use of the SWCC for determining unsaturated soil properties 

depends on the accuracy with which suction and soil water content are determined. Various 

devices have been developed to measure matric suction ( m
), osmotic suction (π) and total 

suction ( ), either directly or indirectly. Direct methods measure water tensile stress, e.g. 

pressure plate extractors, insertion tensiometers, and suction plates whereas indirect methods 

link suction with other measurable variables, e.g. soil moisture blocks, thermal conductivity 

sensors, psychrometers, dew-point potentiometers, centrifuges, and filter paper. There is an 

extensive literature on the use of these techniques under different testing conditions and soil 

types (e.g. Khanzode, et al., 2002; Padilla and Perera, 2004). Also, critical reviews and 

methodology comparisons have been published (e.g. Agus and Schanz, 2005; Delage, et al., 

2008; Sreedeep and Devendra, 2011). In this paper, the applicability of two direct methods 

to CPB is examined. 

(a) Pressure plate 

This technique has been widely used since Richards’ (1941) proposal for the determination 

of the SWCC. It works on the principle of the axis translation technique (Hilf, 1956) which 

involves the translation of the origin of reference for the pore air pressure from its initial 

condition to the pressure in the cell. In a pressure plate the soil specimen is placed on top of 

a saturated high-air entry ceramic disk which separates air and water phases. The water phase 

of the disk is connected to atmospheric pressure. Air pressure in the chamber is increased to 

a certain value (
au ) which increases water tension (

wu ). Equilibrium is attained when 
wu  

reaches atmospheric conditions (i.e. 
wu =0). The time needed to reach equilibrium is known 

as equalisation time (Delage, et al., 2008). In this scenario, soil matric suction is equal to 

applied cell pressure (
au ) (Marinho et al., 2008). The water content is measured at this point 

and this defines a point on the SWCC. 

 

However, during CPB hydration the axis translation principle is no longer valid due to the 

fact that water pressure cannot remain at atmospheric condition (
wu ≠0) (due to the effects 

of cement hydration induced increases in suction, as previously discussed). In other words, 

suction equilibrium is never attained. The authors performed such a test in fresh CPB 

samples with a cement content of 5% and 0%. It was found that a cemented sample did not 

reach equilibrium under the applied pressure (i.e. 25 kPa) for 30 days, whereas uncemented 

samples reached equilibrium after 8 days. These findings are consistent with those of Simms 
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and Grabinsky (2009). Therefore, the pressure plate technique is not appropriate for CPB 

samples unless cement hydration is paused. In this context, different authors have 

demonstrated that the cement hydration process can be effectively halted if pore space is 

filled with the chemical additive acetone (Poon, et al., 2000; Maruyama and Igarashi, 2010). 

This was corroborated by conducting unconfined compression strength tests (UCS) in 

specimens previously submerged in pure acetone. The specimens were allowed to cure for 3 

days and then submerged in acetone for at least 12 hours. To remove acetone, specimens 

were placed overnight in a vacuum dessicator and then placed under water until the day of 

testing. The tests were conducted at 3, 7, 30 days after acetone submersion and removal. An 

unconfined compressive strength difference for all samples tested of less than 7% was found. 

This suggests that acetone may effectively stop cement hydration, and therefore it would 

allow the measurement of cemented paste SWCC at different ages using a pressure plate 

device.  

(b) Insertion tensiometers 

Tensiometers have been demonstrated to be efficient for measuring suctions in the range 0-

100 kPa, exhibiting significantly shorter equalisation times when compared to other testing 

methods (Lourenço, et al., 2007). This is advantageous when measuring suction development 

in CPB. Thus, a few authors have successfully used tensiometers to measure suction in CPB 

column tests (e.g. Ghirian and Fall, 2013). Two methodologies have been accepted when 

using tensiometers to construct the SWCC, i.e. continuous and discrete measurements 

(Lourenço, et al., 2011). The continuous drying methodology was used in this study in which 

soil is placed on a balance and allowed to dry under atmospheric conditions while continuous 

suction and weight measurements are recorded. 

6.3 Methodology 

6.3.1 Materials 

The CPB used in this study was prepared using silver-lead-zinc tailings, process water 

obtained from the mineral processing plant and Portland Type 1 cement as binder agent. 

The tailings are classified as low-plasticity silt (ML) according to the Unified Soil 

Classification System (USCS). They have a low plasticity index, around 4; a specific gravity 

of 3.18 and a uniformity coefficient (Cu) of 16.9. Particle size distribution of the tailings is 

given in Figure 6-2. The process water had a total dissolved solids (TDS) value of 4300 ppm 

and a conductivity value of 7920 µS/cm.  
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Figure 6-2 Tailings particle size distribution 

 

CPB specimens were prepared by mixing tailings, cement and process water using a portable 

electric mixer.  The slurry was thoroughly mixed for 15 minutes at a low speed to avoid air 

entrapment. A cement content of 5% and a solid content of 78% were selected for all 

specimens, as they represent a common mix used in underground operations. Uncemented 

samples (0% cement) were prepared at the same solids content. More details about testing 

conditions are explained for each type of test conducted. 

6.3.2 SWCC testing setups 

(a) Test Type 1: Pressure plate 

Pressure plate tests were performed according to ASTM D6836-02. Prior to placing the 

specimens into the pressure plate, pure acetone was used to stop cement hydration. CPB 

specimens were cast in moulds of 22 mm diameter and 10 mm height and allowed to cure 

for different periods, after which they were submerged in acetone for at least 12 hours. The 

acetone was removed by placing samples in a vacuum dessicator overnight, followed by 

soaking under process water until the test was conducted. Ceramic stones with an air entry 

value of 1500 kPa were used for all experiments. To avoid the loss of soil-ceramic contact 

due to CPB shrinkage, a thin layer of saturated kaolin clay was placed between contact 

surfaces. Three specimens were prepared at each curing age under the conditions 

summarised in Table 6-1. 
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(b) Test Type 2: Tensiometers 

Continuous drying tests were conducted using the instrument setup depicted in Figure 6-3. 

CPB material was poured into a 60 mm tall, 100 mm diameter PVC cylinder. The cylinder 

walls were wrapped with a plastic membrane to avoid lateral evaporative flow. Tensiometers 

type UMS T5x (manufactured by UMS company) with a measuring range up to at least 160 

kPa, were gently inserted at mid-height through a sealed port. The contact between the 

tensiometer and the surrounding CPB (especially important at late curing ages) was improved 

by placing a small amount of wet tailings on the tensiometer tip. The decrease of water 

volume over time due to evaporation was continuously monitored through the use of a 

precision laboratory scale. Both the scale and the tensiometer were connected to an 

acquisition system and measurements recorded every 5 minutes. At the end of the test, the 

final water content was measured, and test water contents back calculated using scale 

measurements. Measured suctions and water contents were plotted to obtain the SWCC at 

each curing age.  

 

 

Figure 6-3 Schematic diagram of the tensiometer test setup. 

 

As the rate of evaporation is controlled by the temperature and relative humidity above the 

evaporating surface, the specimens were exposed to two atmospheric conditions: i) 

laboratory natural temperature and ii) oven controlled temperature. Higher temperatures in 

the latter scenario were used to increase the evaporation rate and consequently to accelerate 

SWCC determination. From evaporation pan tests using process water, it was found that the 

rates of evaporation in a “laboratory temperature” and “oven temperature” condition, were 

approximately 1.62 mm/day and 23.13 mm/day, respectively. A slightly different procedure 

was followed when using the oven. Initially, a suction-weight measurement was conducted. 
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Then, the sample was removed from the balance, tensiometers disconnected and sample 

placed in the oven. After the desired water content was attained, the specimen was retrieved 

from the oven and a cooling period of 20 minutes was allowed, before reconnecting 

instruments and proceeding with another suction-weight measurement. The oven 

temperature was set to 50oC while room temperature was initially set to 22oC. Due to the low 

evaporation rate at “room temperature” environment (requiring several days to determine a 

single SWCC) only two limiting curing ages were examined, i.e. uncemented and fully cured 

(60 days) specimens (Table 6-1). Three specimens were prepared for each test and results 

were averaged.  

(c) Test Type 3: Desaturation Cell 

The desaturation cell setup is shown schematically in Figure 6-4. A 35 mm high and 75 mm 

diameter CPB specimen was encased by a rubber membrane and placed on a pedestal located 

at the base of a cylindrical steel cell (referred to as a hydration cell in Helinski (2008)). The 

rubber membrane was attached to the cell pedestal and to a top cap using O-rings. A 

saturated ceramic stone was placed between the pedestal and the specimen face. A porous 

stone was also attached to the top cap to improve air distribution over the sample. A drainage 

line was provided from the bottom of the sample and connected to a water bottle placed on 

top of a scale. This bottle was opened to atmosphere, thus the water pressure below the 

ceramic stone was kept at atmospheric conditions (i.e. 
wu =0). Excessive evaporation from 

the water bottle was avoided by partially sealing the outlet with a rubber membrane. Two air 

pressure bottles with a maximum pressure range of 700 kPa were connected to the system: 

one to increase cell pressure (
cellP ) and the other to increase the air pressure on top of the 

sample (
airP ). Manual valves were connected to 

cellP , 
airP , and water bottle lines. Similarly, a 

pressure release nut was placed on top of the cell. The contact between the rubber membrane 

and the specimen was improved by maintaining a constant pressure difference of 10 kPa 

between 
cellP  and 

airP .  

 

This configuration emulates the axis translation technique and therefore, if suitable ceramic 

stones are used, suction within the sample is equal to 
airP . In this case, porous stones with a 

 aev
=0 kPa were used in all the experiments in order to reduce suction equalisation time. 

However, if 
airP  is increased above the  aev

 ( air aevP ) the axis translation principle is no 

longer valid (  ≠ 
airP ) under this configuration. This is due to the air moving through 
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preferential unsaturated paths as shown by Cabral et al. (2004) and Parent et al. (2007) using 

a similar apparatus configuration. Therefore, to overcome this issue, a T5x tensiometer was 

inserted directly through a sealed port at the pedestal base, up to one third of the specimen 

height (Figure 6-4). Thus, suctions beyond  aev
 could be measured.  

 

 

Figure 6-4 Schematic diagram of the desaturation cell setup. 

 

Once the specimen was placed inside the cell, contact between the tensiometer and the 

sample was verified by conducting an initial suction measurement. Suction readings of zero 

(due to specimens being saturated) confirmed the tensiometer was properly inserted. Valves 

were then opened and 
airP  and 

cellP  increased simultaneously, maintaining the 10 kPa 

confining pressure, until 
airP  reached 25 kPa. This initial pressure increment was maintained 

until no more water was expelled from the sample. At this time, all the valves were closed 

and the amount of water collected in the balance recorded. Suction was measured by opening 

the pressure release nut and waiting for the sample and tensiometer to equilibrate. At the end 

of each pressure increment, one suction-water weight reading was obtained. Pair increments 

were conducted at 25 kPa increments. Above 100 kPa, 50 kPa increments were applied until 

the tensiometer reached its maximum suction range (at about 200 kPa after proper vacuum). 

At the end of the test, the sample was removed from the cell and final water content 

measured. Based on suction measurements and the back-calculated water contents, the 

SWCC was constructed. A total of 21 CPB specimens were prepared, as summarised in Table 

6-1.  
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Test Type 
Number of 

specimens tested 

Cement content Curing age 

(%) (days) 

Type 1: Pressure Plate 21 0 and 5% 
uncemented, 1, 3, 7, 

14, 30 and 60 days 

  

Type 2: 

Tensiometers 

i) Room 

temperature 
6 0 and 5% 

uncemented and 60 

days 

ii) Oven 

temperature 
21 0 and 5% 

uncemented, 1, 3, 7, 

14, 28 and 60 days 

  

Type 3: Desaturation cell  21 0 and 5% 
uncemented, 1, 3, 7, 

14, 30 and 60 days 

Table 6-1 Testing program for Test Types 1, 2 and 3. 

6.4 Results and Discussion 

6.4.1 Rate of cement hydration 

The rate of growth of cement products was studied indirectly using two different tests, i.e. 

unconfined compression test (UCS) and shear wave velocity test. UCS tests were conducted 

according to ASTM D2126. A total of 30 specimens were prepared and tested at different 

curing ages, i.e. 3, 7, 14, 30 and 60 days. Specimens were stored in a humid room (85% 

relative humidity) until the date of testing. At each curing age, 6 specimens were tested: 3 

samples tested by submerging samples under water using a special container (to minimise 

suction) and 3 samples tested normally (open to room atmosphere). A strain rate of 1%/min 

was used for all tests. Additionally, shear wave (
sV ) tests were performed on 74 mm diameter 

and 150 mm high CPB specimens placed inside a hydration cell (Helinski, 2008) and allowed 

to cure under saturated conditions (under a effective confining stress of 15 kPa). Throughout 

the tests, 8V amplitude sine wave pulses with a frequency of 2000 Hz were applied from one 

sample end and 
sV  monitored over a period of 60 days. The results of UCS and shear wave 

results are presented in Figure 6-5a and Figure 6-5b, respectively. As expected, both UCS 

and 
sV  increases with time as a result of the hydration process. A considerably higher 

unconfined strength is observed for UCS-air which can be attributed to shear-induced 

suction increasing the effective stress within the CPB sample.  
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Figure 6-5 (a) Shear wave velocity (
sV ) and (b) unconfined compressive strength (UCS) of 

CPB at different curing ages. 

 

Muir Wood and Doherty (2014), proposed the use of a maturity function to account for bulk 

stiffness of solid skeleton of CPB undergoing hydration. A similar expression can be used to 

describe the evolution of shear wave velocity with time (  sV t ): 

 

            
0 s ss s v vV t V 1 exp t  Equation 6-2 

 

In this equation, 
0s

V  is the shear wave velocity for an unhydrated material; 
sv  is the ratio of 

the final shear wave velocity (after full hydration) to the initial shear wave velocity (
0s

V ); and 

  is the parameter controlling the rate of stiffness increase over time. A similar expression, 

Equation 6-3, can be used for UCS. In this equation, fUCS  is the final UCS after full 

hydration. 

 

       fUCS t UCS 1 exp t  Equation 6-3 

 

These equations were used to fit data points in Figure 6-5, using a single best estimate of  

  0.099  days-1. In general, there exists a good agreement between Equation 6-4 and 

Equation 6-5 and the experimental data. It can be noted that these equations imply that full 

hydration effectively occurs at a dimensionless time of  t 5 . Adopting a value of 

  0.099  days-1, therefore indicates that effective fully hydration occurs at 5/0.099  50 

days. 
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6.4.2 Test Type 1: Pressure plate 

The SWCCs for different curing ages obtained using the pressure plate technique are 

presented in Figure 6-6. The results show that the SWCCs evolve in a continuous manner 

from an uncemented to a fully hydrated state. When 30 and 60 days curves are compared, 

small differences are observed (curves seem to almost overlap), which suggests that the 

SWCC effectively converges to a unique curve due to the completion of cement hydration 

as early as 30 days. The Fredlund and Xing (1994) model (Equation 6-1) was best fitted (using 

least square method) to data points in this figure. The initial (as-mixed) water content for 

uncemented samples (as shown in Figure 6-6) was not considered when fitting the model to 

experimental data. This is due to specimens showing a lower water content after self-weight 

consolidation (excess water removed). Thus, the curve was fitted from 10 kPa suction. The 

parameters a , n , m  and  AEV
 values obtained from regression analyses for each curve are 

presented in Table 6-2. The  AEV
 are also shown in Figure 6-6 for each desaturation curve 

(filled circles). 

 

Figure 6-6 Soil-water characteristic curves of CPB at different curing ages obtained using a 

Pressure Plate. 

 

From Table 6-2 it can be seen that the n  parameter remains practically unchanged for the 

different hydration ages, except for uncemented specimens, whereas m  decreases during the 

first 3 days of curing and remained constant at older curing ages. Referring to the original 

definition of these statistical parameters (Fredlund and Xing, 1994), these results would 
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indicate that both the pore size uniformity and asymmetry of the model remain practically 

unchanged. This is surprising considering the widely discussed influences of soil texture on 

the water retention characteristic of soils (Teepe, et al., 2003). The water retention in the pore 

space is dependent on the shape, uniformity and angularity of the soil particles, among 

others. For instance, the slope of the SWCC of sand (rounded particles) and clay (platey 

particles) soils are remarkably different. Thus, it was initially expected the slope of the SWCC 

would change as curing age was increased due to precipitated hydration products not filling 

the void space uniformly. However, this was not the case. Similar results indicating an 

unchanged slope of the curve were obtained by Abdul-Hussain and Fall (2011) when 

studying the effects of different cement contents on CPB. Similarly, several authors have 

reported that different void ratios (Zhou, et al., 2011; Salager, et al., 2013; Heshmati and 

Motahari, 2015) and different confining stress conditions (Zhou and Ng, 2014; Oh and Lu, 

2014) have a small effect on the SWCC slope for silts, and silty sand and clayey sands. All 

the above-mentioned may suggest that cementation occurred in a fairly uniform manner in 

the CPB specimens with negligible impact on the resulting SWCC slope.  

 

Curing Age n m a 𝜓𝐴𝐸𝑉  B 

uncemented 1.73 1.53 69 38.5 1.79 

1 day 2.09 1.04 104 49 2.12 

3 days 2.90 0.70 151 97.5 1.55 

7 days 2.35 0.86 249 139 1.79 

14 days 2.24 0.94 339 180 1.88 

30 days 2.22 0.98 409 212 1.93 

60 days 2.24 0.97 426 225 1.89 

Table 6-2 Evolution of air entry value and Fredlund and Xing’s (1994) parameters for CPB 

prepared at different curing ages measured using the pressure plate. 

 

A different behaviour is shown by the a  parameter and the  AEV
, which evolve in a 

continuous manner with time (Table 6-2). Higher air entry values at advanced curing ages 

are, as expected, due to the decrease in CPB porosity. At advanced curing ages (i.e. over 30 

days) the  AEV
 attains a stable final condition, as shown in Figure 6-7. A similar evolution 

of the  AEV
 in CPB has been observed by different authors (e.g. Belem et al., 2002; 

Godbout et al., 2004; and Abdul-Hussain and Fall, 2011). Belem et al. (2002) proposed the 

use of Equation 6-4 to predict  AEV
 at a given curing time ( t ).  
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        AEV AEVmax 1 2t a exp a t  Equation 6-4 

 

where  AEVmax
 is the maximum air entry value at an advanced curing age (over 28 days), 

1a  

is a constant depending on binder type and its proportion, and water-to-cement ratio and 
2a  

is a constant that depends on tailings properties. 

 

This equation was fitted to the experimental data (Table 6-2) in Figure 6-7. The  AEVmax
 was 

chosen as the air entry value at 60 days, i.e. 225 kPa. 
1a  was considered as equal to 1.1 as 

found by Belem et al. (2002) for samples prepared at 78% solids content and 5% binder 

content, although for different tailings. The 
2a  parameter was obtained from regression 

analysis (i.e. 
2a =0.049). From this figure, there appears to be a good agreement between this 

curve and the experimental data at early curing ages. However, at advanced curing ages this 

equation is not properly defined, e.g. if t ,   AEV AEVmax 1a , which is not correct. 

In addition, the difficulty in the practical use of this relationship lies in appropriately 

determining parameters 
1a  and 

2a  for different CPB mixes. Therefore, a better approach is 

required to represent not only the evolution of  AEV
 but ultimately the evolution of the 

whole SWCC. 

 

Figure 6-7 Evolution of the CPB air entry value ( AEV
) with respect to curing age. 

The evolution of the  AEV
 can be studied using the Equation 6-5 which follows Doherty’s 

(2015) maturity equation for the evolution of bulk stiffness. 
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0 AEV AEVAEV AEVt 1 exp t  Equation 6-5 

 

The parameters of this equation (i.e. 
0AEV ,  AEV

 and  ) have a similar definition than 

those in Equation 6-2 and Equation 6-3. For instance,  AEV
  is the ratio of the final air entry 

value (after full hydration) to the initial air entry value (
0AEV ); and   controls the rate of 

increase over time. This equation was best fitted to experimental data in Figure 6-7, by 

adjusting parameter   whereas the input parameters for the equation were obtained from 

Table 6-2 (i.e.  
0AEV =38.5 kPa,  AEV

=5.84). It can be observed that a fairly good 

agreement exists between experimental results and the proposed curve at both early and 

advanced curing ages. Moreover, a best fit parameter of  =0.106 days-1 was found which 

is similar to the representative   value for the CPB material based on UCS and shear wave 

velocity measurements (i.e.  =0.099 days-1) which indicates the evolution of the  AEV
 

follows a similar evolution of 
sV  and UCS.  

 

A similar equation can be introduced for the parameter a  of the Fredlund and Xing’s model 

(Equation 6-6). 

 

            0 a aa t a 1 exp t  Equation 6-6 

 

A comparison of the evolution of  AEV
 and a  normalized by their respective values in a 

uncemented condition (
0AEV  and 

0a , respectively) is presented in Figure 6-8. The general 

trend shows that both parameters evolve with time in a similar manner. Also displayed in 

this figure are Equation 6-5 and Equation 6-6, also normalized by their initial uncemented 

values, and their corresponding best fit   parameter. The   parameter for a , i.e. =0.098 

days-1, is similar to the representative   parameter for the CPB. This suggests that not only 

the  AEV
 but also a  evolves with the hydration of cement. Table 6-2 shows that the average 

ratio between a  and  AEV
, i.e.  AEVB a / , for each experimental data point remains 

practically constant, regardless of curing age, and equal to 1.85. This confirms that a strong 

correlation exists between these two parameters, as reported by several other authors (e.g. 

Fredlund, et al., 2011). 
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Figure 6-8 Evolution of normalized a  and  AEV
with respect to curing age from the 

Pressure Plate. 

 

The  AEV
 evolves according to the hydration of cement, the parameter B  (which relates a  

and  AEV
) is practically constant at different curing times, and the  n  and m  parameters of 

the Fredund and Xing model remain unchanged at different curing ages, it is thus suggested 

that not only  AEV
 but the entire SWCC evolves according to the rate of cement hydration 

(represented through parameter  ). For practical instances, the following modification to 

the Fredlund and Xing (1994) equation, to take into account cementation, is possible: 

 

 
 

 








   
    

     

f
f

sf

m
n

aev

w
w ,t

ln e
B t

 Equation 6-7 

 

 w , t  : Gravimetric water content.  

   : Total suction  

scw    : Saturated water content determined from cemented sample. 

cn , 
cm   : Model parameters n  and m  determined from cemented sample. 

B  : Ratio between model parameter a  and  aev
 found from cemented or  

uncemented SWCC. 

 aev
(t)  : Evolution of air entry value over time as defined in Equation 6-5.  
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This equation can be used if all of the following are known, as a minimum: i) the rate of 

cement hydration over time ( ), ii) the SWCC of uncemented tailings, and iii) the  AEV
 at 

any other curing age. Regarding the last point, the use of fully cured specimens is preferred 

due to the relative ease in using the pressure plate technique for such samples.  The   aev t  

function can be found based on Equation 6-5, knowing the parameter   and the air entry 

values at two different curing ages (e.g.  AEV
 for uncemented and 30 days). Similarly, the 

ratio B  can be obtained from the uncemented SWCC. In Figure 6-9, Equation 6-7 

(combined with Equation 6-6) was fitted to experimental data obtained for different curing 

ages using  
cn  and 

cm  values obtained for 60 day old specimens, as given in Table 6-2. The 

sfw  was considered to be equal to the measured saturated water content for 60 days 

specimens (i.e. 26.3%) and the B  ratio set to 1.79 as found for uncemented specimens in 

Table 6-2. Experimental results and Equation 6-7 are generally in good agreement. The 

Equation 6-7 can be very useful for backfill engineers when studying different phenomena 

of unsaturated fills (e.g. stability of exposures). However, this equation has been specifically 

derived for the cemented tailings used in this study. Thus, before its general application, 

further work on the response of other types of tailings and different dosages (e.g. lower 

cement content) is needed. Also, the chemical effects of acetone on CPB microstructure are 

unknown and should be evaluated.  

 

Figure 6-9 Modified Fredlund and Xing (1994) model compared to CPB experimental data 

using pressure plate apparatus. Input parameters for Equation 6-7: n =1.73, m =1.5, 


60AEV =225 kPa, 

0AEV = 38.5 kPa, and B =1.79. 
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In terms of testing characteristics, the pressure plate technique, combined with the use of 

acetone to halt cement hydration, offers a good method to measure the SWCC at any curing 

age. However, the time needed to conduct one test, under the conditions previously 

described, exceeded 90 days (i.e. each equalisation time around 12 days) which is impractical 

for engineering purposes. In this context, other testing techniques are evaluated in the 

following sections. 

6.4.3 Test Type 2: Tensiometers 

Figure 6-10 illustrates the results obtained using tensiometers in a continuous drying 

configuration (as illustrated in Fig 3). The SWCCs of uncemented specimens, tested at two 

different temperature conditions (room and oven temperature), exhibit good agreement. The 

advantage of using higher temperatures is the reduced time needed to conduct the test. At 

20°C, 15 days were needed to complete the test; however, at 50°C less than 8 hours were 

required. The same good agreement is observed for the curves at 60 days of curing. This was 

expected due to the fact that at this age the sample is almost fully cured and the effects of 

temperature on cement hydration are negligible (Fall and Samb, 2009). A noticeable change 

in SWCC slope is observed between uncemented and 60 days curing curves. This finding 

contradicts the behaviour observed in the pressure plate device. This may suggest a change 

in pore size uniformity as cement hydrates. However, it is interesting to note that contrary 

to what is expected, the slope of the curve decreases as CPB pore space refines, suggesting 

a better pore size uniformity after cementation. It is not clear if this is the actual evolution 

of the slope of the SWCC, or rather the result of experimental errors due to the performance 

of the small tensiometer tip in materials of different stiffness (e.g. uncemented and fully 

cured). 

 

A good agreement is also observed when SWCCs of uncemented specimens obtained using 

a pressure plate (referred to as PP in Figure 6-10) and tensiometer techniques are compared. 

The same is not valid for 60 day old specimens. It has been reported that the readings of the 

tensiometers are lower than those of the pressure plate (e.g. Lourenço, et al., 2007). However, 

this behaviour is only observed when CPB specimens have undergone some cement 

hydration. The large observed differences are likely due to the loss of contact of the small 

tensiometer tip (despite the use of wet tailings to improve surface contact). Further work 

(e.g. using a kaolin paste around the tensiometer tip) may mitigate this problem, but was not 

pursued in the current work. 
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Figure 6-10 Soil-water characteristic curves of CPB at different curing ages obtained using 

tensiometers in a continuous drying configuration. PP refers to results obtained using the 

Pressure Plate. 

 

When higher temperatures (i.e. 50oC) were used on specimens undergoing hydration the 

same SWCC was obtained, irrespective of initial curing age. These curves coincide with the 

60 day curing age curve. This behaviour is attributed to the effects of temperature on the 

hydration of CPB. Fall and Samb (2009) reported that increased temperatures can effectively 

accelerate the hydration of cement in CPB specimens with small effects on specimens’ 

porosity and pore size distribution. Hence, this testing setup is not suitable for constructing 

the SWCC of CPB at intermediate curing ages.  

 

Nevertheless, the use of elevated temperatures allow the SWCC of fully cured and 

uncemented specimens to be obtained in a shorter period of time, in comparison to 

traditional drying test setups. In addition to this, high temperatures can be used to prepare 

specimens at 100% hydration, without the need to wait for long periods of time. All of these 

may be helpful, for instance, to quickly reconstruct the evolution of the SWCC of CPB using 

Equation 6-7. A drawback of this technique is the range of suction measured, i.e. maximum 

of 200 kPa after proper tensiometer calibration. Thus, only a section of the transition zone 

can be reconstructed and problems arise when trying to determine residual zone 

characteristics (e.g. residual water content). 
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6.4.4 Test Type 3: Desaturation Cell 

The results of the testing conducted using the desaturation cell are presented in Figure 6-11. 

In general, it required between 5 to 6 hours to construct one SWCC in this device. The 

suction readings presented in this figure are similar to the data obtained using tensiometers 

in a continuous drying configuration in the low and high suction range (curves referred to as 

TT in Figure 6-11).  Owing to the use of a tensiometer in this modified setup, suctions are 

lower than those obtained in the pressure plate at a given water content (curves referred to 

as PP in Figure 6-11). The slope of the desaturation branch of the uncemented and 60 days 

curing curves are similar when using this configuration. This confirms that the differences 

observed in the continuous drying configuration might be attributed to experimental errors 

when using small tensiometers manually. Also, it can be seen that the gravimetric water 

contents obtained with this modified setup are slightly lower than those obtained using 

tensiometers, especially at early curing ages (readings tend to match at late curing ages). 

Differences may be attributed to the extra time needed to conduct the test when using 

continuous drying, which gives CPB structure more time to hydrate and to increase pore 

suction. In addition to this, a source of error in the desaturation cell was found when air is 

flushed through the specimen and preferential air paths are created, which promotes a non-

uniform distribution of water within the sample. Thus, the amount of water collected on the 

balance does not necessarily represent the water content surrounding the tensiometer tip.  

 

Curing Age n m a 𝜓𝐴𝐸𝑉  B 

uncemented 1.75 1.37 49 23.5 2.09 

1 days 1.53 1.69 86 29.5 2.92 

3 days 2.50 0.79 68 40 1.70 

7 days 2.3 1.22 137 72 1.90 

14 days 2.19 1.55 172 83 2.07 

30 days 2.4 1.10 159 90 1.77 

60 days 2.39 1.05 170 97 1.75 

Table 6-3 Evolution of air entry value and Fredlund and Xing (1994) fitted parameters 

measured using the desaturation cell. 

 

The Fredlund and Xing’s (1994) model parameters obtained for each curing age in Figure 

6-11, are summarised in Table 6-3. A larger scatter in the experimental data produced best-

fit curves with an overall shape that varies from one to another (e.g. SWCC for 1 and 3 days 

curing). The n  parameter in Table 6-3 converges to a fairly constant value (i.e. of about 2.4) 
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after 3 days of curing. A similar value was found when using the pressure plate device. The 

m  parameter varies between 0.79-1.55 and a clear trend with respect to curing time is not 

observed. However, the shape of most of the SWCCs does not seem to be greatly affected. 

This corroborates the observation that changes in pore size uniformity are not significantly 

affecting the slope of the curve.  

 

 

Figure 6-11 Soil-water characteristic curves of CPB at different curing ages obtained using 

the desaturation cell setup. TT and PP refers to data obtained using tensiometers and 

Pressure Plate, respectively. 

 

The overall trend of the curves in Figure 6-11 shows a strong dependency of  AEV  on curing 

age. As in the pressure plate, the parameter a  follows the evolution of the  AEV
, as given in 

Table 6-3. Although a large scatter is observed for the ratio B  in this table, a average value 

equal to 2.02 was found which is similar to the value obtained by means of pressure plate 

technique, i.e. 1.85. Figure 6-12 shows the evolution of the normalized a  and  AEV
 

parameters and their corresponding maturity curves (Equation 6-5 and Equation 6-6, 

respectively). The evolution of both parameters is similar although normalized values for 

 AEV
 are larger than normalized values for a , especially at advanced curing ages. The   

parameter for a  and  AEV
 curves are equal to 0.160 and 0.120, respectively. However, the 

maturity parameter for the  AEV
 is similar to the representative   of the CPB material (i.e. 

 =0.099) which suggests the evolution of the SWCC may be also described through 
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Equation 6-7. Although a larger scatter is expected due to continuous changes in the m  and 

n  parameter due to experimental errors as previously discussed. This is examined in Figure 

6-13 where the experimental data in Figure 6-11 has been reconstructed from the 

uncemented SWCC parameters (i.e. n , m ,  AEV
 and B ) and the  AEV

 at 60 days, as given 

in Table 6-3. This corresponds to the minimum information required to reproduce the 

evolution of the SWCC for CPB material using the proposed approach (additional cemented 

SWCCs would improve the performance of the method). Nevertheless, the different curves 

in Figure 6-13 seem to adequately reproduce the experimental data and the differences 

observed might be minimal for practical engineering applications. 

 

 

Figure 6-12 Evolution of normalized a  and  AEV
with respect to curing age from the 

desaturation cell. 
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Figure 6-13 Modified Fredlund and Xing (1994) model compared to CPB experimental 

data using desaturation cell setup. Input parameters for : n =1.75, m =1.37, 
60AEV =97 

kPa, 
0AEV =23.5 kPa, and B =2.09. 

6.5 Conclusions 

This study investigated the evolution of the SWCC in silver-lead-zinc tailings undergoing 

cement hydration, using three different testing techniques. The axis translation technique, 

applied using the pressure plate apparatus and the insertion tensiometer technique, in a 

continuous drying configuration, were initially researched. A third testing setup (called the 

desaturation cell), aimed at accelerating SWCC determination, was developed and tested. The 

SWCC was measured in specimens allowed to cure for different ages and the Fredlund and 

Xing (1994) model used to fit the experimental data. UCS and shear wave velocity tests were 

also performed to study the evolution of the degree of cement hydration. The main findings 

can be summarised as follows: 

 

- The pressure plate technique, when combined with the use of acetone to arrest cement 

hydration is a suitable method for studying the evolution of the SWCC. The SWCC 

obtained using this technique was characterised by a continual increase of the air entry 

value, until hydration was effectively complete. Fredlund and Xing’s (1994) parameters 

n  and m  remained virtually unchanged for different curing ages. Thus, a modification 

to Fredlund and Xing’s model to account for cementation was proposed and 
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satisfactorily applied to CPB specimens. The applicability of this equation to other types 

of tailings should be confirmed before it can be used more widely.  

 

- Suctions from pressure plate tests were generally larger than the values obtained using 

tensiometers in a continuous drying configuration or in the desaturation cell. It was also 

found that higher temperatures can accelerate the evolution of the SWCC due to a faster 

hydration of cement. Thus, high temperatures can be used to effectively accelerate the 

determination of the SWCC in uncemented and fully cured specimens under a 

continuous drying configuration. 

 

- The desaturation cell was able to generate the SWCC of CPB in the low suction range 

within hours. This is advantageous for practical applications when the evolution of the 

SWCC needs to be determined quickly. The apparatus rendered similar results to the 

tensiometers used in a continuous d drying setup for uncemented and fully cured 

specimens. However, some experimental errors were identified and the pressure plate 

still appears to be the most suitable method for studying SWCC evolution. Nevertheless, 

the modified Fredlund and Xing’s equation also rendered good results when combined 

with the desaturation technique. 
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Experimental and Numerical Evaluation of Evaporative Fluxes from 
Cemented Paste Backfill 

 

By: Gonzalo Suazo, Andy Fourie and James Doherty 

 

Abstract: The desaturation of cemented paste backfill (CPB) due to evaporation is 

investigated in this study through the setup of column and evaporation pan tests. In addition, 

the HYDRUS-1D code was calibrated and implemented to simulate the desaturation of a 

full size backfilled stope. Although the emphasis of this study is on the understanding of the 

generation of evaporative fluxes in an underground backfill environment, the contribution 

of drainage and self-desiccation phenomena on the desaturation of CPB is also discussed. It 

was found that the decline in the ratio of actual evaporation to potential evaporation occurs 

at suctions between 1800-3000 kPa, regardless of CPB curing age. Column tests conducted 

in a drained condition showed that the desaturation of the top layers of the fill was controlled 

by evaporation whereas middle and bottom layers by drainage and self-desiccation processes. 

In addition, it was numerically found that the desaturation of CPB due to evaporation is 

minimal under typical underground ambient conditions.  

 

Keywords: Cemented paste backfill, evaporation, matric suction, self-desiccation, drainage. 
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7.1 Introduction 

Underground mined-out voids, commonly called stopes, are sometimes filled with a mixture 

of recycled full stream tailings, mine process water and a hydraulic binder agent such as 

cement. This engineered material is termed cemented paste backfill (CPB) and is nowadays 

one of the most preferred materials for safe and effective backfilling (Helinski, 2007). As the 

fill hydrates, local and global rock mass stability increases, allowing the recovery of the ore 

contained in pillars located between stopes. Backfilling not only improves mine profitability 

but also allows the disposal of large amounts of mine waste materials underground, reducing 

the environmental impact of mining operations.  

 

CPB can be considered as a non-segregating slurry usually containing at least 15% of particles 

finer than 20 microns and mixed at cement and water to solids contents ranging between 75 

and 85% and cement content between 3 to 7% by dry total weight (Benzaazoua, et al., 2004). 

Thus, during transportation and upon placement, the fill is in a saturated condition (Hasan, 

et al., 2014). Nevertheless, as time advances the fill can desaturate due to a number of 

processes, among which the most significant are: i) hydration of cement which consumes 

water to form cemented products that bond tailings particles together, ii) drainage through 

surrounding rock or through retaining barricades (Hasan, et al., 2013), iii) the evaporative 

fluxes from exposed fill surfaces.  

 

Regardless of the desaturation mechanism, the reduction of water in the pore space leads to 

the development of negative pore pressures (suction). The importance of suction in the 

analysis of seepage, shear strength and volume change in unsaturated coarse and fine-grained 

soils is nowadays widely accepted (Fredlund, 2000). Development of suction in backfilled 

stopes has been observed in the past through in-stope instrumentation (Grabinsky and 

Bawden, 2007). Similarly, Doherty (2015) demonstrated the significant impact of suction on 

the stress state in backfilled stopes. Therefore, the desaturation phenomena should be 

understood and routinely considered in the design of cemented paste backfills.  

 

Desaturation of the fill due to cement hydration and drainage has been investigated in the 

past by considering the self-desiccation phenomenon and through the analysis of water 

seepage at the rock-CPB interface (Grabinsky & Simms, 2005; El Mkadmi, et al., 2014). 

Conversely, there is limited research on the drying desaturation of CPB. A few attempts have 

been carried out to experimentally observe this phenomenon through the setup of CPB 

columns (e.g. Ghirian and Fall, 2013). However, there is at present a lack of rational 
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understanding of the phenomenon and consequently on its contribution to the global 

desaturation of the fill. 

 

The mechanisms controlling surface evaporation from unsaturated soils are complex and not 

completely understood. The principal difficulty lies in the understanding of unsaturated soil 

properties (e.g. unsaturated hydraulic conductivity) and climatic conditions controlling the 

rate of evaporation. The conventional equations used to predict evaporative fluxes from 

saturated surfaces are no longer valid in an unsaturated condition due to the change in the 

evaporation rate as soil dries out (Wilson, et al., 1991). The rate of evaporation of an initially 

saturated soil is equal to the potential evaporation rate ( PE ), which is the maximum possible 

rate of evaporation of a soil in a given atmospheric condition (that of a surface of pure water). 

This rate declines to an actual evaporation rate ( AE ) as supply of water to the surface 

becomes limited. As soils dry further, there is an elevation at which the hydraulic continuity 

in the liquid phase is broken (liquid-vapor phase discontinuity). This is defined as the 

evaporation front ( EF ) (Gowing, et al., 2005).  

   

The different drying stages of soils are shown in Figure 7-1, in terms of the ratio AE /PE  

with respect to water availability (Wilson, et al., 1994). In Stage I, AE /PE =1 and the 

evaporation front is non-existent. In Stage II, the diffusivity of liquid water (
LD ) decreases 

due to soil desaturation and insufficient water is conducted to the surface to maintain the 

initial rate of evaporation, i.e. AE PE . The water content that marks the transition 

between Stage I and II is defined as 
d . As soil continues to desiccate the evaporation front 

( EF ) develops from the surface inwards. At stage III, the soil above the EF  loses its ability 

to conduct water from the liquid-vapor phase and water is transported to the surface as 

vapor. However, below the EF , there is still liquid flux. As soil desiccates further, 

evaporation is controlled by vapor diffusivity (
TD ) and a final minimum evaporation rate is 

attained. The water content at the evaporation front (
e ) and 

d  have been shown to be a 

function of soil texture (e.g. Konukcu et al., 2004). Thus, they are expected to continuously 

evolve in CPB as cement precipitates form in the pore space.  
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Figure 7-1 Evaporation curve showing the relationship between the rate of actual 

evaporation and potential evaporation ( AE /PE ) with respect to volumetric water 

content (after Wilston et al., 1994). 

 

The AE  during Stage I is commonly computed using one of the traditional approaches to 

estimate evaporation rates from open water sources (e.g. Dalton’s law of evaporation or 

Penman’s method). During Stage II, AE  can be estimated using a model able to account 

for the effects of climatic conditions and unsaturated soil hydraulic properties on the soil 

evaporation, such as those proposed by Staple (1974), Schieldge et al. (1982), Witono and 

Brucker (1989). However, more advanced models, with the capabilities to additionally 

account for vapor diffusivity are required at Stage III. For instance, Wilson et al. (1993) and 

Yang et al. (1997) proposed a theoretical model based on equations for coupled heat and 

mass transfer in soil where the flow of liquid and vapor water are described through the use 

of Darcy’s and Fick’s Law, respectively. Other authors, such as van Genuchten (1978), Kool 

and van Genuchten (1989) and Šimůnek et al. (2012) have used a modified version of the 

Richards’ equation for coupling vapor and liquid flow in soil with good results when 

replicating experimental problems. 

 

Drying evaporation of CPB is not only dependent on climatic conditions (and the time of 

exposure to these conditions), but also on the constant evolution of unsaturated properties 

as AE /PE <1. In this context, the evaporative behaviour of CPB prepared using silt-sized 

tailings is assessed in this paper through experimental and numerical studies. In a first section, 

the evaporation from thin layers and the evolution of AE  (
d  and 

e ) is experimentally 

researched by conducting evaporation pan tests. Later, the numerical model HYDRUS-1D, 

which is based on the Šimůnek et al. (2012) model, is calibrated by setting up column tests. 

Finally, the numerical model is used to evaluate the desaturation and generation of suction 

in full size stope over time. The contribution of self-desiccation and drainage on the total 

desaturation of CPB is also discussed.  
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7.2 Evaporative fluxes from this CPB layers 

7.2.1 Materials 

The CPB used in this study was prepared using silver-lead-zinc tailings, hypersaline water 

obtained from the mineral processing plant and Portland Type 1 cement as binder agent. 

The tailings are classified as low-plasticity silt (ML) according to the Unified Soil 

Classification System (USCS). They have a low plasticity index, around 4 and specific gravity 

of 3.18. The particle size distribution of the tailings is given in Figure 7-2. The process water 

had a high concentration of sulphates and chloride with a total dissolved solids (TDS) of 

4300 ppm and a conductivity of 7920 µS/cm. 

 

 

Figure 7-2 Tailings particle size distribution. 

 

The CPB mixture was prepared by mixing tailings, cement and process water using a portable 

electric mixer. The slurry was thoroughly mixed and homogenized for 15 minutes at low 

speed to avoid air entrapment. A cement content of 5% and a solid content (i.e. weight of 

solids over total weight) of 78% were selected for all specimens, as they represent a common 

mix used in underground operations. Uncemented samples (0% cement) were prepared at 

the same solids content. 

7.2.2 Water retention properties 

The soil-water characteristic curve (SWCC) relates the amount of water within the soil to soil 

suction. A few studies have been conducted to study the evolution of the SWCC in CPB, e.g. 
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Belem et al. (2002), Godbout et al. (2004), Witteman and Simms (2011) and Abdul-Hussain 

and Fall (2011). The evolution of the drying SWCC for the material used here, as 

experimentally found by the authors using a pressure plate apparaturs, is shown in Figure 7-3 

in terms of matric suction   ( h ) versus volumetric water content ( ).  

 

Figure 7-3 Soil water characteristic curves for CPB at curing ages of 3, 7, 14 and 30 days. 

 

The different curves in this figure were obtained after best fitting van Genuchten’s (1980) 

equation to the experimental data: 
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 Equation 7-1 

 

where 
r  and 

s  refer to residual and saturated volumetric water content, respectively;   is 

the inverse of the air entry value (
aevh ); and n  and m  are van Genuchten’s equation 

parameters, where m 1 1/n  .  The values of these parameters for the different curves in 

Figure 7-3 are summarized in Table 7-1. 
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Parameter 
Curing Age (day) 

Uncemented 3 7 14 30 

n 2.47 2.40 2.35 2.37 2.54 

m 0.53 0.58 0.61 0.62 0.38 

θr 0.001 0.072 0.103 0.110 0.057 

θs 0.269 0.452 0.455 0.454 0.457 

α 0.013 0.004 0.003 0.002 0.002 

Table 7-1 van Genuchten’s equation parameters for CPB at different curing ages. 

7.2.3 Evaporation tests 

Thin sections of CPB were prepared in order to replicate the evaporation at the boundary of 

the CPB fill. Thin layers minimise the effects of soil water below the evaporating surface and 

better represent soil top layers which control evaporation (Wilson, et al., 1997). The 

minimum section thickness attained was about 9 mm. Thinner sections were found to crack 

and break as CPB hydrated and shrank. 

 

CPB slurry was poured into a 200 mm diameter pan to an initial height of approximately 12 

mm. The mixture was gently deposited, ensuring a uniform thickness across the pan. 

Duplicate samples were also prepared to measure the water content at the start of each test. 

The specimens were allowed to cure under water for different periods, i.e. 3, 11 and 22 days, 

before the test was started. The 50% of each evaporation test (starting at 3, 11 and 22 days 

after submersion) was completed at 7, 14 and 30 days. Therefore, the specimens continued 

to hydrate during the evaporation test. The curves shown in the following sections are 

labelled according to these ages (50% of the test). Uncemented specimens were also 

prepared. After the specimens submersion, the evaporation pan was placed on a precision 

laboratory scale (having a resolution of 0.01 gr) and the actual evaporation ( AE ) measured 

over time. In parallel, a second identical pan was filled with process water and placed on a 

second scale and potential evaporation ( PE ) monitored. Both scales were connected to a 

data acquisition system and the data was continuously recorded at intervals of 6 min. The 

test was finished when no change in weight was perceived (desaturation curve became flat). 

After several attempts following this procedure, sections with a height ranging between 9 

and 11 mm were routinely produced for each test condition. All the tests were repeated twice 

and results averaged. A schematic diagram of the testing setup is given in Figure 7-4. 
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Figure 7-4 Schematic diagram of the evaporation pan experimental setup. 

 

The experiments were conducted in a relative humidity (RH) and temperature controlled 

room. Ambient conditions were initially set to 20oC and 55% relative humidity (RH). 

Additionally, a temperature and humidity sensor (Omega HH314) was installed near the 

pans, but far from CPB surfaces. During testing, the sensor registered temperatures and RHs 

fluctuating between 20-23 oC and 52-56%, respectively.  

7.2.4 Results and discussion 

Figure 7-5a shows the measured AE /PE  ratio versus time for cemented and uncemented 

sections. It is observed that during the first hours of the tests, all the specimens showed, as 

expected, an evaporation ratio similar to the potential evaporation, i.e. AE / PE  ≈1. 

However, as evaporation progressed, the AE  slowed down and fairly distinct drying curves 

at each curing age were obtained. The shape of the drying curve for uncemented and 30 days 

curing age material are similar to those typically obtained for silts and clays, respectively 

(Wilson, et al., 1997). According to Cheng et al. (2013) the shape of the drying curve is 

controlled by water availability, soil texture, vertical heterogeneity and drying rate. In the 

experiments carried out here, both heterogeneity and drying rate are fairly constant, and thus, 

the evolution of the curves is mostly controlled by CPB texture and water availability 

(suction). This is observed in Figure 7-5a where the slope of the drying curves become gentler 

at greater curing ages as a result of reduced porosity maintaining higher evaporation rates. 

Similarly, the decline in evaporation rate seems to start earlier in slightly cemented specimens. 

This early slowdown in AE /PE  is believed to be caused by the low air entry values of 

specimens at early curing ages (Figure 7-3).  
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Figure 7-5 Results from evaporation pan tests in CPB. (a) Evolution the AE /PE  ratio 

with respect to (a) time and (b) volumetric water content. 

 

Figure 7-5b presents the evolution of the AE /PE  ratio with respect to volumetric water 

content ( ) for the different CPB ages considered. It observed that the decline in the 

evaporation rate occurs at an increased volumetric water contents as curing age increases. 

The value of the volumetric water content causing the decline in the evaporation rate (
d ) is 

about 0.021, 0.117, 0.132 and 0.133 for specimens tested in an uncemented condition, 7, 14 

and 30 curing days, respectively. These volumetric water contents are relatively small 

compared to the mixing (as-placed) volumetric water content of CPB (i.e. of about 0.48). It 

is also interesting to note that cemented specimens reach a similar final water content when 

equilibrium with the environment is attained, i.e. 
e =0.028. The uncemented section shows 

a 
e  of approximately zero. These values are within the range of 

e  values reported by 

Gowing et al. (2005) for different soil textures.  

 

In a similar study, Wilson et al. (1997) used the Dalton equation for mass transfer and the 

relationship of Edlefsen and Anderson (1940) to relate relative humidity of the air above the 

evaporating surface (
aH ), suction ( h ) and the AE /PE  ratio, through the following 

equation: 
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where 
vW  is the molecular weight of water (0.018 kg/mol), g  is gravity acceleration (m/s2), 

R  is the universal gas constant (8.314 J/(molK)) and T  is absolute temperature (K). This 

equation has been fitted to the experimental data (Figure 7-5) and plotted in Figure 7-6 in 

terms of AE /PE  with respect to h .  

 

 

Figure 7-6 Decline of the AE /PE  ratio with respect to suction. 
aH =54% and T=295oK. 

 

The predicted curve seems to reproduce reasonably well the point at which the evaporation 

rate starts to decline (
d dh ,  ). The segmented lines in Figure 7-6 marks the suction range of 

the start of the evaporation decline for the different curing ages considered, i.e. from 1800 

to 3000 kPa. These values are in agreement with those reported by Wilson et al. (1997). 

Beyond the decline zone, the data points differ from the predicted curve. There are a few 

reasons that may explain this behaviour: i) the basic assumptions in Equation 7-2 are that the 

air, water and soil are at approximately at the same temperature which is not valid in CPB 

due to the series of exothermic reactions that occur throughout the hydration of cement; ii) 

the accuracy of the SWCCs at suctions as high as 100000 kPa is questionable since the 

experimental data was obtained up to maximum suctions of 1000 kPa, and thus the high 

suction range was predicted using the van Genuchten’s (1980) model which may not be valid 

for this range of suctions. 

 

An interesting practical result of the evaporation pan tests is the high suctions and low 

volumetric water contents needed to cause the decline in the evaporation rate (Figure 7-5 

and Figure 7-6), regardless of curing age. In other words, backfilled stopes are expected to 
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evaporate at a rate PE  (i.e. rate of evaporation of water) unless significant desaturation is 

experienced. The time frame over which this can occur is discussed in the last section of this 

paper. A good estimation of the point at which the decline is expected to occur can be 

obtained based on underground ambient conditions and Equation 7-2.  

 

The values found for 
dh , 

d  and 
e  from evaporation pan tests are used in the following 

section as input for the HYDRUS 1-D model when replicating the desaturation of column 

tests. 

7.3 Numerical Simulation 

7.3.1 Simulation model 

The computer program HYDRUS-1D was used to simulate the flow of liquid water (i.e. 

drainage end evaporation) in CPB. Several researchers have used this program in the past to 

simulate water, heat and solute movement in unsaturated media (e.g. Schindler, et al., 2010; 

Huang, et al., 2012; Cheng, et al., 2013). This program numerically solves the Richards 

equation for partially saturated water flow. The effects of vapor flow, which is important 

when the soil is relatively dry, are also embedded in this equation. However, to account for 

this problem, a governing equation for heat transport has to be simultaneously solved which 

is beyond the scope of this research. Thus, the following simplified equation for one-

dimensional isothermal flow of liquid water is used (Saito, et al., 2006): 

 

 

Lh Lh

h
K K  

t z z

    
  

   
 Equation 7-3 

 

where   is defined as the sum of volumetric liquid water, 
l , and water vapor content, 

v ; 

t  is time; z  is the spatial coordinate positive upward (m); and 
LhK (ms-1) is the isothermal 

conductivity for liquid phase fluxes.  

 

The following boundary condition is specified at the soil surface (z L ) to account for the 

decline in the rate of evaporation: 

 

 

Lh Lh

h
K K EP

z


  


 Equation 7-4 
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d sh  h h    Equation 7-5 

 

where 
sh   is the maximum pressure head at the soil surface; if positive, it represents a water 

pond formed on soil surface. In this investigation no pond is considered, thus 
sh  =0. The 

SWCC (  h ) of the material in conjunction with the saturated hydraulic conductivity of 

the soil, 
sK ,  are used to predict the isothermal unsaturated hydraulic conductivity function, 

LhK , as follows: 

 
   

2m1/2 1/m

Lh s e eK h K S 1 1 S   
 

 Equation 7-6 

 

where 
eS  is the effective saturation, defined as    r s r/     ; and m , 

s  and 
r  

defined according to the van Genuchten’s model.  

7.3.2 Column test 

In order to evaluate the accuracy of the Hydrus 1-D numerical model in predicting the actual 

evaporation rate and the development of suction within a CPB profile, a column drying test 

was developed. Two identical columns filled with CPB were allowed to evaporate under 

controlled laboratory conditions, as schematically presented in Figure 7-7. The CPB mixture 

was prepared following the same dosage used in the thin layer tests. The columns were PVC 

cylinders with an external diameter of 160 mm, inner diameter of 150 mm and height of 400 

mm. Both columns were wrapped with a plastic and metallic membrane to minimize the 

effects of lateral evaporation flow and lateral thermal interaction with the environment. A 

grooved PVC plate was placed on the bottom of the tube to favour hydrostatic drainage 

once CPB mixture was poured (two way drainage existed during testing). After placement, a 

resting period of 24 hours was provided and then the bottoms of the columns were partially 

sealed with a perforated plastic film in order to minimize evaporation through the bottom 

surface.  

 

Column A, was used to monitor evaporative fluxes from the fill ( AE ) by placing the column 

on a precision laboratory scale. On a second scale, adjacent to Column A, an evaporation 

pan was installed and potential evaporation ( PE ) measured. Column B was used to measure 

gravimetric water content and suction at different locations along the column’s height. 

Resealable rubber sampling ports were installed every 100 mm (locations L1, L2 and L3 in 
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Figure 7-7) and water content measured by extracting a portion of the fill. Also, a portion 

was taken from the surface of the column by scraping to a depth of 10 mm. Development 

of suction was monitored by installing small insertion tensiometers, type UMS T5x with an 

active ceramic surface of 0.5 cm2 and a measuring range of 160 kPa, at the three locations. 

Measurements in Column A and B continued concurrently for a period of 210 and 64 days, 

respectively. The data was automatically recorded using a data acquisition system. 

Temperatures and RHs during the experiments fluctuated between 21-24 oC and 51-56%, 

respectively. 

 

 

Figure 7-7 Schematic diagram of the CPB column test setup. 

7.3.3 Input parameters in HYDRUS-1D 

The numerical analysis for a single column test was conducted in 5 stages of different 

duration in order to account for the evolution of CPB unsaturated properties. At each stage, 

a different SWCC and unsaturated properties (
LhK , 

dh , etc.) were input. For instance, 

between 0 to 1.5 days the uncemented properties of the fill were computed whereas between 

1.5 and 5 days the 3 days curing age properties were used. Discrete rather than continuous 

functions were thus used. Input properties are summarized in Table 7-2. Between stages, the 

conditions of the fill were modified, i.e. water content and suction along the column model 

were updated from the previous stage. The potential evaporation rate ( PE ), as measured 

from evaporation pan, was found to vary from 1.0 to 1.2 mm/day. This value was defined 

as the upper boundary condition of the model according to Equation 7-4 and Equation 7-5. 

The lower boundary condition was set to free drainage. The column profile was discretised 

in the model into 100 nodal points, at 40 mm increments.  For numerical stability reasons, 

the value of 
e  in Table 7-2 was selected such that 

d e r 0.05     . 
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  Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 

SWCC  Uncemented 3 days 7 days 14 days 30 days 

Time elapsed (day) 0 - 1.5 1.5 - 5.0 5.0 - 10.5 10.5 - 22.0 22.0 - end of test 

PE (mm/day) 1.05 1.04 1.1 1.09 1.2 

hd 1800 2410 2584 2313 1945 

θd 0.021 0.084 0.117 0.132 0.133 

θe ≥ θr + 0.05 0.051 0.122 0.153 0.160 0.107 

Table 7-2 Numerical model input. Unsaturated properties of the fill at each desaturation 

stage. 

 

The isothermal unsaturated hydraulic conductivity function (
LhK ) of the fill was obtained 

through Equation 7-6. The SWCCs at different curing ages were found from Table 7-1 and 

Equation 7-1. The saturated hydraulic conductivity of the fill (
sK ) was obtained by 

performing a hydration cell test (Helinski, 2007) on specimes allowed to cure for a maximum 

of 30 days. A specimen of 72 mm diameter and 124 mm height was placed in a high pressure 

chamber, where a pressure difference of 20 kPa was applied across the specimen and 

permeability measured at different curing ages. The results obtained for 
sK  and 

LhK  are 

shown in Figure 7-8a and Figure 7-8b, respectively.  

 

 

 

Figure 7-8 Evolution of CPB (a) saturated hydraulic conductivity (
sK ) with respect to 

curing time and (b) unsaturated hydraulic conductivity (
LhK ) with respect to matric 

suction. 
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7.3.4 Results and discussion 

(a) Column A 

Figure 7-9a shows the measured and simulated AE /PE  ratios for the 210 days drying 

column test (Column A). It is observed that the numerical model can reproduce reasonably 

well the time at which the decline in AE /PE  develops, i.e. about 15 days. From this time, 

the predicted and experimental curves evolve in a different manner where experimental 

values are generally greater than those predicted by HYDRUS-1D. However, at 

approximately 170 days both curves stabilize at a low AE /PE  ratio of about 0.1. This is 

equivalent to an evaporation rate of 0.1 mm/day. Such a low evaporation ratio is directly 

related to the low hydraulic conductivity of CPB at advanced curing ages (Figure 7-8b). A 

similar stable condition after long CPB exposure to ambient conditions was observed by 

Ghirian and Fall (2013). The consistently higher AE /PE  ratio predicted by the model 

results in higher predicted losses of water from the fill in comparison to experimental data, 

as shown in Figure 7-9b. In terms of weight, a total of 1420 gr were evaporated from Column 

A, in contrast to the 1148 gr predicted by the numerical model. 

 

Figure 7-9 Evolution of the measured and simulated (a) AE /PE  ratio and (b) cumulative 

upper boundary evaporative flux with respect to curing time. 

(b) Column B 

The measured and simulated water content and suction profiles along column B at different 

curing ages are presented in Figure 7-10a and Figure 7-10b, respectively. In general, a large 

desaturation towards the surface of the fill is observed, as shown in Figure 7-10a. This results 

in higher suctions in the upper layers of the column, in contrast to the bottom of the profile, 

as shown in Figure 7-10b. This behaviour can be attributed to increased evaporation in the 
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top layers and the decrease in water content due to downward seepage occurring during and 

after the consolidation of the fill. Relatively high water contents were observed throughout 

the experiment, i.e.   >0.17. Thus, the predicted water content at the evaporation front            

(
e ), as summarized in Table 7-2, was never attained and the contribution of vapour flow to 

evaporation was presumably negligible. This confirms the suitability of Equation 7-3 to study 

the desaturation in the column test.  

 

In general, the numerical simulations predict higher suctions and larger water contents along 

the column in comparison to experimental results, regardless of curing age. The differences 

are more significant in the suction profile, especially at the top of the column where large 

differences are found. Several reasons may explain the observed differences as discussed in 

the following section. 

 

 

Figure 7-10 Comparison of measured and simulated (a) matric suction and (b) volumetric 

water contents profiles in the CPB column test at different curing times. 

(c) Calibration of the numerical model 

The observed differences between numerical and experimental results are attributed to: 

 

i) The unsaturated properties of the fill were obtained from laboratory tests that do not 
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column are higher than those in the pressure plate and saturated permeability tests (Huang, 

et al., 2012). Similarly, suction readings from tensiometers are lower than those from a 

pressure plate (Lourenço, et al., 2007; Suazo, et al., 2015). As previously described, 

tensiometers were installed in the column test, but unsaturated properties used in the model 

were found from SWWCs obtained from pressure plate tests.  

 

ii) The effects of heat transport on the water balance (conductive and latent heat causing up 

or downward fluxes) were not considered in the model. This may be especially significant in 

CPB regarding the heat given off during cement hydration (Hasan, et al., 2014). The difficulty 

of including this phenomenon in the numerical model lies in the determination of the thermal 

conductivity of CPB.  

 

iii) The high concentration of dissolved solids in the process water, in conjunction with 

precipitated minerals from tailings, are likely to have resulted in the salinization and 

formation of crusts in the column test. These crusts were indeed observed in the column 

test. Such formations affect surface vapour pressure, water retention properties and material 

tortuosity (Gran, et al., 2011). These phenomena are not considered in the numerical model. 

Crusts may have also acted as drain barriers in the column, creating an “intermediate” 

drainage condition between one way and two way drainage.  

 

Figure 7-11 (a) Numerical model adjusted to reproduce experimental data by means of 

modifying parameter  . (b) Numerical curves adjusted by using a scaling factor.  
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Calibration and parameter optimization of the numerical model is not straightforward due 

to effects of cement on the unsaturated properties of CPB. The great number of parameters 

involved in the numerical problem, and the lack of a complete experimental database (e.g. 

temperature or complete suction profiles overtime), make the inverse problem not viable. 

As the principal aim of this study was the understanding of the contribution of drying-

induced desaturation to the overall generation of suction in CPB, a simple calibration was 

conducted. To better replicate the suction profiles in Figure 7-10b, the van Genuchten’s 

equation parameter   in Table 7-1, was modified. This parameter was chosen in order to 

reduce the effects of the measuring technique on suction measurements. As   was the only 

parameter modified, the shape of the SWCCs remained unchanged which is consistent with 

the findings of Suazo et al. (2016). The   values for all desaturation stages were increased 

by an average factor of 2.0 (air entry value was decreased) in order to match pressure plate 

and tensiometers readings (Suazo et al., 2016). The suction profiles obtained for the column 

are shown in Figure 7-11a. In general, a better agreement between numerical and 

experimental data is attained. However, differences still exist which are attributed to the 

phenomena previously discussed. A final adjustment was carried out by multiplying the 

suction values obtained by a “scaling factor” equal to 1.75, as shown in Figure 7-11b. 

(d) Contribution of evaporation, drainage and self-desiccation to total suction 

Figure 7-12a and Figure 7-12b show the contribution of drainage and evaporation as a 

percentage of the total generated suction at different depths ( d ) from the top surface of the 

fill as obtained from the calibrated numerical model. It is observed that the desaturation of 

the uppermost part of the fill ( d =9 mm) is controlled by evaporation whereas deep layers by 

drainage. The vertical dotted line in this figure represents the point at which the fill is fully 

cured. Beyond this point the different curves stabilize and the contribution of each 

mechanism to the generation of suction remains almost unchanged. Prior to 30 days curing, 

the contribution of drainage decreases and evaporation increases as curing age is increased. 

This behaviour is attributed to the evolution of unsaturated properties and its effects on 

evaporation at early curing ages. 
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Figure 7-12 Simulated contribution of (a) drainage-induced and (b) evaporation-induced 

suction with respect to the total generated suction in the CPB column test with respect to 

curing time. d  is the depth measured from the top of the fill. 

 

The numerical model does not account for self-dessication-induced suction which develops 

during cement hydration (between 0 and 30 days for this material) as a result of the heat of 

hydration, chemical reactions and precipitation of cement hydrates (Ghirian and Fall, 2013). 

Therefore, Figure 7-12 must be modified to account for the contribution of this 

phenomenon. Past research shows that significant suction, as high as 100 kPa after 6 days of 

curing, can be generated in CPB due to self-desiccation (Grabinsky and Simms, 2006). This 

was investigated in this study by preparing a series of CPB specimens which were tightly 

sealed using a plastic film to avoid any loss of water due to evaporation or drainage. Suction 

was monitored at regular intervals by inserting a small insertion tensiometer in duplicate 

specimens. The results obtained were averaged and a plot of self-desiccation-induced suction 

versus curing time constructed, as shown in Figure 7-13. The plot shows that suction 

increases as hydration progresses, although suction increases more significantly between 14 

and 30 days of curing. As expected, the curve stabilizes after 30 days once CPB is fully cured. 

In general, the suction values obtained are significantly lower than those reported by 

Grabinsky and Simms (2006) but fairly similar to those found by Galaa (2011). Helinski 

(2007) also reported greater values for suction, although the experimental approach was 

different. 
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Figure 7-13 Generation of suction in CPB induced by self-desiccation with respect to 

curing time. 

 

In Figure 7-14a the contribution of self-desiccation-induced suction to total suction as found 

from the column test is presented. To construct this plot, it was assumed that every point in 

the profile experiences the same desaturation due to self-desiccation. This may not be valid 

if the evolution of the curve presented in Figure 7-13 (which starts from full saturation) is 

conditioned by initial water availability. A maximum contribution of 10% with respect to the 

total suction generated in the column is observed to be induced by the self-desiccation 

phenomenon for this material. This contribution increases as time advances and it becomes 

more important in the lower part of the column as a result of the lower total suctions 

experienced in this zone. Figure 7-14b combines experimental and numerical results to 

quantify the contribution of evaporation to the total generated suction. The total 

contribution of evaporation decreases as self-desiccation-induced suction is considered. 

Nevertheless, the desaturation of the uppermost layers ( d <75 mm) are still controlled by 

evaporation. At advanced curing ages (over 30 days), additional contribution of self-

desiccation is negligible and the desaturation is mainly controlled by evaporation and 

drainage, as shown in Figure 7-12 for curing ages over 30 days.  
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Figure 7-14 Contribution of (a) self-desiccation and (b) evaporation-induced suction to the 

total suction generated in the CPB column test with respect to curing time. d  is the depth 

measured from the top of the fill. 

7.4 Evaporative Fluxes from Full Size Stopes 

7.4.1 Input parameters in HYDRUS-1D 

The desaturation of a 15 m high stope subjected to two different atmospheric conditions is 

studied in this section. Drainage was allowed through the bottom of the stope in order to 

quantify the contribution of both evaporation and drainage to the desaturation of the fill. 

Self-desiccation-induced suction was not considered in the simulations. The atmospheric 

conditions correspond to extreme conditions registered in Australian underground mines 

(Hassell et al., 2004), as summarized in Table 7-3. The potential rate of evaporation for each 

condition was evaluated using Dalton’s Law of Evaporation and the Meyer evaporation 

formula to account for the effects of wind speed (
sw ) and reservoir size (C ) (Wilson, et al., 

1994): 

 

   s w aPE C 1 0.1w  e e    Equation 7-7 

 

where 
we  is the saturation vapour pressure at the water temperature and 

ae  is the actual 

vapor pressure in the air.  C  typically ranges from 11 to 15. C =13 was used in the analysis. 

sw =15 was adopted as it is represents the minimum standard wind speed for underground 

drives ventilation system (Brake and Nixon, 2008). 
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Athmospheric conditions Scenario 1 Scenario 2 

RH (%) 60 88 

T (°C) 21 38 

ew (mm Hg) 18.66 49.7 

ea (mm Hg) 11.24 43.84 

PE (mm/day) 3.8 3.0 

Table 7-3 Atmospheric conditions used as input in the numerical model. 

7.4.2 Results and discussion 

In Figure 7-15a, the evolution of suction with curing time at different depths ( d ) due to 

different atmospheric conditions is presented.  

 

Figure 7-15 Simulated (a) matric suction and (b) volumetric water contents profiles with 

respect to curing time in a bottom drained 15 m stope. 

 

As expected, the highest suctions are found near the surface of the fill resulting from the 

generation of evaporative fluxes and downward seepage. However, as depth is increased 

suction significantly decreases. The maximum suction, of about 170 kPa, is found after 200 

days at d <1 m. This suction corresponds to a relatively high volumetric water content of 

about 0.40 (Figure 7-15b). Most of the stope (d >2.9 m) experiences suction of less than 60 

kPa after 200 days. At the bottom of the stope ( d =15 m) suctions are negligible due to the 

fill remaining near full saturation. The different atmospheric conditions considered do not 

affect the desaturation of the fill. This is believed to be a result of desaturation being 
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controlled by drainage instead of evaporation, as discussed later. In addition, the PE  of both 

scenarios are relatively similar (despite the clear differences in temperatures and RHs) which 

do not generate significant differences in the suction profiles when the long term 

desaturation of the fill (over 200 days) is studied. 

 

In Figure 7-16 the contribution of drainage and evaporation to the total desaturation of the 

fill, under Scenario 1, are presented. It is shown that at least 87% of the suction generated in 

the fill is due to drainage, regardless of the depth of the fill considered. Therefore, the relative 

contribution of evaporation to fill desaturation is less significant if drainage occurs. The 

influence of drainage may be even more important if lateral drainage through rock is 

considered within the model.  

 

 

Figure 7-16 Simulated contribution of (a) drainage-induced and (b) evaporation-induced 

suction to the total generated suction with respect to time in a 15 m stope. Results under 

Scenario 1. 

 

In order to isolate the effects of evaporation, a similar analysis in a 15 m stope was conducted 

but bottom drainage was not permitted (i.e. fully undrained conditions). The evolution of 

suction with time at different depths is shown in Figure 7-17a. In general low suctions are 

observed. At <0.8 m suctions are larger than 20 kPa. However, at greater depths ( d >1.5 m), 

suctions and desaturation are negligible and the fill remains near full saturation, as shown in 

Figure 7-17b. It is interesting to note that the maximum suction found is similar to the 

maximum self-desiccation-induced suction at 30 days, as found in Figure 7-13. Therefore, in 

a stope situation where drainage is not allowed, the main contribution to desaturation should 

be expected from the self-desiccation phenomenon.  
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Figure 7-17 Simulated (a) matric suction and (b) volumetric water contents profiles with 

respect to curing time in a bottom undrained 15 m stope. Results under Scenario 1. 

7.5 Summary and Conclusions 

This study investigated the desaturation of CPB due to the evaporation of water from 

surfaces exposed to ambient conditions. Evaporation pans and column tests were carried out 

to investigate the evolution of the actual evaporation to potential evaporation ratio     

( AE/PE)  and the generation of suction in CPB. The HYDRUS-1D model was calibrated 

and used to study the evaporation-induced desaturation of a full size stope. Although the 

study was initially focused on the generation of evaporative fluxes, the contribution of self-

desiccation and drainage phenomena to the total generated suction in CPB was also 

investigated. The main findings can be summarised as follows: 

 

1. The evolution of AE /PE  with respect to curing time was shown to be influenced by 

the reduction in porosity as CPB hydrates. The decline in the ratio (i.e. AE /PE <1) 

was observed to occur in the suction range between 1800-3000 kPa, regardless of curing 

age. This range corresponds to high degrees of desaturation (low volumetric water 

contents). Therefore, for most likely scenarios, it can be considered that CPB desaturates 

at the potential evaporation ratio ( PE ). This value can be determined uysing traditional 

equations for evaporation from open water sources or conducting evaporation pan tests. 
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2. From a column test, performed in a drained configuration, it was found that desaturation 

of CPB is controlled, in order of importance, by drainage, evaporation and self-

desiccation phenomena. The desaturation of the uppermost part of the fill (a few 

centimetres below top surface) was controlled by evaporation while deeper layers by 

drainage. Self-desiccation-induced suction was found to be approximately 20 kPa after 

30 days by testing sealed specimens. It must be mention that significantly larger self-

desiccation-induced suctions can be found using a different testing technique.  

 

3. The desaturation of a full size stope due to evaporation was found to be negligible under 

typical underground atmospheric conditions. Suction of less than 20 kPa was found at 

one meter below the fill surface in the absence of bottom drainage. When drainage was 

allowed, a maximum suction of 170 kPa was observed in the first few meters of the fill 

under the conditions and assumption made in this study. Therefore, the desaturation of 

a full size stope seems to be controlled, in order of importance, by drainage, self-

desiccation and evaporation phenomena. Further work is needed to understand the 

effects of self-desiccation and drainage conditions on the generation of suction in CPB.  

 

4. The numerical model HYDRUS-1D was shown to reasonably reproduce the 

desaturation of the column test, despite the complexity of the phenomena studied. A 

calibration was needed to account for the technique of measuring suction. Further 

improvements in the model are required to account for, among other effects, the 

constant evolution of unsaturated properties and the effects of cement hydration (self-

induced desiccation) on the desaturation of CPB. 
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   Chapter 8 

Concluding Remarks 

 

8.1 Main findings 

This thesis investigated the dynamic response of cemented paste backfilled stopes under 

shear (seismic events) and compressive (blast production) stress waves. The main focus of 

this effort has been on the study of the generation of excess pore water pressure and 

consequently on the susceptibility of the fill to liquefaction phenomenon. Other aspects 

considered included the propagation of large and small strain compressional waves through 

CPB and the blast response of backfilled stopes. The discussion brought up the importance 

of curing age, solids and cement content, and degree of saturation on these phenomena. The 

mechanisms of desaturation and the evolution of unsaturated properties in CPB were also 

explored. The major contributions and findings made in this research are summarised below. 

 

Chapter 2 investigated the cyclic shear response of uncemented backfilled (fine-grained 

tailings) in order to provide a frame of reference to understand the effects of cementation 

on the cyclic shear resistance of CPB. Cyclic mobility type of response, with maximum pore 

pressure ratios of approximately 0.8-0.98, were generally observed. This suggests that neither 

flow liquefaction nor temporary liquefaction type of response are likely to occur in the 

material tested (i.e. silver-lead-zinc tailings). This is favourable in terms of barricades stability. 

The liquefaction susceptibility was found to increase as the initial solid content decreased (or 

void ratio increased). One of the main contributions of this chapter is the study of correction 

factors used to adjust the cyclic resistance ratio (CRR ) due to confining stress and initial 
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static shear stress. The overburden stress correction factor ( K
), which may account, for 

instance, for the accretion of material in the stope, was observed to decrease (decrease in 

liquefaction resistance) for effective confining stresses between 100 and 400 kPa. Further 

increments of confining stress increased the cyclic resistance. On the other hand, K
, which 

may account for instance for sloping-ground conditions or arching effects in the fill, was 

shown to decrease (higher liquefaction risk) as initial static shear stress ratio was increased. 

A collective dependence among initial state variables (
0e ,

vc' and  ) was observed which 

render the use of correction factors in a independent manner inappropriate for fine-grained 

tailings. In this regard, a combined correction factor (
0e

K ), which accounted for 
0e  and 

vc' , was proposed. Interestingly, 
0e

K  remained at about unity between 100 and 400 kPa 

which indicates that the increase in CRR  due to an increase in density is practically 

suppressed by the reduction in cyclic resistance due to confining stress, regardless of initial 

solids content of the material. Finally, the analysis of empirical liquefaction criteria such as 

those proposed by Seed et al. (2003) and Bray and Sancio (2006), were found to be consistent 

with the behaviour observed from laboratory tests, although reservations exist about their 

general use in fine-grained tailings. 

 

The effects of cementation on the liquefaction resistance of CPB were investigated in 

Chapter 3. Similarly to what was observed in uncemented material, a cyclic mobility type of 

response with maximum pore pressure ratio of above 0.85 but less than unity was observed 

for all specimens tested. As expected, higher levels of cementation (as a result of increased 

cement content or curing age) or higher initial solids content consistently increased the 

resistance to liquefaction and produced specimens that yield a lower rate of degradation of 

shear stiffness (and consequently different deformation response) as cycles progress. In this 

regard, a correction factor (
ctK ) to account for the enhancement of cyclic resistance as curing 

time advances was proposed. This factor showed that liquefaction susceptibility decreases 

greatly in the first 48 hours of curing even when low cement contents (as low as 1.5%) were 

used. In the unlikely scenario of the occurrence of a large earthquake causing ground 

accelerations of about 0.3g, the liquefaction risk practically vanishes after 24 hours for 

specimens prepared at 3 and 5% cement and 78% solids content. At this age specimens 

showed a UCS of 60-75 kPa and shear wave velocity of about 220 m/s. These values are 

suggested to be used in practical instances as lower bound for liquefaction resistance of fine-

grained CPB. The “100kPa UCS rule of thumb” used by backfill engineers seems highly 

conservative regarding typical seismic events triggered underground. This is likely because 

this rule was derived from tests conducted in lightly cemented uniform sand with low fines 
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content. Laboratory tests and seismic monitoring may allow backfill engineers to significantly 

reduce resting periods used to avoid liquefaction risk for a specific project.  

 

In addition to seismic events, blast-induced stress waves may be of significant importance in 

the generation of total pressures and excess pore pressure in the fill. Chapter 4 firstly studied 

the propagation phenomena of large strain compressional waves through CPB. This chapter 

lays the foundations to rationally understand the blast response of backfilled stopes. It was 

found that the velocity of propagation of large strain waves in CPB is consistently larger than 

that of small strain waves. Higher velocities are attributed to the changes in density 

experienced by the material after the passage of the compressive shock front.  This renders 

the small strain theory of wave propagation unsuitable for studying the propagation of blast 

waves (large strain space), unless correction factors are used to scale small strain values. In 

this regard, correction factors for the small strain velocity of propagation of about 1.7 and 

2.5 were suggested for saturated and unsaturated CPB respectively. One of the most 

important findings of this chapter is that refraction at CPB interfaces can be large. In a 

saturated condition more than 26% of the incident wave energy (incident wave traveling in 

a media with an impedance greater than that of rock) was refracted at the CPB interface. 

Interestingly, the energy transmitted to CPB significantly decreases as the fill desaturates. 

However, this phenomenon is observed at degrees of saturation lower than that at the air 

entry value (AEV) of the material. The evolution of the AEV in CPB was one of the focuses 

of research in the final chapters of this thesis. 

 

The blast response of a backfilled stope was studied in Chapter 5 using the finite code LS-

DYNA. A parametric analysis allowed exploration of the effects of blasthole proximity, 

number of blastholes and sequencing of detonation on the total pressures exerted on the fill 

and in the generation of transient and residual pore pressures. The detonation of explosive 

was fully modelled through the Jones-Wilkens-Lee (JWL) equation of state. The FHWA soil 

model was used for CPB which proved to render good results when studying the stress wave 

propagation phenomena in rock and CPB. Due to computational costs, a simplified 

procedure was adopted to examine the generation of residual pore pressure (liquefaction). 

Results show that pressure waves propagate in the rock in the form of hemispherical waves 

showing high pressures at about explosives’ centre. Increased distance between blasthole and 

stope, reduced number of explosives and delay times between detonations in excess of 2 ms 

are of significant importance to reduce the total pressures exerted in the fill and in the 

generation of residual and transient pore pressures. The most disadvantageous condition for 

the stability of the fill was found when several blastholes were simultaneously detonated 
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along a plane parallel to stope. In this condition, total pressure and transient excess pore 

pressure in the fill rose to as high as 19 MPa (more than a hundred times greater than the 

confining stress at that depth). Residual pore pressure ratio was equal to unity (liquefaction 

failure) for a large part of the stope under this blasthole arrangement. It was shown that 

neither sequencing of detonation nor cementation (represented through increases in shear 

and bulk modulus) had significant effects on the total and transient pore pressures in a 

saturated fill. In regard to these findings, blast patterns, delay times and blastholes 

arrangement should be carefully designed to avoid excessive pore water pressures at the 

barricade location. It should be mentioned that rules of thumb (e.g. 100 kPa UCS or the 

values proposed here for UCS and shear wave velocity) to cyclic liquefaction resistance 

should not be interpreted as the point at which blast-induced increases in pore pressure are 

avoided. The only way to effectively reduce blast-induced excess pore pressure is through 

the desaturation of fill. The time frame at which this can occur is uncertain. This is briefly 

explored in the final chapters of this thesis.  

 

Throughout this research, the effects of the degree of saturation on the dynamic response of 

CPB has been discussed. Chapter 6 tackled the basis for any unsaturated analysis, i.e. the soil-

water characteristic curve (SWCC). Through the use of tensiometers, a pressure apparatus 

and a novel experimental setup (i.e. the desaturation cell), the evolution of the SWCC for 

CPB was evaluated. A continual increase in the AEV was observed, until the hydration was 

complete, regardless of the testing technique employed. The AEV evolved following the 

hydration of cement. The evolution was well reproduced through a cement maturity 

determined from UCS or alternatively from bender element tests. One of the most important 

outcomes of this chapter was the modification of the Fredlund and Xing’s model to account 

for cementation of CPB specimens at different curing ages. A procedure to reproduce these 

curves from a reduced number of tests is also proposed. Another important contribution of 

this chapter was the development and validation of the desaturation cell which may have 

practical applications in backfilling projects since it significantly reduces the time associated 

with SWCC determination. 

 

There are several mechanisms that may lead to the gradual desaturation of the fill, e.g. 

drainage of water through rock walls or barricades, hydration of cement, and evaporative 

fluxes from surfaces exposed to the environment. Chapter 7 mainly explored the latter 

through the setup of evaporation pans and column tests. It was shown that the ratio between 

the actual to the potential rate ( AE /PE ) declines below unity in the suction range between 

1800-3000 kPa, regardless of curing age of the fill. These suctions occur at relatively low 
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degrees of saturation. Therefore, a practical implication of this finding is that the evaporative 

desaturation of a backfill can be estimated using the potential evaporation ratio based on any 

traditional equation for open water sources. The numerical model HYDRUS-1D showed 

that the maximum suction induced in a full size stope due to evaporation is about 170 kPa, 

which occurs only in the first meter of the fill. HYDRUS-1D in conjunction with 

experimental measurements of self-desiccation-induced suction, showed that desaturation of 

a stope is controlled, in order of importance, by drainage, self-desiccation and evaporation 

phenomena. 

8.2 Recommendations for future work 

Although a large range of topics have been covered in this thesis, there are still several aspects 

of the dynamic response of CPB that need to be addressed. Dynamics in CPB is a complex 

topic not only due to the constantly evolving nature of CPB but also the great diversity of 

natural dynamic events occurring in the underground environment. The author sincerely 

expects that this investigation contributes to the understanding of the phenomena. A series 

of recommendations are summarised below in order to help others to build on these 

contributions: 

 

Chapter 2 

i) One of the main outcomes in Chapter 2 was the combined correction factor 
0e

K  

for fine-grained tailings. However, this factor was specifically derived for the silver-

lead-zinc tailings used in this study. Thus, before its general application, further 

research on the response of other types of tailings is needed. 

ii) As is already known, σK  in sand decreases as effective confining stress increases. 

This was observed in fine-grained tailings for the range 100-400 kPa. However, σK  

reached values of above unity at effective confining stresses of about 800 kPa. This 

behaviour was attributed to the onset of significant particle breakage at high 

confining stresses. This remains speculative and additional work is required to 

confirm this. 

iii) The K  factor at an effective confining stress of 100 kPa was observed to decrease 

as initial static shear stress ratio ( ) was increased. Confining stresses above 100 kPa 

were not studied, and consequently the isolated effects of vcσ   and   at a given void 

ratio could not be examined. Therefore, this remains a point of interest for future 
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work, which may allow the study of a combined correction factor to account for      

0e , vc' and  . 

iv) There is still some reservations about the applicability of liquefaction susceptibility 

criteria for fine-grained tailings. These criteria were developed from liquefaction 

failures observed in natural soils, and thus their suitability for tailings is uncertain. 

The data presented here should be used in the future to propose new guidelines that 

allow tailings and backfill engineers to perform pre-evaluation analysis of the 

liquefaction susceptibility of full stream tailings. These criteria must be used with 

caution and should be backed up with laboratory or field tests. 

 

Chapter 3 

i) The main outcomes in Chapter 3 were the combined correction factor ctK  to account 

for the enhancement of cyclic resistance with cementation. This factor was 

specifically derived for the tailings used in this study, prepared at solids content of 

78% and effective confining stress of 100 kPa. Although the author believes that 

these results can be used in conjunction with the proposed 
0e

K  and the curves for 

the effects of void ratio (solids content) on CRR  to study other configurations, 

further research is required, especially to consider other type of tailings. 

ii) The effects of additives on the cyclic resistance of CPB should be researched. For 

instance, sands which are typically used to enhance the consolidation of the fill, may 

increase liquefaction risk. In addition to cyclic response, static liquefaction should 

receive attention, especially when continuous filling is considered for large stopes. 

 

Chapter 4 

i) Further experimental work in the field is needed to prove the practical validity of the 

adjustment factors used to reproduce the refraction at CPB interfaces from the small 

strain elastic theory of wave propagation. In-situ experiments may also allow 

investigation of the effects of other phenomena such as local dynamic amplifications 

around stopes. 

ii) The results shown in this chapter were obtained from Split Hopkinson Pressure Bar 

(SHPB) tests performed at relatively low strain rates which might not be 

representative for the whole range of strain rates found after the detonation of a blast 

hole. Different strain rates may also affect the adjustment factors proposed for the 

application of the elastic theory of wave propagation. It is also recommended to carry 
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out technical modifications to the SHPB (i.e. use of a hollow incident bar) to reduce 

noise to signal problems when dealing with low impedance materials. 

iii) Another interesting aspect to consider in future investigations are the effects of 

repeated incident compressive loads on the degradation of stiffness of CPB as a result 

of cement bonds breakage and the increase in compressive or tensile yield strength 

at different strain rates. 

 

Chapter 5 

i) In-situ experimental work is needed to validate the overall blast behaviour of CPB 

observed in the numerical simulations. In addition, improvements to the FHWA 

model or the use of a different soil model should be considered to more realistically 

reproduce the three phase nature of CPB and their interaction under blast loading. 

Similarly, a dissipation model, especially for the unloading phase of the compressive 

transient pulse, is needed in order to quantify the difference between excess pore 

pressure and total pressure ( u p  ), and thus to accurately predict the onset of 

liquefaction. Finally, if the FHWA model is used in the future to study liquefaction, 

numerical runs should be performed for several seconds to capture the residual pore 

water pressure generated arising due to soil plastic strains. 

ii) The blast response of unsaturated backfilled stopes was not examined in this thesis 

and may be of great interest for backfill engineers dealing with problems related to 

stability of exposures and ore dilution. 

 

Chapter 6 

i) The equation proposed in this chapter, which modifies the Fredlund and Xing’s 

model to account for cementation, can be very useful for backfill engineers dealing 

with unsaturated fills. However, this equation was derived for only one type of 

cemented tailings. Thus, before its general application, further work on the response 

of other types of tailings is needed. Also, the chemical effects of acetone on CPB 

microstructure and consequently its impact on the subsequently measured SWCC are 

unknown and should be evaluated. 

ii) In most of the experiments conducted to determine the SWCC for CPB, volume 

changes during hydration/desaturation process were not measured. Thus, the fitting 

of the Fredlund and Xing’s model may be affected by volume changes, especially at 

early curing ages. Advanced equipment should be used to study these effects. 
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Chapter 7 

i) The desaturation of backfills is a complex phenomenon due to the large number of 

desaturation mechanisms involved. The emphasis of this study was on the 

understanding of the generation of evaporative fluxes from backfill surfaces, 

although the contribution of drainage and self-desiccation phenomena was briefly 

analysed. It has been recognized that these processes may be of significant 

importance to desaturate the fill. Therefore, additional work is needed to rationally 

understand these phenomena and to measure their impact on the behaviour of mine 

backfill.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 




