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Abstract 
Cemented tailings backfill (CTB), an evolutive granular medium, is utilized 

extensively in underground mines as a sustainable solution to tailings disposal and for 

ground control. To achieve full ore recovery, the backfill mass is often exposed to mine 

blasts during the extraction of ore pillars. Nevertheless, limitations in knowledge 

regarding the dynamic response of CTB and the lack of design standards to ensure 

backfill stability during blasting have caused numerous failure incidents of backfill 

systems. Therefore, the proposition to utilize reliable tools for a rational characterization 

of CTB behaviour under mine blasts has become imperative. However, current studies 

conducted to evaluate blast response of mine backfills are based on empirical equations 

and simple constitutive models, and the evolutive nature of CTB due to multiphysics 

processes occurring in the material has not yet been considered. Therefore, in this PhD 

study, a series of fundamental multiphysics models are developed to assess the blast 

response of CTB with ongoing cementation. Specifically, a novel coupled chemo-

viscoplastic cap model is developed to characterize the rate-dependence, irrecoverable 

compaction, and nonlinear hydrostatic behaviour of CTB under blast loading. The 

evolution in the dynamic response of CTB due to binder hydration is incorporated in the 

model and quantified with a binder hydration model. Moreover, the performance of CTB 

is not only affected by the hydration of binders (chemical, C), but is also significantly 

influenced by the thermal (T), hydraulic (H), and mechanical (M) factors it is subjected to 

during its service life. Therefore, a new multiphysics-viscoplastic cap model is then 

developed to characterize the blast response of CTB under the impact of complex THMC 

processes of its curing stage. Furthermore, as a granular medium, the early-age CTB with 

no or negligible cementation is also subjected to the risk of blast-induced liquefaction. 

Thus, a new total-stress viscoplastic cap model is developed to account for the impedance 

of pore water and capture excess pore pressure development in early-age backfills during 

blast loading. The developed multiphysics models are validated against a series of 

experiments on both laboratory and field scales, and the effectiveness and predictive 

ability of the models are verified by good agreement between the simulated and measured 

results. Then, the validated models are applied to practical engineering issues pertaining 
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to field backfilling operations. These include simulation of the blast wave propagation in 

field CTB structures and the blast-induced liquefaction susceptibility of early-age fill 

mass, as well as blast-induced stress redistribution in early-age fill mass. The different 

dynamic responses of CTB to varied backfilling conditions and design strategies are then 

scrutinized and analyzed. Thus, the research performed in this PhD study can provide 

useful tools and technical insight for a better understanding of the blast response of CTB 

as well as optimal design of CTB systems in such dynamic condition. 
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Chapter 1.   
Introduction 

 

1.1 Background 

Historically, ground control in mining has been realized by leaving up to 30% of ore 

reserves as remnant pillars. However, its limited mechanical performance, along with concerns 

over the depletion of mineral resources and the adverse environmental impact of ground disposal 

of mine waste (waste rock and tailings), led to the development of cemented backfill technology 

in Canada in the 1950s (Nnadi, 1990).  

Three main types of cemented backfills are now used in the underground disposal of mine 

wastes, namely the rockfill, hydraulic backfill, and paste backfill; the latter two types are also 

termed tailings backfill. Although it does not have a long history compared to its alternatives, 

cemented tailings backfill (CTB) has been used extensively around the world in mining 

operations to fill mined-out subsurface voids (stopes) for future mining sequences (Fall and 

Benzaazoua, 2005; Emad et al., 2015). 

CTB represents an evolutive granular material, and it is a mixture of dewatered mine 

tailings (man-made soils) produced by mineral extraction, binder additives (such as cement, fly 

ash, and slag), and water. With tailings particles building its matrix or skeleton, the binder 

additives are included to meet the mechanical stability requirements of backfilling, and the water 

content is adjusted to reach the desired consistency to transport the backfill to underground mine 

openings or stopes. Its broad application in the mining industry today can be attributed to the 

following three main kinds of benefits (Nnadi, 1990; Fall et al., 2005; Klein and Simon, 2006; 

Atlascopco, 2007; Bussière, 2007; Ghirian and Fall, 2013, 2014): 

a) Environmental benefits. Mine backfill can return up to 60% of the waste material to the 

underground voids, which might otherwise cause severe environmental and geotechnical 

problems, such as acid mine drainage or tailing dam failures, if disposed on ground surface. 
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b) Stability benefits. It can act as a passive support system for the surrounding rock walls 

and pillars, and control subsidence at ground surface, thereby providing a safe subsurface 

environment for mine workers. 

c) Economic benefits. It has led to more mechanized mining techniques, and can also 

facilitate more selective mining and better ore recovery by allowing the extraction of remnant ore 

pillars between stopes, thus increasing both mine life span and total return on investment. 

 

1.2 Problem statement 

Development and production blasts are routinely used in contemporary mining operations, 

including mining with backfill. In deep mining methods, such as sublevel open stoping, vertical 

crater retreat, and cut and fill, the ore slices are gradually blasted and cleaned out, before the 

mined-out stope is backfilled and retained by containment structures (barricades) at the 

drawpoint (Atlascopco, 2007). To achieve full ore extraction, these backfill masses are then 

exposed to blast loadings during the mining of adjacent ore pillars (Helinski et al., 2007; 2010; 

Emad, 2013). 

Thus, in addition to gravity, CTB in the field is also often subjected to blast loading with 

high pressure and high frequency. Moreover, it may also be exposed to intensive dynamic loads 

due to fault-slips and rock bursts in regions with high in-situ stress, as mining continues to reach 

increasingly deeper beneath the earth surface (Kaiser et al. 1995; Sainoki et al., 2016). 

Under the circumstances, mature backfill structures may lose integrity or even fail when 

exposed to dynamic loads, thus incapacitating their performance to support the surrounding rock 

mass as mechanical elements, and also cause ore dilution (Emad, 2013). On the other hand, the 

early-age backfill behaves in an undrained manner and exhibits no or weak cementation (Fahey 

et al., 2009), and it is subjected to the risk of liquefaction in such dynamic loading conditions. 

The liquefied backfill mass may breach its retaining structures and flow into the adjacent mine 

stope, thus causing significant casualties and loss of production (Le Roux, 2004). 

Therefore, to maintain its functionality as well as its environmental, mechanical and 

economic benefits, an ideal backfill design should accommodate both static loading due to 

gravity and dynamic loading due to vibration. However, the current design practice only requires 

backfill strength to be stable in standing as an unsupported element based on its own weight 
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(Emad et al., 2014). In fact, most research studies on CTB have commonly been performed 

under quasi-static conditions, while very few efforts have focused on its dynamic response. 

Meanwhile, the challenge for understanding the response of CTB under those dynamic 

loads becomes more complex, as it is constantly evolving due to the hydration of the binders it 

contains and its interplay with the environment. Specifically, once placed in the field, the 

evolution of CTB starts and it is not only a function of the hydration of binders (chemical, C), 

but also of the thermal (T), hydraulic (H), and mechanical (M) factors of curing processes as well 

as their mutual interactions (Ghirian and Fall, 2013, 2014).  

Therefore, it is of paramount importance to investigate the response of CTB under dynamic 

loading conditions, and the influence of THMC processes taking place in CTB need to be 

rationally considered. To date, there have not been any studies conducted that address the blast 

response of CTB under the influence of multiphysics processes. While the lack of understanding 

of its dynamic behaviour and rational design procedures has led to conservative design or 

overdesign (Witteman, 2013), the limitation has also contributed to a number of failure incidents 

of backfill systems in underground mining (Yumlu and Guresci, 2007; Helinski et al., 2010; 

Witteman, 2013; Emad et al., 2014). 

 

1.3 Objectives 

In consideration of the aforementioned insufficiency in understanding of the blast response 

of CTB under the influence of multiphysics processes, the main objectives of this PhD study are: 

1. To provide a review of the existing models used to describe the behaviour of granular 

media subjected to blast loadings. 

2. To develop novel multiphysics models for the assessment and prediction of the response 

of tailings backfill to blast loads. This objective includes the following sub-objectives: 

2-1 the development of a novel chemo-mechanical model for the assessment and prediction 

of the behaviour of hydrating tailings backfill under blast loadings; 

2-2 the development of a new THMC-mechanical model for the assessment and prediction 

of the blast response of hydrating tailings backfill by further incorporating all multiphysics 

factors of its curing process; 

2-3 the development of a new hydro-mechanical model for the assessment and prediction of 

the blast-induced liquefaction of early-age tailings backfill. 
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3. To numerically investigate the geotechnical responses of field tailings backfill structures 

to blast loadings. This objective includes the following sub-objectives: 

3-1 the simulation of blast wave propagation in field tailings backfill structures; 

3-2 the simulation of blast-induced liquefaction susceptibility of field tailings backfill mass 

at early age; 

3-3 the simulation of blast-induced stress redistribution in field tailings backfill mass at 

early age. 

4. To provide technical information and tools that contribute to a better understanding of the 

behaviour of tailings backfill structures subjected to blast loadings. 

 

1.4 Research approaches and methods 

1.4.1 Research approaches 

The research approaches adopted in the study are schematically illustrated by the flowchart 

in Figure 1.1. Due to the complex coupled THMC processes that affect material evolution, the 

development of multiphysics models to assess the blast response of CTB will be carried out in 

four steps.  

First, a comprehensive literature review on existing models of granular media for blast 

loading will be presented. By providing a critical review on the advantages and limitations of 

different available solutions, an appropriate mathematical model to capture the response of CTB 

under blast loading will be developed. 

Second, given the dominance of the effect of binder hydration on material evolution, a new 

model that couples the influence of binder hydration (chemical, C) on the blast response of CTB 

will be developed.  

Subsequently, as the CTB properties and thus its dynamic response are also affected by 

thermal (T), hydraulic (H), mechanical (M) factors of its curing process in addition to binder 

hydration (C), these coupled multiphysics processes will be supplemented. Thus, a new model 

that can capture the blast response of hydrating CTB during complex THMC curing processes 

will be proposed. Note that the effect of the THMC processes is insignificant during blast 

loading because of the short duration of such an impact. 
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Finally, to assess the blast-induced liquefaction of early-age CTB, a new total-stress model 

will be developed to characterize its hydro-mechanical behaviour and pore pressure response 

under blast loading. The correlation between the three fundamental models for blast response of 

CTB to be developed in the study is illustrated in Figure 1.2. 

After the developed multiphysics models are validated against experimental data, they will 

be applied to practical engineering issues pertaining to field backfilling operations. These include 

simulation of blast wave propagation in field CTB structures, blast-induced liquefaction 

susceptibility of early-age fill mass, and blast-induced stress redistribution in early-age fill mass. 

Investigation and analysis of these practical problems can provide valuable insight and contribute 

to a better understanding of the behaviour of field tailings backfill structures subjected to blast 

loadings, thereby facilitate more rational design of backfill systems. 

 

 
Figure 1.1 Flowchart of the thesis 

 

Multiphysics Simulation of the Geotechnical Responses 
of Field CTB Structures to Blast Loadings

Coupled H-blast Model for 
Liquefaction

Problem Definition and Objectives

Theoretical and Technical Background

Multiphysics Models for Behaviour of 
CTB under Blast Loading

Coupled THMC-blast ModelCoupled C-blast Model

Synthesis of Results and Discussion

Conclusions and Recommendations

Blast-induced Liquefaction 
Susceptibility of Fill Mass

Blast Wave Propagation in 
CTB Structures

Blast-induced Stress 
Redistribution in Fill Mass
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Figure 1.2 Correlation between fundamental models developed in the study 

 

1.4.2 Numerical tool used 

The finite element code COMSOL Multiphysics is adopted in this study to develop 

fundamental models and conduct simulations of the blast response of CTB that is undergoing 

multiphysics processes in its curing stage. COMSOL Multiphysics is a general-purpose software 

platform that solves coupled physical problems, through the use of partial differential equations 

(PDEs); it can perform various types of analyses, including stationary and time-dependent, linear 

and nonlinear, eigen-frequency, and modal analyses (COMSOL, 2009). The software allows for 

the straightforward implementation of user-defined constitutive laws, such as variable material 

properties and stress–strain relations; it can also accommodate large deformations by the 

multiple coordinate systems incorporated. Detailed technical information and data on COMSOL 

Multiphysics are available in COMSOL (2009). There is no existing model in COMSOL 

Multiphysics for simulating the blast response or THMC processes of materials. Therefore, in 

this study, the constitutive relations that characterize the evolutive behaviours of CTB will be 

implemented in COMSOL Multiphysics, along with the establishment of conservation equations 

for each physical field, in order to reproduce the THMC processes of the material in its curing 

stage. Meanwhile, constitutive models for the blast response of CTB will also be developed and 

implemented in COMSOL Multiphysics. THMC processes and the blast response of CTB will be 

coupled by transferring global field variables in the software. 

 

1.5 Thesis organization 

The tasks and organization of the thesis are illustrated in Figure 1.3 below. 

Mechanical 

model for blast 

loading on CTB

Coupled C-blast model

Effect of binder 
hydration (C) in curing

Coupled THMC-blast model

Effect of THMC 
processes in curing

Coupled H-blast model 
for liquefaction

Impedance of water 
in undrained condition

THM factors
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Chapter 1 provides a general introduction to the PhD study. The problem statements, 

objectives, and research approaches adopted in this study are presented. 

Chapter 2 presents background information on CTB and its stability issues associated with 

blast loading. The fundamentals of blast wave propagation in porous media are also provided, 

and the multiphysics processes affecting the evolution of CTB are summarized. 

Chapter 3 provides a comprehensive literature review on available models of granular 

media for blast loading, and can aid in framing the appropriate model choice to capture the blast 

response of CTB by comparing their advantages and limitations. This chapter also demonstrates 

that the fundamental models proposed for the blast response of CTB in this thesis are novel. 

Chapter 4 elucidates the development of fundamental multiphysics models used to describe 

the behaviour of CTB under blast loading, which comprises three technical papers. First, a new 

model that integrates the effect of the process of cement hydration on the blast response of CTB 

is developed in Section 4.2. Then, in Section 4.3, a novel model that couples the influence of 

THMC processes of CTB during the curing stage on its blast response is proposed. Subsequently, 

in Section 4.4, a new total-stress model for characterizing the blast-induced liquefaction of early-

age CTB is developed. 

Chapter 5 focuses on practical engineering applications of the developed fundamental 

multiphysics models to clarify and assess the field behaviour of CTB under blast loading in 

mining operations. This chapter consists of three technical papers, which include simulation of 

blast wave propagation in field CTB structures, the blast-induced liquefaction susceptibility of 

early-age fill mass, and blast-induced stress redistribution in early-age fill mass. 

In Chapter 6, the results obtained in the study are synthesized to provide insights into the 

issue of CTB response to blast loading and implications for the optimal design strategies for 

CTB. 

Chapter 7 presents the main conclusions and recommendations for future research. 
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Figure 1.3 Tasks and organization of the thesis 

 

1.6 Novelty of the study 

Given the current absence of research that assesses the blast response of CTB under the 

influence of multiphysics processes, the novelty of this PhD study can be elucidated as follows. 

The literature review presented in Paper 1 is a comprehensive summary of the existing 

mathematical models that characterize the blast response of granular media at the time of writing. 

The coupled chemo–viscoplastic cap model developed in Paper 2 is the first tool to capture 

the blast response of hydrating cementitious materials that exhibit time-evolutive properties on 

account of the effect of binder hydration. 

By introducing the influence of coupled thermal, hydraulic, and mechanical factors—in 

addition to that of binder hydration—the multiphysics–viscoplastic cap model developed in 

Paper 3 represents the first model that can evaluate the blast response of hydrating cementitious 
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materials while fully considering the effect of the multiphysics processes during the curing 

period. 

In Paper 4, a new total-stress viscoplastic cap model is proposed. It represents a novel 

approach to simulating the liquefaction of granular media induced by explosive loadings. 

Paper 5 is the first analysis of blast wave propagation in cementitious materials that undergo 

multiphysics processes due to binder hydration, and of their interactions with the curing 

environment. 

The liquefaction susceptibility analysis in Paper 6 is the first investigation of the 

liquefaction potential of early-age tailings backfill mass associated with mine blasting in 

practical engineering conditions. 

The last paper, Paper 7, is the first examination of stress redistribution in field hydrating 

backfill mass, as caused by mine blast operations; it poses significant implications for the design 

of retaining structures for field backfills. 

 

1.7 References 

Al-Qasimi EMA, Charlie WA, Woeller DJ. Canadian liquefaction experiment (CANLEX): 
Blast-induced ground motion and pore pressure experiments. Geotechnical Testing Journal 
2005, 28(1): 1-13. 

Aref L. A study of the geotechnical characteristics and liquefaction potential of paste backfill. 
PhD Thesis, University of McGill, Montreal, Canada, 1998. 

Atlas Copco. Mining Methods in Underground Mining. Second Edition. 2007. 
Bussière B. Colloquium 2004: Hydrogeotechnical properties of hard rock tailings from metal 

mines and emerging geoenvironmental disposal approaches. Canadian Geotechnical Journal 
2007; 44(9):1019–1052. 

COMSOL Multiphysics User’s Guide, Version 3.5a, COMSOL AB, Stockholm, Sweden, 2009. 
Emad MZ. Dynamic Performance of cemented rockfill under blast-induced vibrations. PhD 

Thesis. McGill University, Montreal, Canada, 2013. 
Emad MZ, Mitri H, Kelly C. Effect of blast–induced vibrations on fill failure in vertical block 

mining with delayed backfill. Canadian Geotechnical Journal 2014; 51:975–983. 
Emad MZ, Mitri H, Kelly C. State-of-the-art review of backfill practices for sublevel stoping 

system.  International Journal of Mining, Reclamation and Environment 2015; 29(5): 544–
556. 

Fahey M, Helinski M, Fourie A. Some aspects of the mechanics of arching in backfilled stopes. 
Can Geotech J 2009;46(11):1322–36. 

Fall M, Belem T, Samb S, Benzaazoua M. Experimental characterization of the stress–strain 
behaviour of cemented paste backfill in compression. Journal of Material Science 2007; 
42(11):3914–3922. 



10 
 

Fall M, Benzaazoua M, Ouellet S. Experimental characterization of the influence of tailings 
fineness and density on the quality of cemented paste backfill. Mineral Engineering 2005; 
18(1):41–44.  

Fall M, Célestin JC, Pokharel M, Touré M. A contribution to understanding the effects of curing 
temperature on the mechanical properties of mine cemented tailings backfill. Engineering 
Geology 2010;114:397–413. 

Fall M, Samb SS. Effect of high temperature on strength and microstructural properties of 
cemented paste backfill. Fire Safety Journal 2009; 44(4):642–651. 

Ferdosi B, James M, Aubertin M. Numerical simulations of the seismic and post-seismic 
behaviour of tailings. Canadian Geotechnical Journal 2015; 52: 1-8. 

Ghirian A, Fall M. Coupled thermo–hydro–mechanical–chemical behaviour of cemented paste 
backfill in column experiments. Part I: Physical, hydraulic and thermal processes and 
characteristics. Engineering Geology 2013; 164:195–207. 

Ghirian A, Fall M. Coupled thermo–hydro–mechanical–chemical behaviour of cemented paste 
backfill in column experiments. Part II : Mechanical, chemical and microstructural 
processes and characteristics. Engineering Geology 2014; 170:11–23. 

Grujicic M, Pandurangan B, Cheeseman BA, Roy WN, Skaggs, RR, Gupta, R. Parameterization 
of the porous–material model for sand with various degrees of water saturation. Soil 
Dynamics and Earthquake Engineering 2008; 28:20–35. 

Helinski M, Fahey M, Fourie A. Numerical modeling of cemented mine backfill deposition. 
Journal of Geotechnical and Geoenvironmental Engineering 2007; 133(10): 1308–1319. 

Helinski M, Fahey M, Fourie A. Coupled two-dimensional finite element modelling of mine 
backfilling with cemented tailings. Canadian Geotechnical Journal 2010; 47: 1187–1200. 

Huang S, Xia K, Qiao L. Dynamic tests of cemented paste backfill: effects of strain rate, curing 
time, and cement content on compressive strength. Journal of Material Science 2011; 
46(15):5165–5170. 

Kaiser, P.K., McCreath, D.R., and Tannant, D.D. 1995. Rockburst Support. In: Rockburst 
Research Handbook, Vol. 2. CAMIRO Mining Division. 

Kesimal A, Yilmaz E, Ercikdi B, Alp I, Deveci H. Effect of properties of tailings and binder on 
the short– and long–term strength and stability of cemented paste backfill. Materials Letters 
2005; 59(28):3703–3709. 

Klein K, Simon D. Effect of specimen composition on the strength development in cemented 
paste backfill. Canadian Geotechnical Journal 2006; 43:310–324. 

Le Roux K. In situ properties and liquefaction potential of cemented paste backfill. PhD Thesis. 
University of Toronto, Toronto, Canada, 2004. 

Mohanty, B, Yang, R, LeBlanc, M, and Kelly, C. Dilution control and vibration studies at an 
underground mine. Proceedings of the Annual Conference on Explosives and Blasting 
Technique, International Society of Explosives Engineers, CONF 21//V2, pages 20, 1995. 

Nnadi GN. Dynamic behaviour of cemented mine backfill. PhD Thesis. Queen's University, 
Kingston, Canada, 1990. 

Saebimoghaddam A. Liquefaction of early age cemented paste backfill. PhD Thesis. University 
of Toronto, Toronto, Canada, 2009. 

Sainoki A, Mitri H. Dynamic modelling of fault slip induced by stress waves due to stope 
production blasts. Rock Mechanics and Rock Engineering 2016; 49:165–181. 



11 
 

Shahsavari M, Moghaddam R, Grabinsky M. Liquefaction screening assessment for as-placed 
cemented paste backfill. 67th Canadian Geotechnical Conference, Regina, SK, Canada, 
2014. 

van Gool BS. Effects of blasting on the stability of paste fill stopes at Cannington Mine. PhD 
Thesis. James Cook University, Townville, Australia, 2007. 

Witteman ML. Unsaturated flow in hydrating porous media: application to cemented paste 
backfill. Master Thesis. Carleton University, Ottawa, Canada, 2013. 

Yumlu M, Guresci M. Paste backfill bulkhead monitoring–a case study from Inmet’s Cayeli 
mine, Turkey. In Proceedings of the 9th International Symposium in Mining with Backfill, 
Montréal, Quebec, 2007.  

 
 
 
  



12 
 

Chapter 2.   
Theoretical and Technical Background 

 

2.1 Introduction 

Underground mining activities can result in enormous subsurface voids (stopes) as well as 

large amounts of mine waste on the ground surface. The unsupported, mined-out cavities could 

result in a stability issue with the surrounding rock mass, while the disposal of mine waste on the 

earth’s surface might give rise to problems, such as acid mine drainage or the failure of waste 

retaining structures (Klein and Simon, 2006; Bussière, 2007; Rankine and Sivakugan, 2007; 

Ghirian and Fall, 2013). In past decades, returning mine wastes to subsurface voids emerged as 

an alternative solution to resolving the adverse impacts associated with underground mining. 

Cemented tailings backfill (CTB) is one of the most popular backfilling strategies, and it has 

been used extensively around the world due to the superior environmental, mechanical, and 

economic benefits it provides, as discussed in Chapter 1. However, the stability of the backfill 

systems is strongly affected by the blasting procedures as routines in contemporary mining. 

To better understand how CTB behaves under blast loading, a review of the theoretical and 

technical background is provided in this chapter. Specifically, background information of typical 

mining methods that involve backfilling as well as current CTB technology is briefly presented 

in Sections 2.2 and 2.3. Subsequently, the stability issues of backfill systems associated with 

mine blasting are discussed in Section 2.4. Then, as CTB represents a typical kind of porous 

medium, the fundamentals of blast wave propagation in these media are provided in Section 2.5. 

Finally, since the blast response of CTB is constantly changing due to its evolution under the 

influence of multiphysics factors in its curing process, a brief summary of these THMC 

processes occurring in the material is presented in Section 2.6. 

 

2.2 Typical methods of mining with backfill 

1)  Sublevel open stoping 
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and analytical approaches to CTB and the retaining structures are based on stress equilibrium in 

quasi-static conditions, while the influence of dynamic loading has not been considered.  

 

2.4 Stability issues of CTB under mine blasts 

Development and production blasts are routinely used in contemporary mining operations, 

including mining with backfill. Development blasts refer to blasts required to access orebodies 

and transport the minerals after excavation, and production blasts denote blasts applied in mining 

the ore body (van Gool, 2007). During the extraction of remnant ore pillars separated by 

backfilled stopes, the backfill structures are gradually exposed and subjected to production blasts. 

However, the current backfill design only considers minimal compressive strength for the 

backfill to be stable and standing as an unsupported element on its own weight (Emad et al., 

2014). As a result, a number of backfill structure failures caused by blasting have been reported 

to date, and most of these failures exhibited a wedge shape initiating at the top of the exposed 

backfill face (Emad, 2013).  

Furthermore, the backfill is often prepared with excessive water to enable its transportation 

to mined-out cavities, and it is then retained by barricades constructed at the bottom of the stope. 

Therefore, when it is at early age, backfill could exhibit no or weak cementation and is subjected 

to the risk of liquefaction caused by dynamic loads from mine blasting. When liquefaction 

happens, the full hydrostatic pressure of the backfill mass exerting on the barricade may breach 

the retaining structure and flow into the adjacent mine stope (Le Roux, 2004; Saebimoghaddam, 

2010). However, current analyses of backfill stress acting on the retaining structures are limited 

to quasi-static conditions, while the influence of dynamic loading has been ignored (e.g. Mitchell, 

et al., 1975; Li and Aubertin, 2009). Due to the insufficient understanding of the material 

behaviour under dynamic loading, addition of a minimum of 1.5% –2% binders in the backfill or 

developing an unconfined compressive strength of 100 kPa has been adopted as a rule of thumb 

to eliminate liquefaction (Le Roux, 2004; Atlascopco, 2007). While this approach of empirical 

nature would lead to overdesign for some backfill systems, it could still possibly be optimistic as 

the occurrence of liquefaction also depends on the intensity of dynamic loading. This limitation 

of the lack of rational design and assessment procedures is believed to have contributed to the 

failures of numerous retaining structures reported in mines (Yumlu and Guresci, 2007; Helinski 

et al., 2010).  
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The failures of backfill or retaining structures could lead to significant casualties and ore 

dilution. Therefore, to ensure mine safety and profitability, knowledge of backfill response under 

mine blast conditions is urgently required and the design criteria for backfilling, which depend 

only on quasi-static conditions, should be improved to account for the effect of dynamic loadings. 

 

2.5 Fundamentals of blast wave propagation in porous media 

The propagation of blast waves in geomaterials has always been a focus in civil, defense, 

and mining engineering (e.g. Ivanov, 1967; Dowding and Hryciw, 1986; Wang et al. 2004; Emad 

et al., 2014). When an explosive is detonated in a blast hole, the chemical reaction generates a 

gas at an extremely high temperature that exerts pressure on the blast hole walls, and pushes the 

walls outwards. The explosion sends stress waves through the media, and they expand 

cylindrically from the blast hole (Henrych, 1979). Fundamental information about these stress 

waves will be provided in this section. 

 

2.5.1 Characterization of blast-induced waves 

Stress or deformation waves represent the basis for evaluating explosion processes taking 

place in explosives and the surrounding media. In a continuum of solids, the characteristics of an 

elastic wave are defined in terms of its velocity, which is function of the shear modulus (G), bulk 

modulus (K), and density (ρ) of the material. The velocities of the elastic compressive wave (cp) 

and shear wave (cs) are expressed as: 
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Blast waves are significantly more difficult to evaluate than elastic waves due primarily to 

their high amplitude of pressure, which can result in nonlinear volumetric deformation. For a 

blast shock, its front is a discontinuous jump with a shock velocity U. The initial states of a solid 

element with velocity u, material density ρ, internal energy E, and pressure P would suddenly 

change from a non-shock condition to a shock condition with such a discontinuous jump across 
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pressure within the range of PB < P< PC, the medium will behave as a liquid with no transfer of 

shear stress, and the derivative of pressure increases with deformation. However, the wave 

velocity in this range is lower than that in the elastic range, and higher pressure is associated with 

faster propagation than lower-pressure waves. Therefore, the stress waves that fall within this 

range are termed unstable (subsonic) shock waves. Finally, in the range of pressures higher than 

PC, the medium also behaves like a liquid with no transfer of shear stress, and the slope of 

pressure increases with deformation. Under this condition, higher pressures can propagate faster 

than the sound and stress waves with lower amplitudes, thus it is called the range of stable 

(supersonic) shock waves (Henrych, 1979). The stable shock wave prevails in the close vicinity 

of a detonation. With an increase in distance to the charge, the maximum pressure of the blast 

wave decreases, and it gradually attenuates into an unstable shock wave, a plastic wave, and 

finally, into an elastic wave. 

 

2.6 Multiphysics processes and their influences on CTB 

The performance of cemented tailings backfill is significantly influenced by complex 

coupled multiphysics, including thermal (T), hydraulic (H), mechanical (M), and chemical (C) 

processes of the curing condition (Ghirian and Fall, 2013, 2014). As a result, the quasi-static 

mechanical behaviour and blast response of CTB are strongly affected by these multiphysics 

factors (Ghirian and Fall, 2014; Huang et al., 2011; Suazo et al., 2016). To better understand the 

evolutive behaviour of CTB under blast loading, the influence of THMC processes on CTB and 

their mutual coupling effects in the curing process are presented in this section (Figure 2.8). 
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strength of CTB (Ghirian and Fall, 2013, 2014). However, the mixing water or tailings used in 

CTB plants may also contain sulfur. The presence of sulfate would strongly inhibit the hydration 

process at early age, and could also deteriorate CTB at advanced age due to the generation of 

highly expansive products (Benzaazoua and Belem 2000; Fall and Benzaazoua, 2005). In 

addition, since the volume of the hydration products is less than the combined volume of the 

reacted cement and water, binder hydration will result in mechanical deformation through 

chemical shrinkage (Cui and Fall, 2015). 

 

2.6.2 Hydraulic process 

The main hydraulic processes affecting the performance of CTB comprise self-desiccation, 

surface evaporation, and water seepage within the material, via surrounding or adjacent rocks, as 

well as due to drainage through barricades (Helinski et al., 2010; Abdul-Hussain and Fall, 2011; 

Ghirian and Fall, 2013). The hydraulic processes can affect other physics in CTB through the 

following mechanisms: 

(1) The effect of H on T. The migration of pore fluids will cause variations in the 

temperature distribution in CTB by convection, and also by changes in thermal conductivity due 

to varied levels of saturation; 

(2) The effect of H on M. The loss of water can result in the development of matric suction 

within the backfill mass, which will influence the effective stress distribution, and thus in turn 

modify the mechanical performance of CTB; 

(3) The effect of H on C. The unhydrated binder can be coated with precipitated hydration 

products. This will inhibit water from diffusing inward to reach the unhydrated binder cores, thus 

consequently decreasing the hydration rate (Cui and Fall, 2015). 

 

2.6.3 Thermal process 

The main source of heat in CTB systems is the heat generated by binder hydration. Its 

temperature distribution is also affected by the heat convection due to fluid migration as well as 

thermal exchange with surrounding rock through conduction. The variation in the temperature 

within a CTB structure can also have tremendous effects on other physics as follows: 
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(1) The effect of T on H. The increased temperature will promote the loss of water in CTB 

through surface evaporation (Ghirian and Fall, 2013). Besides, the variation of temperature will 

also modify the fluid flow fields due to the sensitivity of fluid properties to temperature (e.g. 

dynamic viscosity). 

(2) The effect of T on M. The temperature change in CTB can also lead to mechanical 

deformations through thermal expansion (Cui and Fall, 2015). 

(3) The effect of T on C. The rate of hydration is temperature-dependent, and the increase in 

temperature is generally associated with a faster hydration rate (Schindler, 2004; Schindler and 

Folliard, 2005). 

 
2.6.4 Mechanical process 

Field CTB is subjected to self-weight, confining pressure from the surrounding rock mass, 

and thermal stress, etc. Thus, CTB could experience deformation through elastoplastic strain, 

thermal expansion, and chemical shrinkage in the quasi-static curing process. The strength of 

CTB can also be improved by a higher curing pressure due to the resulting denser material 

structure (Roy et al., 1972). The mechanical processes also affect other physics predominately 

through variations in porosity due to resultant volumetric deformation: 

(1) The effect of M on T. According to Côté and Konrad (2005), the thermal conductivity of 

porous media is influenced by the porosity, thus the heat transfer in CTB is dependent on the 

mechanical processes. 

(2) The effect of M on H. As the hydraulic conductivity of porous media is a measure of its 

space available for fluid flow (i.e. porosity), the fluid migration in CTB is also affected by the 

volumetric deformation. 

(3) The effect of M on C. A large curing pressure can increase the accessibility of cement 

grains to the water required for hydration, thus increasing the rate of hydration (Zhou and 

Beaudoin, 2003; Lin and Meyer, 2009; Ghirian and Fall, 2015). However, this effect is generally 

not considered due to the relatively low stress levels in CTB structures. 

As can be concluded, the performance of CTB, including the mechanical performance of 

the primary concern in practice, is evolving in a highly coupled manner due to the changing 

THMC conditions in the curing process. Furthermore, the mechanical performance of CTB is 

also strongly influenced by its recipe as the initial condition of the material. To be more specific, 
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the initial amount of water with respect to the binder in CTB (water-to-cement ratio, w/c) has a 

significant impact on its mechanical performance, and a lower w/c ratio is associated with higher 

CTB strength and faster strength gain (Boumiz et al., 1996; Bentz et al., 2009). In addition, the 

increase in the dosage of the binder for preparing CTB would lead to the generation of more 

hydration products, and its mechanical performance would be improved (Zelic et al., 2004). 

Therefore, these multiphysics processes occurring in the service life of CTB and its initial 

conditions should be sufficiently considered in order to rationally characterize its quasi-static 

behaviour as well as dynamic response. 

 

2.7 Conclusions 

Theoretical and technical background information on tailings backfill technology in 

underground mining is summarized in this chapter. The literature review also reveals that, 

despite the fact that blasting is routinely utilized in mining operations, the current studies and 

design criteria have not considered the influence of blast loading on the stability of CTB and its 

retaining structures. In addition, the performance of CTB is constantly evolving due to 

multiphysics factors in the curing process. Therefore, to reliably evaluate its dynamic behaviour, 

multiphysics modelling of the blast response of CTB is conducted in this PhD research. 
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Chapter 3.   
Literature Review – Technical Paper 1: State-of-
the-Art Modelling of Soil Behaviour under Blast 

Loading 
 

(Submitted) 

Gongda Lu, Mamadou Fall 

Abstract: 

A comprehensive literature review has been carried out on existing models that characterize soil 

response under the impact of blast shock waves. Various models in the literature are reviewed 

and discussed in terms of their equations of state that account for the effect of high pressure, 

failure models that control the yield behaviour, and strength models that represent the effect of 

high strain-rates, along with a comparison of their advantages and limitations. Then, the 

application of different soil models to blast-induced liquefaction is elucidated and compared. 

Consequently, this review provides a comprehensive understanding of the fundamental and 

unique aspects of modelling soil response subjected to such transient impulsive loading on the 

grounds of increasing global interest in blast response of soils. 

 

KEY WORDS: review; soil; blast; equation of state; constitutive model; liquefaction 
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3.1 Introduction 

The issue of blast wave-soil interactions is an important subject for civil as well as defense 

engineering (e.g., Ivanov, 1967; Dowding and Hryciw, 1986; Wang and Lu, 2003; Wang et al., 

2004a, 2004b, 2008, 2011; Lu et al., 2005; Feldgun et al., 2008a, 2008b, 2011, 2014). Over the 

decades, these problems have been conventionally addressed with the development of empirical 

relationships, and extensive experiments have been undertaken for particular types of soils at 

given sites (e.g. Ivanov, 1967; Henrych, 1979; Drake and Little, 1983; Bretz, 1990; Charlie et al., 

1998, 2013; Ashford et al., 2004; Al-Qasimi et al., 2005; Leong et al., 2007; Kumar et al., 2014). 

Despite the substantial amount of time and financial costs incurred as well as the safety issues at 

stake, the test results are site-specific and problematic in terms of their applicability to different 

cases (Wang et al. 2004a, 2004b). In recent years, there has been growing interest in this area, 

which has led to the rational modelling of such behaviour of soils. In addition to the benefit of 

overcoming related costs and safety issues, the trend of using modelling has also brought about 

more salient insights into the problems, and helped to provide a more comprehensive 

appreciation of blast wave-soil interactions. This paper aims to summarize the modelling work 

on blast response of soils during past decades, and provide the main fundamental aspects of 

constitutive modelling for soil behaviours under blast loading. By presenting critical examination 

of the advantages and limitations of different available solutions, the comprehensive review can 

thus act as a reference for framing an appropriate model to address specific problems that 

involve blast events. 

The analysis of soil response under blast loading is different from those that are found in the 

general concepts of soil mechanics or soil dynamics. In the latter, it has been assumed that solid 

particles are rigid and pore fluid incompressible in accordance with the effective stress principle. 

Later, Biot developed the theory of poroelasticity (Biot theory) in which both the solid grains and 

porous skeleton were assumed to be elastic, and the pore fluid flowing in interconnected voids is 

also compressible through complex coupling mechanisms, while the deformation of the system 

has been assumed infinitesimal (Biot, 1956a, 1956b, 1962a, 1962b). These assumptions on the 

compressibility of phase components were also adopted later in the generalized Biot’s theory for 

nonlinear material behaviour, whilst the fluid-solid interactions have been generally simplified 

by neglecting the relative accelerations of the fluid phases with respect to the solid phase (for e.g., 

Ghaboussi and Kim, 1984; Zienkiewicz and Shiomi, 1984; Zienkiewicz et al., 1990a, 1990b; Li 
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and Zienkiewicz, 1992; Akiyoshi et al., 1993; Li et al., 1999; Schrefler and Scotta, 2001; Zhang 

et al., 2001; Khoei et al., 2004; Khoei and Mohammadnejad, 2011). However, in the course of a 

blast event, the effective stress approach might be no longer valid (Wang et al., 2004a; An et al., 

2011). This is because solid particles will be compressible in this condition, and the trapped fluid 

phase(s) will simultaneously deform with the soil skeleton in a highly nonlinear manner, thus 

providing additional resistance which could possibly be even more significant than that of the 

matrix for the soil when subjected to blast loading with high amplitude. This can be due to the 

hypothesis that interstitial fluids with even higher stiffness are not able to drain during blast 

loading (Wang et al., 2004a; Grujicic et al., 2008a; An et al., 2011), and thus Biot theories that 

incorporate fluid flow are also generally not used in the modelling of blasting. Furthermore, 

under transient blast loading, the effects of high strain-rates should be considered as a crucial 

factor on the stiffness, strength and other mechanical behaviours of the soil (Casagrande and 

Shannon, 1948; Whitman, 1970; Jackson et al., 1980; Prapaharan et al., 1989; Yamamuro and 

Lade, 1993; Bolton et al., 1994; Semblat et al., 1999; Omidvar et al., 2012; etc.). 

Therefore, the greatest challenge in modelling soil response under blast load conditions, 

compared with general dynamic problems, is developing a material model with high fidelity to 

characterize the response of such materials under high pressure as well as high strain-rates. To 

solve such transient nonlinear dynamic problems, Grujicic et al. (2008a) suggested that a 

complete formulation should include the following: an appropriate equation of state (EOS) which 

is employed to account for the effect of high pressure on soil components during blast loading, a 

realistic failure model to delineate the yield behaviour, as well as a strength model to incorporate 

the effects of a high strain rate. A variety of soil models on blast loading are available in the 

literature to date with different levels of advancement (e.g., Murray and Lewis, 1995; Wang et al., 

2003, 2004a, 2004b, 2008; Lewis, 2004; Grujicic et al., 2006, 2008a, 2008b; Murray, 2007; 

Tong and Tuan, 2007; Feldgun et al., 2008a, 2008b, 2011, 2013; Karinsi et al., 2009a, 2009b; An 

et al., 2011; Higgins et al., 2013), and they fully or at least partially include the three 

aforementioned components of having an appropriate EOS, and failure and strength models. The 

models found in such related research works will be evaluated against these three components in 

this study, along with a comparison of their advantages and limitations. Following that, the 

application of current soil models to liquefaction induced by blasting will be summarized and 

discussed. It is found in the study that despite the significant advancement in rational modelling, 
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not all models currently used for blast response of soils have sufficiently accounted for its 

characteristic behaviours under such dynamic condition. Besides, the lack of quantity and 

diversity of experimental data has been one of the obstacles for development of more advanced 

models. 

 

3.2 Equation of state for soils 

An equation of state (EOS) as a thermodynamic equation, characterizes the state of a matter 

under given physical conditions. In impact engineering, an EOS is usually defined as a semi-

empirical relationship between thermodynamic state variables (such as pressure, density or 

volume, internal energy, etc.) of a material for a given set of initial conditions based on 

experimental calibration (by using the Hugoniot curve) (Zukas, 2004). Generally, the EOS of 

matters is independent of the loading path. However, when introduced to soil mechanics, such 

loading path dependence has been augmented given the complex response of soils in the 

loading/unloading processes. In the case of modelling explosion in soils, different EOS is used 

for both the explosives and the soil itself. In this study, only EOS for soils will be discussed in 

this section of the literature review. 

According to Henrych (1979), there are two basic types of deformation that exist in soils: 

the first is the deformation of the solid skeleton, while the second is the deformation of all soil 

phases. Their dominance is determined by the constitution of the phase components as well as 

the magnitude of pressure (or distance from the charge). Specifically, the former is found at low 

pressures for dry soils, whilst the latter prevails at high pressures and in water-bearing soils. In 

fact, for water-bearing soils, the inter-particle friction is quite low, thus the second type of 

deformation is more prevalently found, while the first type of deformation is less important and 

is significant only at extremely high pressures. Meanwhile, with increasing distance to a charge, 

the blast waves gradually attenuate and the soil also undergoes less compression. Therefore, the 

second type of deformation or the deformation of all soil phases is more prevalent in the vicinity 

of the camouflet, while the first type of deformation, that is, the deformation of the soil skeleton, 

is more dominant further away from the explosion (Wang and Lu, 2003; Grujicic et al., 2008a).  

Given the fact that there is simultaneous deformation in all three constituent phases during 

blast loading, an applicable material model should include the compressibility of each phase, and 

be able to reproduce the different types of deformation of soils in the course of the blast event 
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where p is the soil pressure; p0 is the atmospheric pressure; wρ , gρ  , and sρ  are the density of 

the three individual phases and subscript 0 denotes the initial condition; cw0, cg0, cs0 and kw, kg, ks 

denote the initial sound speed and isentropic exponent of the components of the three phases; ρ

is the current density of the soil under pressure p; and 1 2 3α α α, ,  are the volumetric content of 

the soil constituents with 1 2 3 1α α α =+ + . When the pressure is removed, then the density 

corresponds to the peak of the loading history. 

Notably, by considering volumetric compatibility, the Lyakhov model has been modified in 

the three-phase soil model for blast loading (Wang et al., 2004a), and the pressure borne by each 

phase can be independently solved with the following EOS: 
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where pg, pw, ps is the pressure of water, gas and solid in soil, respectively, and subscript 0 

indicates the initial state. In addition, the Kandaur conceptual model (found in Henrych, 1979) 

has been adopted in the three-phase soil model, and the friction as well as bonds between the 

solid particles have been incorporated as contributions to the pressure borne by the skeleton. This 

model has been shown to explicitly and realistically represent the deformation of each phase, and 

thus capture the blast response of soils with different phase compositions. By introducing a 

damage model to assess the stress carried by bonds between solid particles, the three-phase soil 

model is able to simulate blast-induced liquefaction, and a detailed discussion will be provided in 

Section 3.4.2.1. 

 

3.2.2 Mie-Grüneisen EOS 
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The Mie-Grüneisen EOS is another popular formulation that is found in almost all 

hydrocodes. For compressed materials, the Mie-Grüneisen EOS provides (LSTC, 2007): 
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where C0 is the intercept between the shock velocity and particle velocity curves; s1, s2, and s3 are 

the coefficients of the slope of the Hugoniot curve; 0γ  is the Grüneisen parameter, E is the 

internal energy per unit initial volume; 0α is the first order volume correction to 0γ ;and  

0 0=( / ) 1 ( / ) 1V Vµ ρ ρ − = − with V as the volume of the soil element. 

If the Hugoniot curve is assumed to be a linear relationship between the shock and particle 

velocities, the second and higher order terms in Equation (3.5) can be neglected, i.e. the 

coefficients s2 and s3 are taken as zero (Wang et al., 2009), and therefore reduced to: 

 
2 2

0 0 0 0
0 02

{1 [1 ( / 2)] ( / 2) } ( )
(1 )

Cp E
s

ρ µ γ µ α µ
γ α µ

µ µ
+ − −

= + +
+ −

  (3.6) 

where s is the slope of the shock velocity versus the particle velocity curve.  

The Mie-Grüneisen EOS was used in An et al. (2011) to calculate the pressure of the three 

phase components of soil by using different initial parameters for solid, water, and gas, 

respectively. The soil density, soil bulk modulus, internal energy as well as phase deformation 

and composition were then updated at each time step in accordance with both the Mie-Grüneisen 

and Lyakhov EOS (An et al., 2011), thus allowing the mechanical response of the soil mass 

during blasting to remain highly coupled. This advanced algorithm and its implementation in 

ANSYS/LS-DYNA are found in An (2010). Otherwise, either the deformation or the pressure of 

different phases in a material is assumed to be the same by default in hydrocodes (e.g. 

ANSYS/LS-DYNA). However, the assumption that deformation for different phases is the same 

may cause numerical instability with unrealistic strain levels, especially when the constituent 

phases have  distinct compressibilities (LSTC, 2007), while the assumption that the pressure is 

the same has also been found to be inappropriate in accordance with experimental observations; 

for e.g., those by Bretz (1990). 

 

3.2.3 Shock-Hugoniot equations 
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Shock-Hugoniot curves are fitted and used to characterize the pressure-volume relationships 

of soils in the course of blast loading. According to Karinski et al. (2009b), the initial 

compaction of a material is defined based on linear elastic response (Segment A1A in Figure 3.2), 

which is small and generally disregarded. Then, this is followed by the elastoplastic compaction 

process (Segment ABCD, also called active loading) with hardening caused by the shrinkage of 

the internal pore structure as well as denser rearrangement of the grains. In this state, the 

unloading and reloading processes of soils are characterized by nonlinear elastic behaviour 

(Segments BB1 and CC1), and solely determined by the maximum soil density *ρ  that has been 

obtained in the course of active loading. The aforementioned hysteresis will exist until the full 

compaction density FCρ  (Point C) is exceeded, thus indicating the complete shrinkage of the 

internal pores. Hereafter, an increase in pressure will only lead to elastic compaction. There are 

three different types of loading patterns beyond full compaction, i.e. a linear pattern (CD3), a 

polynomial pattern (CD2), and a full locking pattern (CD1) which indicates an infinite increase of 

pressure during compaction when approaching a fixed soil density. Most of the EOS in the 

literature have adopted the polynomial pattern of the Hugoniot curve which interpolates between 

the other two (i.e. linear and full locking) curves, while very few have taken the full locking 

behaviour into account. To include such an effect, the shock-Hugoniot equations in Yankelevsky 

et al. (2008), Karinski et al. (2009a, 2009b), and Feldgun et al. (2013) are expressed as: 
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where pL and pU indicate the pressure upon loading and unloading/reloading respectively; vε  the 

volumetric strain which is determined by 01 /ρ ρ− ; 1/ β  the full locking bulk strain; *( )Uc ρ the 

current sound velocity; and cFC the sound velocity at full compaction. 
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2010) with a similar strategy of mixture to account for the contribution of secondary soil 

constituents and the role of moisture content.  

 

3.2.4 Material Type 147 (FHWA model) in LS-DYNA  

A material model was developed by Lewis (2004) to analyze the blast effect in soils and 

incorporated in the hydrocode LS-DYNA, which is named *MAT_FHWA_SOIL (Material Type 

147) and also called a Federal Highway Administration (FHWA) model. The effect of the degree 

of saturation and volume changes on the stiffness of soil and pore pressure response is 

considered by using the following expressions: 
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 max[0, (1 ) ]vcur n Sn ε= − −   (3.12) 

where K, Ki and Ksk are the bulk modulus for soil composites, nonporous soil material and soil 

without air voids, respectively; D1 and D2 the material constants that control the stiffness of the 

soil skeleton and pore water before the air voids are closed; n the porosity and S the degree of 

saturation, i.e. (1 )n S−  represents the volumetric fraction of the gas phase.  

This model was adopted by Lee (2006) and recently by Busch et al. (2016) to simulate the 

response of soil under blast loading. Lee (2006) showed that the model would underestimate the 

pore water pressure build-up, and attributed this phenomenon to the lack of dependence of the 

soil stiffness on water. To improve the performance of the model, Lee (2006) made 

modifications based on the prototype model, namely a transition technique that takes into 

consideration the soil stiffness with the compressibility of water and accounted for different 

magnitudes of pressures. However, a parameter related to the weight of the explosives is 

included in the expression for soil bulk modulus. In fact, the reason that this FHWA model tends 

to underestimate pore pressure response is due to the unrealistic dilation as a result of the 

incorporated failure model, and this will be discussed in detail in Section 3.4.2.2. 

 

3.2.5 Other expressions for pressure-dependent bulk moduli of soils 
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For better flexibility in data fitting, nonlinear (variable) bulk modulus is used to replace 

constant modulus, with the general form of ( ) ( )1 or vK K I K K ε= =  (e.g., Sandler et al., 1976; 

Chen and Baladi, 1985; An et al., 2011; Lu and Fall, 2016, 2017). For example, in Chen and 

Baladi (1985), the bulk modulus is defined as: 

 i
1 2 1

1

[1 exp( )]
1

KK K K I
K

= − −
−

  (3.13) 

where Ki is the initial bulk modulus, and K1, K2 are the material constants; and I1 is the first 

invariant of the stress tensor. More recently, An et al. (2011) derived an expression for bulk 

modulus by using a Mie-Grüneisen EOS which was also adopted in Lu and Fall (2016, 2017), as 

follows: 
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Notably, Awad (1990) and Ghassemi et al. (2010) analyzed the response of saturated soil 

under impulsive loading with the generalized Biot’s theory. Based on the seminal work of Biot 

(1956a, 1956b, 1962a, 1962b), the modelling was extended to describe nonlinear material 

response, and can also depict the movement of interstitial fluids with Darcy’s law. Awad (1990) 

has taken into account the pressure-dependence in stiffness of soil skeleton by using Equation 

(3.13), while Ghassemi et al. Ghassemi et al. (2010) used the following expression to account for 

the effect of the mean effective pressure ( 'P ) and relative density (Dr) on the bulk modulus of 

soil after compaction: 

 0.5
0

0

''exp( ) ( )r
PK D p
p

β γ= ⋅   (3.15) 

where 'β and γ  are the soil constants. 

 

3.2.6 Summary and discussion 

The introduction of a nonlinear pressure-volume relationship would enable soil modelling 

to match stress-strain curves with higher accuracy. Notably, not all of the discussed models have 

explicitly incorporated pressure-dependent EOS to solve pore water and pore air pressures, and 

thus they cannot be directly used to assess liquefaction caused by blast loading. 
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Due to the experimental and empirical nature of EOS, despite its theoretical and physical 

basis, an important consideration is that an appropriate EOS specifies only a range of pressures 

encountered in a specific problem, and it is erroneous to extrapolate such an EOS beyond the 

range from which it is developed (Zukas, 2004). According to Zukas (2004), an EOS fitted 

through Hugoniot data will produce reasonable results for conditions where the pressure exceeds 

the material strength by a large margin, but prone to provide poor results in regions where the 

pressure is of the same order of magnitude. This also confirms the argument that there is no 

single model that is able to govern the entire range of pressures (Bloom, 2006). Therefore, given 

the significant attenuation of shock waves with distance, the practice of applying the same EOS 

for the entire domain of soil may not be appropriate. To account for this concern, An et al. (2011) 

limited their EOS for soil elements to the vicinity of explosion, while using a soil model without 

an EOS for blast loadings that were not in the close range, although no general rule is provided 

to specify such an interface of the two domains. 

 

3.3 Failure and strength models 

Soils under the high-amplitude impact of blasting exhibit both hydrodynamic fluid 

behaviour as well as plastic solid behaviour (Bloom, 2006). Accordingly, the stress tensor in a 

representative element volume of the soil can be divided into a uniform hydrostatic component p 

and a deviatoric component sij. In hydrocodes, when the material is subject to explosive impact, 

the hydrostatic pressure is generally characterized by using an EOS, while the yield behaviour is 

governed by a failure model to evaluate the deviatoric stress of the system, and also a strength 

model to account for the strain-rate effect of impulse loading on the material (Grujicic et al., 

2008a). Meanwhile, because the response of soils under transient loading is typically undrained 

even drainage is properly facilitated (Omidvar et al., 2012), the shear stress resistance provided 

by water and air in soils is generally neglected due to the absence of their relative movement to 

the solid phase. Hence, the shear stresses are solely resisted by the soil skeleton, and the 

deviatoric stress of the soil skeleton is equal to that of the total soil element (Wang et al., 2004a, 

2004b; Grujicic et al., 2008a; An et al., 2011). A variety of constitutive relationships have been 

adopted to build up the failure and strength models for soils under blast loading, e.g. ideal plastic, 

viscoplastic, plastic cap, viscoplastic cap, and bounding surface plastic models, etc. These 
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models will be reviewed and recapitulated in this section, and their advantages and limitations 

will also be compared. 

 

3.3.1 Failure models 

3.3.1.1 Drucker-Prager model 

The most fundamental failure criterion, f, upon which many of the soil models for blast 

loading are formulated, is either a von Mises or Drucker-Prager failure criterion, as shown in 

Equation (3.16), respectively: 

 2

2 1

0

0

f J k

f J I kα

 = − =


= − − =
  (3.16) 

where α  and k are the material constants related to the frictional and cohesive responses of the 

material, respectively, and J2 the second invariant of the stress deviators.  

Due to its inability to account for the effect of hydrostatic stress on the shearing resistance 

of materials, the von Mises yield criterion was modified to incorporate the first invariant of stress 

tensor by Drucker and Prager (Chen and Baladi, 1985). Then, it was widely adopted in 

characterizing the failure of geomaterials. For example, in the scope of soil response under blast 

loading herein, the three-phase soil model (e.g., Wang et al., 2004a) uses the Drucker-Prager 

yield criterion, but modified by including a strain rate term (addressed later), and strain-softening 

is augmented with a damage model. 

Although the original Drucker-Prager yield criterion works reasonably well at low pressures 

with relative simplicity, its performance is not satisfactory in high pressure conditions. First of 

all, it is not reasonable to assume that the yield limit of a material will increase as long as I1 is 

increasing. To address this problem, a yield criterion which approximates the Drucker-Prager 

criterion at low pressures, then acts as a von Mises criterion with asymptotic yield strength at 

high pressures (Bloom, 2006) was introduced. By using an exponential expression, the smooth 

transition of this yield function can be achieved, and it is written as (Nelson et al., 1971; Chen 

and Baladi, 1985): 

 2 1[ exp( )] 0f J A C B I′ ′ ′= − − − =   (3.17) 

where A’, B’ and C’ are the material constants to be calibrated. An analogous yield criterion in 

terms of the smooth transition within the entire pressure spectrum is described in the Lundborg 
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model (Lundborg, 1968), and it is used in Yankelevsky et al. (2008), Karinski et al. (2009a, 

2009b) and Feldgun et al. (2013),, which is expressed as: 

 0 max 0( ) / [1 / ( )]Y Y Yp Y p p Y Yσ µ µ= + + −   (3.18) 

where Y0 is the shear cohesion, and Yµ the internal friction coefficient which correspond to the 

cohesion and the internal friction angle, respectively; and Ymax is the shear strength when the 

normal pressure at the surface of the rupture approaches infinity. However, despite that the 

material will have fixed yield strength at high pressures with this type of model, it may also 

exhibit only elastic behaviour upon isotropic loading, which is inappropriate in reality.  

In addition, if the associated flow rule is adopted, the Drucker-Prager yield criterion cannot 

be effectively used to control soil dilatancy, i.e. the simulated dilatancy is much greater than that 

experimentally observed (Merkle and Dass, 1985). One of the most commonly used approaches 

to address this problem has been the use of the non-associated flow rule. For example, the three-

phase soil model (Wang et al., 2004a) used the Drucker-Prager criterion with the non-associated 

flow rule that adopted a von Mises function as the plastic potential, but this method may lead to 

the problem of uniqueness of solution (Bloom, 2006a). 

 

3.3.1.2 Mohr-Coulomb criterion 

The Mohr-Coulomb yield criterion also considers the influence of hydrostatic stress on the 

shearing resistance of materials. To account for the influence of the intermediate principal 

stresses on geomaterials, the Mohr-Coulomb yield criterion in triaxial stress conditions can be 

written as: 

 1 2
1 sin ( ) cos 0
3

f I K J cϕ θ ϕ= − + − =   (3.19) 

where c andϕ are the cohesion and internal friction angle, respectively; θ  the Lode angle related 

to the stress state including the third invariant of the stress deviators J3, and ( )K θ  the function of 

θ  in the deviatoric plane. Compared with the Drucker-Prager criterion which is a circular cone 

in a three-dimensional principal stress space, the Mohr-Coulomb criterion has the shape of a 

hexagonal pyramid. The resulting sharp vertices (singularities) in the octahedral plane and at the 

point of intersection with the hydrostatic line would lead to numerical instability. 
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In the FHWA model developed by Lewis (2004) in LS-DYNA (Material Type 147), the 

Mohr-Coulomb yield surface is modified to remove singularity at its point of intersection with 

the pressure axis so that it is convex and smooth, and its shape is also modified to be triangular at 

low pressure instead of being hexagonal. The expression of the modified Mohr-Coulomb yield 

criterion for the FHWA model is written as: 

 

2 2 2
1 2

2 2 2

2 2 2 2 1/2

1 sin ( ) sin cos 0
3

4(1 )cos (2 1)( )
2(1 )cos (2 1)[4(1 )cos 5 4 ]

f I J K m c

l lK
l l l l l

ϕ θ ϕ ϕ

θ
θ

θ θ

= − + + − =

− + −
=

− + − − + −

  (3.20) 

where m  and l are the material constants. Meanwhile, the strain-hardening algorithm is 

implemented in the model by defining the internal friction angle as an increment function of the 

effective plastic strain, and strain-softening is also included by adopting a damage model. The 

FHWA model has been used in Lee (2006) and Busch et al. (2016). Similar to the Drucker-

Prager yield criterion, the Mohr-Coulomb yield criterion also suffers from a similar inadequacy 

under high pressure and unrealistic dilation as stated in Section 3.3.1.1. 

 

3.3.1.3 Failure criterion of compaction and modified compaction models 

The failure behaviour of the compaction model by Laine and Sandvik (2001) as well as its 

modified versions for sand-based soils by Grujicic et al. (2006, 2009) and gravel-based soils by 

Grujicic et al. (2008b) as discussed in the previous section, is modelled by specifying a piecewise 

linear function. The defined yield strength increases with pressure up to a maximum value when 

it then becomes a constant value. A constant tensile strength is also specified and the material 

would fracture and lose its ability to support any stress if such a condition is satisfied, but the 

cracks will close up if the material is subsequently subjected to compression. Despite that these 

models have taken the contents of the secondary soil constituents and water into account (with 

the rule of mixture), in fact, they are Drucker-Prager type of models, and thus also suffer from 

the aforementioned limitations. Furthermore, for clay-based soils, the shear failure has only been 

considered to depend on the degree of saturation, while its explicit dependence on hydrostatic 

pressure has been neglected in the modified compaction model (Grujicic et al., 2010).  

 

3.3.1.4 Variable moduli model 
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The variable moduli model has been used to describe the behaviour of soils under ground 

shocks (Nelson et al., 1971; Baron et al., 1973; Nelson and Baladi, 1977; Chen and Baladi, 1985; 

Bloom, 2006). This type of model defines the bulk and shear moduli as a function of the stress 

and strain invariants in an incremental form: 

 and 2kk ij ijp K s Geε= =&& & &   (3.21) 

where ije  is the deviatoric strain, and there is no explicit yield condition. In general, different 

functions G and K are defined in both the initial loading and subsequent unloading/reloading. In 

this type of model, the final state of strain not only depends on the final state of stress, but also 

on the stress path; therefore, no unique stress-strain relations can be defined by using the model 

(Bloom, 2006). 

The variable moduli model provides satisfactory data fitting with relative simplicity in 

computation. Besides, it is also capable of capturing repeated cycles of loading/unloading with 

irreversible volume reduction. However, the model is not able to represent the dilatancy in soils, 

and may fail to satisfy the continuity condition for neutral loading conditions or near neutral 

loading conditions in shear (Chen and Baladi, 1985). 

 

3.3.1.5 Soil hysteresis and plastic cap model 

Volumetric hysteresis is a typical behaviour of soils that is significant in engineering, for 

example, it is a key mechanism that induces liquefaction of soils during blast loading (Fragaszy 

and Voss, 1981, 1986). In general, two sources contribute to the hysteresis in soils (Nelson et al., 

1971; Bloom, 2006). The first is the yield of the material, which can be represented by the solid 

line in Figure 3.3 below. The second is from the different pressure-volume relationships upon 

hydrostatical loading/unloading, which can be expressed by the dashed line in Figure 3.3. 

Therefore, the employment of a constant bulk modulus or adoption of the same nonlinear EOS 

for the soil skeleton upon loading/unloading may not be always sufficient to reproduce the soil 

hysteresis (Nelson et al., 1971; Bloom, 2006). In order to control the amount of irreversible bulk 

volume compaction, some have used different prescribed bulk moduli during loading/unloading 

paths for the soil skeleton with a bilinear model (a special variable moduli model, for e.g. Kim 

and Blouin, 1984), and others have used different pressure-volume relationships to control the 

hydrostatic loading/unloading processes as discussed in Section 3.2.3 (e.g. Laine and Sandvik, 
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where R is the ratio of the major to the minor axis of the elliptical cap; ( )X κ  and ( )L κ  is the 

abscissa of intersection of the elliptical cap with the hydrostatic loading line (I1 axis) and shear 

failure envelope 1 2( , )h I J , respectively; and ( )X κ  can be expressed by using a logarithmic 

hardening law, which was originally proposed for McCormick Ranch sand (DiMaggio and 

Sandler, 1971) and is written as: 

 0( ) (1/ ) ln 1
p
kkX D X

W
’ ε

κ
 
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  (3.26) 

where W indicates the maximum volumetric plastic strain of the material, and is suggested to be 

equal to the volumetric fraction of the gas phase (i.e. n(1-S) ) (Chen and Baladi, 1985); D’ is a 

shape parameter of the pressure-volume curve; and X0 is the initial vertex of the hardening cap. 

These parameters can be determined from isotropic compression tests. Then, ( )L κ  can be 

determined by enforcing continuity of the entire envelope: 
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and 

 0

0

( )
otherwise

L
κ κ κ

κ
κ

>
= 


  (3.28) 

where 0κ  is the onset of the cap. 

According to the formulation, the hardening cap is not fixed in a stress space, and it will 

expand or contract as the plastic volumetric strain develops. For instance, during initial 

compaction, the location of the cap ( ( )X κ ) expands as p
kkε  grows; then, when the stress state 

satisfies the shear failure criterion, dilation occurs due to the assumption of associated flow, and 

the decrease in p
kkε  would thereby cause the shrinkage and movement of the elliptical cap 

towards the origin, and the dilatancy would continue until the cap reaches the stress point on the 

shear yield envelope (DiMaggio and Sandler, 1971; Tu and Lu, 2009). When this occurs, this 

stress point becomes the point of intersection of the shear and the cap envelopes, and the plastic 
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Furthermore, it can be observed that the pressure-volume relationship presented by the cap 

model in Figure 3.6 can indeed represent the EOS of a soil as shown in Figure 3.2. Specifically, 

in the cap model, when p
kkε  is less than W, the active loading will be elastoplastic and unloading 

is elastic which is similar to the curve AC in Figure 3.2. However, after W is exceeded, the 

loading and unloading behaviour of soil will be elastic, which is comparable to the curve CD 

after full compaction (Point C) in Figure 3.2.  

Since the pressure-volume relationship of soil during blast loading is highly nonlinear, some 

researchers have enhanced the cap model by introducing variable bulk moduli (which was 

discussed in Section 3.2.5) to improve the accuracy of simulation compared with experimental 

observations (e.g. Chen and Baladi, 1985). In the meantime, the cap model has also been 

integrated with a Mie-Grüneisen EOS in the development of Material 145 in LS-DYNA (Murray 

and Lewis, 1995) and the soil model of An et al. (2011). It can be observed that, the linear 

pattern CD3 in Figure 3.2 after full compaction would in fact correspond to the material response 

with a constant bulk modulus in the cap model. By introducing nonlinear pressure-volume 

relationships into the cap model, the polynomial pattern CD2 after full compaction can be 

recovered. 

A tension cut-off has been augmented in the cap model, for e.g., in Sandler and Rubin 

(1979), Katona (1984), Simo et al. (1986), Tong and Tuan (2007), and An et al. (2011). 

Furthermore, the third stress invariant has been included in the cap model of Murray and Lewis 

(1995) and Murray (2007) to improve its performance in capturing the compression and 

extension behaviours of geological materials (Schwer, 1994; Schwer and Murray, 1994). 

Notably, traditional cap models suffered the numerical difficulties of singular corners at the 

point of intersection of the shear failure envelope and hardening cap. The former has a positive 

tangent while the latter has a horizontal slope at the singularity point. If the yield surface is not 

smooth, the flow direction at the point of intersection of the shear failure surface and the 

hardening cap is indeterminate. From a modelling point of view, this can lead to much time spent 

on iteration to locate the aforementioned point of intersection. To resolve this problem, a 

transition technique has been introduced by Schwer and Murray (1994). After multiplying the 

elliptical cap function by the shear surface function, the modified failure envelope would take on 

the same slope at this point of intersection. This model is called the smooth cap model or a 
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continuous surface cap model. However, in the smooth cap model, the product of a 

monotonically increasing shear yield function and a decreasing cap expression (with respect to I1) 

would imply that the cap size and shape are ambiguous, i.e. the ratio of the major to the minor 

axis of the elliptical cap (R) will be variant during the hardening process, and it will be different 

from the R value specified by the modeller. Therefore, the volumetric dilation/compaction of 

materials may not be effectively controlled by using the smooth cap model. 

Meanwhile, by extending the elliptical cap back into the shear failure zone until the point 

where they can join smoothly, Dolarevic and Ibrahimbegovic (2007) proposed a smoothing 

technique in which the shape of the elliptical cap is adjusted to have a smooth transition to the 

prescribed shear envelope. More recently, Lu and Fall (2016) developed an alternative and 

comparable transition approach. Instead of using a prescribed shear envelope, the elliptical cap is 

set to be known, while a parabolic curve is used to approximate the shear failure portion and is 

forced to have a horizontal slope at the point of intersection with the hardening cap to ensure a 

smooth transition. 

 

3.3.1.6 Bounding surface model 

A new category of failure models has been introduced by the emerging application of 

SANISAND models in the simulation of sand behaviour under impact loading (Higgins et al., 

2013; Xu and Zhang, 2015). SANISAND denotes a family of simple anisotropic sand 

constitutive models under the framework of critical state soil mechanics and bounding surface 

plasticity (Manzari and Dafalias, 1997; Taiebat and Dafalias, 2008). SANISAND was initially 

developed to address the behaviour of sand which has a pronounced Bauschinger effect under 

cyclic and reversed types of loading. Then, the capability of capturing the constant stress ratio 

(η , defined as p/q) or high pressure loading conditions was supplemented into the prototype 

model. For the sake of simplicity and consistency in the context of blast loading, only 

formulations in triaxial stress space and the stress state in compression will be discussed. 

In the SANISAND models, the critical state of sand plays an important role, since many 

features of the models and their performance rely on the distance between the current soil state 

and the critical state by explicitly using the state parameter ψ =e-ec , where e is the current void 

ratio and ec is the current void ratio of the critical state. 
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Initially, a conical shape yield surface was proposed in the form of (Manzari and Dafalias, 

1997): 

 0cf mη α= − − =   (3.30) 

where the back-stress ratio cα  is the rotational (kinematic) hardening variable of the yield 

surface, and represents the slope of the bisector of the yield surface in the p–q space; m is the 

isotropic hardening variable, and refers to the radius of the circular yield surface in the π-plane of 

the stress ratio space. Generally, m is assumed to be constant, and a small value is used in order 

to have a narrow yield surface. According to Taiebat and Dafalias (2008), the small size (small m 

value) of the conical yield surface and rotation around the origin (kinematic hardening through

cα ) are engineered towards the delineation of loading reversals including cyclic loading. 

In addition to the yield surface, the SANISAND models incorporate three more different 

surfaces, namely, the bounding, critical state, and dilatancy surfaces. The layout of the surfaces 

in the SANISAND models is schematically illustrated in the general stress space in Figure 3.7. 

These surfaces appear in the triaxial space as lines that emanate from the origin, and they are 

linked to the back-stress ratio at the critical state c
cα  by using: 

 
b c b
c c c

d c d
c c c

k

k

ψα α

α α ψ

= + −

= +
  (3.31) 

where , ,b c d
c c cα α α  are the values of the back-stress ratio cα when the stress ratio η  is at the 

bounding ( b b
c cM mη α= = + ), critical state ( c c

c cM mη α= = + ), and dilatancy ( d d
c cM mη α= = + ) 

surfaces with subscript c denoting compression (i.e. cη α> ), respectively. b
ck  and d

ck  are model 

parameters. 
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with a consistency condition 0f =&  in conjunction with the hardening laws for variables cα and 

m. 

As discussed, the isotropic hardening (through parameter m) option is generally not 

activated in applications of the prototype model. As for rotational or kinematic hardening, it is 

assumed to depend on the distance between the current and the projected stress ratios on the 

bounding surface in the deviatoric plane as: 

 ( )b
c c cL hα α α= −&   (3.34) 

where h is a positive scalar-valued function of the state. Then, the plastic modulus Kp can be 

determined for this case as: 

 ( )b
p c cK ph α α= −   (3.35) 

With the formulation, the softening behaviour in the post-failure stage can be represented 

in addition to capturing the kinematic hardening of sand before the stress state reaches the 

bounding surface with Equation (3.34). To be more specific, when the stress state reaches the 

bounding surface ( b
c cα α= ), the kinematic hardening process remains momentarily stationary 

according to Equation (3.34). In the meantime, the bounding surface would contract for a 

dilatant soil in accordance with Equation (3.31), and then the stress state may be found outside 

the bounding surface. As the bounding surface continues to contract and converge towards the 

critical state surface, it then acts as a pole of attraction and cα  would be directed inwards after 

its peak value and converges to b
cα  from outside (Manzari and Dafalias, 1997).  

The SANISAND model has proven to be satisfactory in reproducing the response of sand 

under cyclic as well as monotonic loadings with varying stress ratios. Notably, the dependence 

of cα&  on the distance between cα  and its image b
cα on the bounding surface is the essence of 

the bounding surface plasticity (Manzari and Dafalias, 1997). However, the projection rule 

which relies on the distance between the current and the projected stress states has been only 

considered in the deviatoric plane. This implies that the model has implicitly assumed that the 

plastic deformation of sand is predominantly caused by shearing. Only changes in the stress 

ratio η  can lead to relative shearing and rolling of sand grains, which are in turn 

macroscopically modelled as deviatoric and volumetric plastic strains. Besides, the open conical 

shape of the yield surface in the stress space would mean that a loading path with a constant 
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in p and it is positive, i.e. contractive, due to pore collapse. They also assumed that only the 

second contribution of the plastic volumetric strain rate would contribute to isotropic hardening 

(through pc0). A similar decomposition of the plastic deviatoric strain was carried out for 

consistency. The deviatoric ( p
qε& ) and volumetric ( p

vε& ) parts of the plastic flow are defined as: 
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where X is a positive model parameter and V  is a large number. The above definition of the 

plastic strain components can ensure a smooth transition between two types of deformation with 

respect to different states of stress on the yield surface (Taiebat and Dafalias, 2008). 

Similarly, hardening laws have to be specified in order to obtain the plastic modulus Kp, 

and thus in turn, the loading index L. To account for constant stress-ratio loading paths, the 

kinematic hardening of the capped SANISAND model was modified based on its prototype and 

expressed as: 

 ef ( )b
c c c cL hr Lα α α α= − =&   (3.38) 

Just as cα&  is dependent on the distance between cα  and its image stress point b
cα  on the 

bounding surface, the isotropic hardening process also relies on the distance δ  between the 

current confining pressure p and its image stress point on the limiting compaction curve (LCC) 

exp( 1/ )cb rpp ρ= −  within the framework of bounding surface plasticity (Taiebat and Dafalias, 

2008). LLC is generally a linear curve in a double logarithmic void ratio-effective stress space 

as illustrated in Figure 3.9. pr is the reference stress (at e=1), and cρ is the slope of the linear 

LCC in the log e-log p space. The distance δ  is expressed as: 
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compaction, the cap envelope and the associated flow rule will cause volumetric plastic strain in 

compression. Since the unloading process is elastic regardless of the unloading path (the 

unloading path will not intersect the yield surface again), there will be irrecoverable bulk 

volumetric deformation associated with only the initial loading. While for SANISAND models, 

at initial compaction, plastic volumetric contraction takes place in conjunction with isotropic 

hardening. However, in the unloading process, due to the narrowness of the yield surface, it is 

possible that the unloading path may intersect the bottom half of the yield surface ( cη α< ). 

Then, inelastic strain will develop, and the irrecoverable volumetric deformation or the 

hysteresis loop generated upon initial compaction may be altered due to inelastic unloading. In 

fact, the narrow yield surface with kinematic hardening in the SANISAND models was 

originally introduced to represent the inelastic unloading/reloading of sand under cyclic and 

reversed types of loading, while this effect is generally not considered in problems associated 

with blast loading as discussed in Section 3.2.3. 

Finally, although both models have demonstrated sufficient ability in reproducing sand 

behaviour under high pressure loading conditions, the traditional cap model is considerably 

easier to use since a minimum of only 6 parameters are required to define the yield envelope; 

while in contrast, 19 parameters (including 3 generally fixed parameters independently of soil 

property) are required in the capped SANISAND model. However, the capped SANISAND 

model excels with its ability to capture the response of sand under cyclic loading, while the 

traditional cap model does not have such a capability. 

 

3.3.2 Strength models 

It has been demonstrated that the strain rate has a significant effect on stiffness, strength and 

other mechanical performance (such as pore pressure, maximum failure deformation, 

liquefaction resistance, particle breakage, etc.) of soils during various high-rate impact tests 

(Casagrande and Shannon, 1948; Whitman, 1970; Jackson et al., 1980; Prapaharan et al., 1989; 

Omidvar et al., 2012;). This effect has been attributed to the tensile micro-cracking during 

transient loading. Specifically, more microcracks will be generated from high-strain rate impacts 

than static loading, and more energy would be demanded to initiate major cracks and induce 

failure after overcoming the inertial resistance of the material (Cai et al., 2007). Very few efforts 

have been made to explicitly account for the effect of high strain rates on the stiffness and 
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strength response of soil during blast loading, and those modelling works will be presented and 

discussed in this section. 

 

3.3.2.1 Model of Prapaharan et al. 

Assuming that the undrained strength of soils increases linearly with the logarithm of the 

strain rate, a phenomenological method is proposed by Prapaharan et al. (1989) to modify the 

yield strength of soils under different strain rates as follows: 

 10(1 log ( / ))u refq qα β ε ε= + & &   (3.43) 

where qu is the undrained strength at a given strain rate ε& ; qα  the undrained strength at a 

reference strain rate refε& ; and β the slope of strength against the logarithm of the strain rate curve. 

Then, this approach was adopted in the three-phase soil model (e.g. Wang et al., 2004a) by 

modifying the Drucker-Prager yield criterion for soils under blast shock loading as 

 2 1
0

( )(1 ln ) 0efff J I k
ε

α β
ε

= − − + =
&
&   (3.44) 

where effε&  is the effective strain rate defined by 2d d / 3eff ij ijε ε ε=& & & ; and 0ε&  the reference 

effective strain rate. Later, the effect of high strain rates on both the strength and stiffness of soil 

has been incorporated in work by Xu and Zhang (2015) with a similar strategy.  

 

3.3.2.2 Modified compaction model 

To further improve the performance of the original compaction model (Laine and Sandvik, 

2001) in which the strain rate effect was neglected for dry sand, Grujicic et al. (2006) considered 

strain-rate dependence of the unsaturated soil by interpolating its pressure-density relationship 

between that of low and high strain rates (with a threshold of 10-3 s-1 and 105 s-1 respectively), 

which is expressed as: 

 high
high low high

low high

log log
= ( )

log log
ε ε

ρ ρ ρ ρ
ε ε

 −
+ −   − 

& &
& &

  (3.45) 

where the densities ρ, ρhigh and ρlow correspond to the strain rate at ε& , highε&  and lowε& , 

respectively. However, it was revealed that the formulation can be simplified to be rate 

independent, if model parameters correspond to higher deformation rates are used (Grujicic et al., 
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2006). Therefore, the rate-dependence has not been explicitly incorporated in the series of 

modified compaction models in Grujicic et al. (2008a, 2008b, etc.). 

 

3.3.2.3 Perzyna viscoplastic model 

An alternative approach to consider the rate-effect on soil is to integrate the viscosity with 

conventional plasticity, i.e. thus resulting in the so-called viscoplasticity. Therefore, the rate-

effect on both the yield limit and compressibility of soils can be simultaneously considered with 

more theoretical soundness (e.g. Katona, 1984; Simo et al., 1986; Tong and Tuan, 2007). The 

most frequently used viscoplastic constitutive model is the Perzyna (1966) type of viscoplastic 

model. 

As is conventional in mechanics, the total strain rate vector ε& can be decomposed into an 

elastic part eε& and a viscoplastic part vpε& as 

 
e vpε ε ε= +& & &   (3.46) 

The elastic strain rate is independent of the viscosity and can be obtained as: 

 1e Cε σ−=& &   (3.47) 

where σ& is the stress rate tensor and C  the elastic stiffness matrix. 

For the viscoplastic strain rate, the viscoplastic flow rule is generally expressed as: 

 0 ( )vp ffε η φ
σ

∂
=

∂
&   (3.48) 

where 0η  is a material constant termed fluidity parameter; the Macaulay bracket; f the yield 

function; and ( )fφ  is a dimensionless scaling function, commonly expressed in the form of: 
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   
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where N is the exponent and f0 the normalizing constant with the same unit as f. Associated flow 

rule is generally employed in this type of model, and the direction of vpε&  is given by f and it is in 

the outward normal direction of the yield surface. Therefore, to incorporate the Perzyna type of 

viscosity into a plastic formulation, three additional material parameters ( 0η , N and f0) are 

introduced to the original plastic model, and they can be determined by trial and error (Katona, 

1984; Tong and Tuan, 2007). As can be concluded, in the overstress theory of Perzyna for 

delineating the viscoplastic behaviour of materials, ( )fφ  acts to quantify the overstress, i.e. the 
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distance between the current viscoplastic stress state and the yield surface. According to 

Equation (3.48), the material response will be purely elastic when 0η → 0, but simply 

corresponds to inviscid plasticity when 0η →∞ . 

The Perzyna model has been successfully integrated with the plastic cap model for 

capturing the impact response of geological materials, e.g. in Katona (1984), Simo et al. (1986) 

and later by Tong and Tuan (2007), An et al. (2011), Aráoz and Luccioni (2015) and Lu and Fall 

(2016, 2017). It has been demonstrated that such a viscoplastic cap model has the capability of 

not only reproducing the behaviours of soils under high strain rate conditions, such as ground 

shock, but also capturing other time-dependent processes, such as creep with low strain rates. 

More recently, Higgins et al. (2013) also integrated the Perzyna model with bounding surface 

plasticity to model sand behaviour under blast loading. Although the overstress theory by 

Perzyna has provided significant convenience in determining the loading index L (which 

corresponds to the scalar factor of proportionality d λ in conventional plasticity) in bounding 

surface plasticity, the model in Higgins et al. (2013) suffers from inadequacies associated with 

the incorporated failure model, namely the SANISAND model. A detailed discussion on its 

strength and weakness in terms of its applicability to blast loading conditions was provided in 

Section 3.3.1.6. 

 

3.3.2.4 Duvaut-Lions viscoplastic model 

Another formulation of viscoplasticity that has been increasingly popular in recent years is 

the Duvaut-Lions viscoplastic formulation (Duvaut and Lions, 1972). This formulation has been 

adopted by Simo et al. (1988), and hereafter implemented in LS-DYNA as Material Types 145 

(Murray and Lewis, 1995) and 159 (Murray, 2007) with a continuous surface cap model, and 

Material Type 147 (Lewis, 2004) with a modified Mohr-Coulomb model. To incorporate the 

Duvaut-Lions viscosity model, only one additional material parameter 0η (fluidity coefficient) is 

needed based on the original plasticity, while extra constants can be introduced to enhance its 

flexibility in data fitting. In the Duvaut-Lions viscoplastic model, the viscoplastic stress VP
ijσ is 

revised by interpolating between the elastic trial stress T
ijσ  and the inviscid stress P

ijσ  (without 

rate effects) as (Murray, 2007): 
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 (1 )VP T P
ij ij ijσ γ σ γσ= − +   (3.50) 
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where t∆ is the time step, and when 0η →0, the inviscid stress is obtained so that the solution is 

independent of the strain rate. As 0η → ∞ , the elastic trial stress is obtained. Therefore, the 

viscoplastic stress in the Duvaut-Lions model is bounded between the current rate-independent 

stress and the elastic trial stress, and also allows the viscoplastic stress state to lie outside the 

yield surface. 

A comparable performance has been reported on the Duvaut-Lions and Perzyna 

viscoplasticity models (Schwer, 1994; An, 2010). A detailed comparison between the Duvaut-

Lions and the Perzyna viscoplastic formulation is available in Schwer (1994) with respect to 

their algorithms and performance. However, from a practical point of view, the former is easier 

in numerical implementation, as the Duvaut-Lions formulation is in fact a revised inviscid 

formulation. In contrast, the latter provides more flexible data fitting as there are more viscous 

parameters included, although its solution algorithm is inevitably complicated as it requires more 

matrix operations (An, 2010). 

 

3.3.3 Summary and discussion 

Despite that the influence of strain rate on soils is widely acknowledged, not all blast 

models for soils have incorporated a strength model to explicitly account for the strain rate effect. 

As for failure models, although the inadequacy of Drucker-Prager or Mohr-Coulomb type of 

models in modelling soil response under blast loading are quite evident, they are still widely in 

use primarily due to their relative simplicity. Nevertheless, it is necessary to include isotropic 

hardening caps in constitutive laws, since they can serve to account soil failure under high 

pressure, control soil dilatancy, reproduce volumetric hysteresis as well as capture the pore 

crushing process, which are all vital ingredients for a rational description of soil behaviour under 

blast loading. Meanwhile, many of foregoing failure models have not accounted for the effect of 

the third stress invariant. 
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Although various models for the seismic behaviour of sand (original and capped 

SANISAND models) have been recently extended to simulate its blast response, they are also 

subject to different limitations, and more research is required to verify their applicability and 

fidelity to blast loading conditions. 

Given the drastic attenuation of blast waves with distance to a charge, it is therefore evident 

that there may not be a single constitutive model that can describe the soil response for the entire 

spectrum of pressures either. For instance, although SANISAND types of models may have 

limitations in capturing the blast response of soils compared with the cap models, they represent 

an excellent means of reproducing soil behaviour at the far end of an explosion event where 

seismic waves prevail, which cannot be readily modelled by cap models.  

 

3.4 Application of soil models to blast-induced liquefaction 

There are numerous cases of increases in residual excess pore pressure or liquefaction 

caused by blasting or high-pressure compression reported and discussed in literature. These 

phenomena can occur in cohesionless soils (sand, silt) and are usually observed during human 

induced activities, such as in-situ soil improvement processes, military high-explosive testing, 

laboratory experiments, accidental explosions, and terrorist attacks (e.g. Ivanov, 1967; Fragaszy 

and Voss, 1981, 1986; Dowding and Hryciw, 1986;  Charlie et al., 1988, 1996, 2013; Bretz, 1990; 

Veyera and Charlie, 1990; Bolton et al., 1994; Veyera et al., 2002; Ashford et al., 2004; Al-

Qasimi et al., 2005; Charlie and Doehring, 2007). Among the different definitions of liquefaction, 

they all commonly indicate a condition where an increase in the pore water pressure leads to a 

decrease in the effective stress and thus loss of the shear strength of a soil mass (Charlie, 1988). 

Analyses of blast-induced liquefaction are generally consistent with that caused by 

earthquakes, but there are pronounced differences between the two of them. From a physical 

point of view, earthquake-induced liquefaction is considered to result from slowly increasing 

pore water pressure caused by shear waves that vertically propagate toward the ground surface, 

which in general have relatively low peak accelerations, while blast-induced liquefaction is 

caused by compression waves. Meanwhile, the predominant frequency of a blast wave usually 

demonstrates orders of magnitude that are more than 2 times greater than those of an earthquake 

wave, and its amplitude of pressure is large, whereas the loading period is extremely short 

(Charlie et al., 1996; Wang et al., 2008). Therefore, from a modelling point of view, a different 
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mechanism with respect to the occurrence of liquefaction in blast events should be taken into 

account. Besides, due to the intensive impact, the soil response during the compression process 

under shock loading will demonstrate pressure dependence as well as a rate-effect. The effect of 

strain rate on liquefaction resistance or pore pressure response of granular soils has been 

demonstrated in Yamamuro and Lade (1993) and Bolton et al. (1994). Furthermore, as blast 

waves have rapid attenuation, the loading condition can drastically vary within a certain distance 

from the charge. Consequently, the modelling strategy for blast-induced liquefaction should be 

different from that for earthquake-induced liquefaction, and such an analysis should be 

conducted with a competent soil model for blast loading. In this section, the mechanism of blast-

induced liquefaction will be briefly elucidated. Then, the application of current soil models to 

blast-induced liquefaction is summarized, and their different methods and performance in 

reproducing the pore water pressure build-up are compared. 

 

3.4.1 Mechanism of blast-induced liquefaction 

For saturated loose materials such as sandy and silty soils, the volume reduction caused by 

blast-induced compression is prevented by increases in the pore water pressure, since there is 

insufficient time for relative movement of pore fluid and soil skeleton. If the increase in the pore 

water pressure is large enough, liquefaction would occur. Meanwhile, the undrained blast 

loading would impose a volume compatibility condition for a saturated soil, i.e., the volumetric 

strain of the pore fluid should be equivalent to that of soil skeleton (Puebla et al., 1977). In this 

condition, blast-induced liquefaction is generally attributed to the elastic deformation of the pore 

water in saturated soils, whilst the skeleton exhibits plastic behaviour (Schapermeier, 1978; 

Fragaszy and Voss, 1981, 1986; Kim and Blouin, 1984; Charlie, 1988). To be more specific, 

given this hysteresis in the stress-strain path of the material, it is therefore possible that the 

effective stress could drop to zero after unloading, while the pore water pressure is kept at a 

certain positive value higher than its initial condition due to the irrecoverable compaction. The 

mechanism is shown in Figure 3.10 below. 
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this condition (Wang et al., 2008). Then, there is build-up of excess pore water pressure and 

liquefaction may take place. It is worth mentioning that liquefaction has been generally assumed 

to occur only in saturated soils. However, the three-phase soil model has also shown that the 

closure of air-filled pores during blast-induced compression can also bring the soil from an 

unsaturated state to saturation (Wang and Lu, 2003). Thus, liquefaction may also occur in 

unsaturated soils with high water content in the vicinity of explosion where the loading has 

considerable intensity. 

 

3.4.2.2 Simulation with the FHWA model 

The FHWA model adopted in Lee (2006) to simulate the process of blast-induced 

liquefaction introduces volumetric hysteresis with different bulk moduli upon isotropic 

loading/unloading (with Equation (3.10)), and the term a vθ ε−  in the denominator indeed works 

in a way similar way as the cap model (Equation (3.29)). Meanwhile, the model estimates the 

pore water pressure based on the total volumetric strain of the soil mass (Equation (3.11)), i.e. 

the volumetric deformation of water is assumed to equal to that of the soil skeleton. As discussed, 

this assumption is only valid when the soil is fully saturated. 

In the work of Lee (2006), the FHWA model was found to underestimate pore water 

pressure build-up, and it had been attributed to the lack of dependence of the soil stiffness on 

water. However, this inadequacy of the model should be associated with the incorporated 

failure model. To be more specific, the yield surface of the FHWA model is a modified Mohr-

Coulomb yield surface. As discussed in Sections 3.3.1.1 and 3.3.1.2, this will lead to unrealistic 

dilation during initial loading. Therefore, the total volumetric strain that is used to calculate the 

pore water pressure may be underestimated, and thus the resultant pore pressure response will 

be unrealistic and lower than experimental results. 

 

3.4.2.3 Simulation with a bilinear model 

To reproduce the hysteresis effect and capture liquefaction due to transient impact loading, 

Kim and Blouin (1984) used the generalized Biot’s theory and applied a bilinear model with 

different prescribed loading and unloading bulk moduli of the soil skeleton. However, the 

bilinear model, which is a special variable moduli model with no explicit yield surface, cannot 

account for soil dilatancy and may fail to satisfy continuity conditions regardless of its 
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computational simplicity (Chen and Baladi, 1985; Bloom, 2006). Besides, the strain-rate effect 

associated with blast loading has not been included in their model either. 

 

3.4.2.4 Simulation with a cap model 

As discussed in Section 3.3.1.5, the cap model is theoretically feasible to capture the 

hysteretic behaviour in the hydrostatic response of soils, and it has also been demonstrated to 

satisfy all rigorous theoretical requirements and avoid mathematical uncertainties (DiMaggio and 

Sandler, 1971; Nelson et al., 1971; Bloom, 2006). Therefore, the cap model can be employed to 

analyze the liquefaction triggered by explosions where hydrostatic pressure dominates. 

Examples can be found in the work by Awad (1990) and Ghassemi et al. (2010) where a cap 

model with two invariants has been applied to reproduce the dynamic response of saturated soils 

under impulsive loading, and the pressure dependence of soil compressibility has also been 

considered. However, the strain-rate effect has not been included. Notably, the Perzyna type of 

viscoplastic cap model has been used to simulated blast response of soils by An et al. (2011), and 

an appropriate EOS for each constitutive phase in soils has also been incorporated. Nevertheless, 

only unsaturated soils were studied in such work, while the liquefaction phenomenon was not 

examined. Therefore, despite its theoretical feasibility, the effectiveness of a cap model in 

capturing blast-induced liquefaction should be further studied within a more rigorous scheme. 

 

3.4.3 Summary and discussion 

Despite the fact that the model of Wang et al (2008) has realistically captured the 

liquefaction induced by dynamic compression and blast loading, the simulated pore pressure 

response has not yet been validated against experimental data that involve varied strain rates. 

According to Fragaszy and Voss (1986), the compressive waves generated by an explosion will 

significantly contribute only to the development of liquefaction near the explosive source, while 

other factors, such as contribution from shear waves similar to those of earthquakes, may be 

more predominant with increasing distance. Therefore, a single material model may not be 

available to reproduce liquefaction for the entire range of pressures during a blast event. 

 

3.5 Final remarks 
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Although there is no model that can account for the entire range of pressures during blast 

loading, this is generally not problematic if only high pressures are of interest. To date, the 

modelling strategies for the blast response of soils have gradually improved and become more 

extensive and prudent. For example, focus has been given to the valid range of an EOS, and 

different material models have been applied in a single problem. The variations of soil 

constitution, bulk modulus, and soil energy during blast loading have been considered and then 

updated through iterations in a highly coupled manner. Moreover, advanced constitutive 

relations that are more practical in capturing the behaviours of soils under high-frequency 

loading conditions have also been developed. However, there still remain problems and 

challenges, such as determining the valid range for a given EOS model in a specific problem; the 

inclusion of the strain-rate effect and the third stress invariant in soil models; supplement of end 

caps to conical yield envelopes to account for inelastic soil behaviour under high pressure; 

further verification of emerging models; and the application and improvement of soil models in 

estimating blast-induced liquefaction. 

Besides these issues from a modelling perspective, the limitation in availability of 

experimental data has also hindered the development of more advanced models. Specifically, 

first of all, the experimental studies conducted for examining the blast response of soils are quite 

scarce compared with those for other types of loading (i.e. quasi-static and cyclic), and the 

influence of very limited intrinsic properties of soils have been studied. In fact, under the 

perception that all soils exhibit similar contractive behaviour during intensive blast loading, only 

the effect of (relative) density, degree of saturation, and stiffness on blast response of soils have 

been experimentally investigated to date, while other controlling factors such as soil type, 

overconsolidation ratio, and anisotropy have been generally disregarded. In the meantime, due to 

the intensity and destructive nature of blast tests, very few parameters, such as total and pore 

pressure as well as particle velocity, can be measured, and thus limited details of the constitutive 

behaviours of soils can be provided for model development and validation purposes. As a result, 

soil models have been generally developed on a phase basis and applied to assess its blast 

response regardless of the differences in soil type and a few other properties. 

As prevalent throughout this literature review, the guideline provided in the beginning of 

this paper should be taken into consideration in addressing the problem of soil response under 

blast loading, i.e., a holistic formulation should incorporate an appropriate EOS, failure model, 
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as well as strength model. The discussed soil models for blast loading are summarized in Table 

3.1 with respect to their integral components as required by the aforementioned criterion, and 

their mechanisms for modelling blast-induced liquefaction or volumetric hysteresis are also 

presented. 

 

Table 3.1 Summary and comparison of existing soil models for blast loading  

Source Material stiffness Failure model Strength model 
Application to 

liquefaction 
Additional comments 

Lee (2006); Busch et al. 

(2016) 

Soil stiffness is 

modified to include 

pressure dependence 

Modified Mohr-

Coulomb model 

Duvaut-Lions 

viscoplasticity model 

Modified Mohr-Coulomb 

model could result in 

unrealistic dilation 

Based on *MAT_147 model in 

LS-DYNA; underestimate pore 

water pressure due to dilation 

Xu and Zhang (2015) 

Soil stiffness is 

modified to include 

pressure dependence 

Capped 

SANISAND model 

Modify stiffness and 

failure model in 

accordance with  

Prapaharan et al. 

(1989) 

Generate hysteresis effect 

with capped SANISAND 

model 

- 

Higgins et al. (2013) 

Soil stiffness is 

modified to include 

pressure dependence 

Original 

SANISAND model 

Perzyna 

viscoplasticity model 

Generate hysteresis effect 

with SANISAND model 

Inelastic deformation is only due 

to shearing; insufficient in high 

pressure conditions 

Yankelevsky et al. 

(2008); Karinski et al. 

(2009a, 2009b); Feldgun 

et al. (2013) 

Shock–Hugoniot Lundborg model Not included 

Generate hysteresis effect 

with different volume-

pressure relations for 

loading and unloading 

- 

An et al. (2011) Mie-Grüneisen model Cap model 
Perzyna 

viscoplasticity model 

Generate hysteresis effect 

by using cap model 

Soil density, composition, bulk 

modulus and internal energy are 

updated, and lower limits of 

EOS are considered 

The three-phase soil 

model (e.g. Wang et al., 

2004a, 2008, 2011) 

Lyakhov model 
Drucker-Prager 

model 

Modify the yield 

strength according to 

Prapaharan et al. 

(1989) 

Cause liquefaction by 

introducing a damage 

model 

Based on the conceptual model 

of Kandaur in Henrych (1979) 

Feldgun et al. (2008b, 

2011) 
Lyakhov model Lundborg model Not included 

Generate hysteresis effect 

with different volume-

pressure relations for 

loading and unloading 

- 

Ghassemi et al. (2010); 

Awad (1990) 

Soil stiffness is 

modified to include 

pressure dependence 

Plastic cap model Not included 
Generate hysteresis effect 

by the cap model 

Generalized Biot’s formulation 

for saturated condition 

Grujicic et al. (2006; 

2008a; 2008b; 2009; 

2010) 

Piecewise shock–

Hugoniot curves 

Piecewise yield 

stress curves 
Implicitly considered 

Generate hysteresis effect 

with different volume-

pressure relations for 

loading and unloading 

- 

Kim and Blouin (1984) Bilinear model 
No explicit yield 

condition 
Not included 

Generate hysteresis effect 

by assigning different 

loading and unloading 

moduli 

Generalized Biot’s formulation 

for saturated condition 

 

Although a variety of models are available to date for a rational characterization of soil 

behaviour under blast loading, there is no model that is able to capture the blast response of 
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evolutive granular material, such as hydrating cemented tailings backfill. Therefore, to reliably 

capture its dynamic behaviour, multiphysics modelling of the blast response of CTB is conducted 

in this PhD research and it is presented in Chapter 4. 
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Chapter 4.   
Multiphysics Models for CTB Response under 

Blast Loading 
 

4.1 Introduction 

To achieve full ore recovery, the CTB in the field is often exposed to mine blasts during the 

extraction of remnant ore pillars. However, there is limited understanding of CTB behaviour 

under blast loading, and the current design practice considering only static stress equilibrium has 

contributed to a number incidents of backfill system failures. Therefore, to ensure mine safety 

and profitability, a rational characterization of CTB response during blasting is required. 

Nevertheless, based on the literature review of research work on modelling granular media (soils) 

behaviours subjected to blast loading (Chapter 3), there is no existing tool that can capture the 

blast response of hydrating CTB undergoing multiphysics processes. Therefore, fundamental 

multiphysics models are developed to assess blast response of hydrating CTB in this chapter. 

Specifically, a novel coupled chemo-viscoplastic cap model is developed to characterize the rate-

dependence, irrecoverable compaction, and nonlinear hydrostatic behaviour of CTB under blast 

loading (Section 4.2). The model can also capture the evolutive blast response of CTB in the 

hydration process with a binder hydration model. Moreover, the performance of CTB is not only 

affected by the hydration of binders (chemical, C), but is also significantly influenced by the 

thermal (T), hydraulic (H), and mechanical (M) factors contributing in its curing process. 

Therefore, a new multiphysics-viscoplastic cap model is then developed to characterize the blast 

response of CTB under the impact of complex THMC processes (Section 4.3). Consequently, the 

behaviour of CTB under blast loading can be evaluated under any time and curing conditions of 

interest. Furthermore, the early-age CTB with no or negligible cementation is also subjected to 

the risk of blast-induced liquefaction. Thus, a new total-stress viscoplastic cap model is 

developed to account for the volumetric constraints imposed by pore water and capture excess 

pore pressure development due to inelastic deformation during blast loading (Section 4.4). The 

developed multiphysics models are validated against a series of laboratory and field experiments, 



76 
 

and the effectiveness and predictive ability of the models are verified by good agreement 

between the simulated and measured results. 
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4.2 Technical Paper 2: A coupled chemo-viscoplastic cap model for simulating 
the behaviour of hydrating cemented tailings backfill under blast loading 
 

Published in International Journal for Numerical and Analytical Methods in Geomechanics 

40(8), 2016, 1123-1149. 

Gongda Lu, Mamadou Fall 

Abstract 

Although the use of blasting has become a routine in contemporary mine operations, there is a 

lack of knowledge on the response of cement tailings backfills subjected to sudden dynamic 

loading. To rationally describe such a phenomenon, a new coupled chemo-viscoplastic cap 

model is proposed in the present study to describe the behaviour of hydrating cemented tailings 

backfill under blast loading. A modified Perzyna type of visco-plasticity model is adopted to 

represent the rate-dependent behaviour of the cemented tailings backfill under blast loading. A 

modified smooth surface cap model is consequently developed to characterize the yield of the 

material, which also facilitates hysteresis and full compaction as well as dilation control. Then, 

the viscoplastic formulation is further augmented with a variable bulk modulus derived from a 

Mie-Grüneisen equation of state, in order to capture the nonlinear hydrostatic response of 

cemented backfills subjected to high pressure. Subsequently, the material properties required in 

the viscoplastic cap model are coupled with a chemical model, which captures and quantifies the 

degree of cement hydration. Thus, the behaviour of hydrating cemented backfills under the 

impact of blast loading can be evaluated under any curing time of interest. The validation results 

of the developed model show a good agreement between the experimental and the predicted 

results. The authors believe that the proposed model will contribute to a better understanding of 

the performance of cemented backfills under mine blasting, and contribute to evaluating and 

managing the risk of failure of backfill structures under such a dynamic condition. 

 

KEY WORDS: cemented paste backfill; tailings; viscoplastic cap model; hydration model; 

coupling; blast 
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4.2.1 Introduction 

Two main types of cemented tailings backfill technologies are prevailing in nowadays 

mining industry, namely, cemented hydraulic and paste backfills, among which, the cemented 

paste backfill (CPB) is becoming an increasingly popular backfill technique compared to its 

alternatives. It is also intensively used in underground mine operations worldwide (Fall et al., 

2010a). This is because CPB is more cost-effective in terms of the mechanical performance per 

unit of cement consumption (Landriault, 2001; Fall et al., 2010b). CPB is a mixture of dewatered 

mine tailings produced by mineral extraction, binder additives (such as cement, fly ash, slag, etc.) 

to meet the mechanical stability requirements of backfilling, and water to reach the desired 

consistency to transport the paste to underground mine openings or stopes (Yilmaz et al., 2009). 

The application of CPB has been benefiting the mining industry by providing a safe subsurface 

environment for mine workers by controlling caving and roof falls, thus helping with the 

effective disposal of mining waste in a more eco-friendly way, and also enhancing the recovery 

of ore pillars (Bussière B, 2004; Klein and Simon, 2006; Nasir and Fall, 2009, 2010; Huang et al., 

2011; Ghirian and Fall, 2013, 2014). 

To obtain better knowledge of the performance of CPB in actual mining sequences, 

especially the process of its strength gain which is associated with the issue of stability as the 

primary concern, a variety of experiments have been conducted (Fall et al., 2005, 2007; Kesimal 

et al., 2005; Klein and Simon, 2006; Fall and Samb, 2009; Yilmaz et al., 2009; Fall et al., 2010b; 

Abdul–Hussain and Fall, 2012; Ghirian and Fall, 2013, 2014). These experiments have helped to 

provide a better understanding of the mechanical behaviour of CPB under the coupled influence 

of the environment (e.g. ambient temperature, moisture migration, stress, etc.) and the intrinsic 

ingredients of the backfill itself (e.g., tailings fineness, density and sulphate content, types of 

binders, and also mix proportions). Notably, these experiments have been commonly carried out 

under quasi-static conditions. This is because in practice, self-weight stresses often govern 

backfill design, and the traditional criterion has been a freestanding wall that requires unconfined 

compressive strength (UCS) that is at least equal to the overburden stress at the bottom of the 

filled stope (Emad et al., 2014). However, as field backfills may be subject to mining blasts, rock 

bursts, as well as earthquake excitations, therefore, an ideal backfill design should accommodate 

both static loading due to gravity and dynamic loading due to vibration. Hence, it is of 

paramount importance to determine the response of this type of material under such dynamic 
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loading conditions, preferably with tantamount consideration for the influence of environmental 

and other intrinsic factors. Unfortunately, very limited efforts have been made for this purpose in 

the open literature. van Gool (2007) studied the attenuation of blast waves in cemented backfill 

at both the laboratory and field scales. Huang et al. (2011) obtained the stress-strain curves of 

CPB with different curing times and cement contents under high strain rates by using a modified 

Split-Hopkinson pressure bar (SHPB) system, and strength enhancement was observed. Le Roux 

(2004) and Saebimoghaddam (2010) investigated the liquefaction of CPB with monotonic and 

cyclic tests, and the response of field CPB under seismic loading was also determined. However, 

far-field dynamic events, where low-frequency shear waves are predominant, have been often 

studied, while details on the response of CPB in the near-field of blast loading where high-

frequency compressive waves are dominant (Fragaszy and Voss, 1981, 1986; Charlie et al., 1996; 

Wang et al., 2008a) remain to be examined thoroughly. 

The objective of the current study is therefore to develop and validate a mathematical model 

that is capable of evaluating the response of hydrating CPB under blast loading. A brief sketch of 

the interaction between the blast and cemented backfill is illustrated in Figure 4.1. Unlike any 

other natural material, CPB, especially at the early ages, has material properties that are highly 

time-dependent mainly due to the cement hydration process. Thus, its mechanical response will 

be significantly influenced by such a chemical process. There are quite a few models for cement-

based materials in which coupled chemo-mechanical processes are considered at the time of 

writing. Kuhl et al. (2004a, 2004b) and Nguyen et al. (2007a, 2007b) simulated the effect of 

calcium leaching and damage on the mechanical degradation of cementitious materials, and the 

deterioration results from thermo-induced desalination and dehydration was investigated by Li et 

al. (2006). However, time-evolutive hydration process has not been considered in those works. 

Although the evolutive cement hydration is incorporated in some other researches, the 

mechanical model has been developed only to recapture the creep (Cervera et al., 1999a, 1999b; 

Sercombe et al., 2000; Gawin et al., 2006a, 2006b; Li et al., 2015), shrinkage (Ulm and Coussy, 

1995; Gawin et al., 2006a, 2006b; Pichler et al., 2007; Li et al., 2015), or cracking behaviours 

(Zhang et al., 2013; Li et al., 2015) of those materials under quasi-static conditions, and there is 

no model available at present that can evaluate the response of a cement-based material under 

transient blast loading. 
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nonlinear dynamic problems should include: an appropriate equation of state (EOS) to account 

for the effect of high pressure on the material during blasting, a realistic failure model to describe 

the yield behaviour of the system, as well as a strength model to allow the material to incorporate 

the effects of a high strain rate. Noticeably, Emad et al. (2012, 2014) simulated the blasting 

response of cemented rockfill. However, the time-dependent evolution of cemented rockfill 

properties has not been included in their research. Moreover, the Mohr-Coulomb criterion was 

used, which has been proven inappropriate for high pressure loading conditions, such as blasting 

(Bloom, 2006), and a constant bulk modulus was considered instead of utilizing a nonlinear 

pressure-volume relationship for such high magnitude loadings. The study also did not account 

for the strain rate effect. Similar limitations are found in the work of van Gool (2007). Therefore, 

although a variety of soil models for blasting are available in the literature to date with good 

outcomes (Kim and Blouin, 1984; Awad, 1990; Gu and Lee, 2002; Wang and Lu, 2003; Wang et 

al., 2004a, 2004b, 2005, 2008a, 2011; Lu et al., 2005; Grujicic et al., 2006, 2008a, 2008b, 2009, 

2010; Feldgun et al., 2007, 2008a, 2008b, 2011, 2013, 2014; Yankelevsky et al., 2008; Karinski 

et al., 2009a, 2009b; Ghassemi et al., 2010; Osinov, 2011; An, 2010; An et al., 2011; Higgins et 

al., 2013; Xu and Zhang, 2015), these models are not applicable to hydrating CPB. A model that 

is directly applicable to CPB is urgently needed, given the fact that production blast remains the 

routine in the current operations of mines. Hence, much work needs to be done to characterize 

the behaviour of cemented backfill in the course of a blast event, compared to the well-developed 

theories and practices for soils.  

The remainder of this paper is organized as follows: the general modeling approach 

including the assumptions and methodology adopted in the study are first briefly introduced in 

Section 4.2.2. In Section 4.2.3, a mechanical model used to characterize the response of CPB 

during blast loading is developed, and coupled with a chemical model to recapture the variation 

of its material properties with time of curing. Subsequently, the developed model is validated 

against laboratory experiments in Section 4.2.4. Finally, a discussion on the determination of 

model parameters and concluding remarks are presented in Sections 4.2.5 and 4.2.6. 

 

4.2.2 Modelling approach 
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To evaluate the response of hydrating CPB under blast loading, a viscoplastic cap model 

(mechanical model) is employed and coupled with a chemical model (binder hydration model) 

which quantifies the progress of binder hydration. 

The chemical model has the ability to describe and capture chemical reactions (binder 

hydration) that occur within the CPB. The progress of the binder hydration can be captured by 

predicting the degree of binder hydration. The degree of binder hydration is the measure of 

hydration product formation on a microscopic scale, and associated with the development of 

mechanical and other properties of cementitious materials at the macroscopic level. To evaluate 

the process of the binder hydration in CPB, the model of Schindler (2004) and Schindler and 

Folliard (2005) is adopted. The influence of temperature and moisture migration is not included 

in the present study, and binder hydration is considered as the only chemical process in the CPB. 

The effect of sulphate attack on CPB is excluded, because not all tailings and CPB mixing waters 

contain sulphate ingredients, and also the reactivity of sulphide minerals in a CPB system is 

negligible as CPB has a high degree of water saturation, and the resulting reduction in porosity 

and hydration products act as a physical barrier against oxygen during the cement hydration 

process (Fall et al., 2005; Fall and Pokharel, 2011). Meanwhile, since blast loading is 

characterized by high intensity as well as short duration, the hydration process, which in general 

takes a longer time span to induce a pronounced influence on the CPB, is neglected in the course 

of blasting. Finally, the effects of the mechanical process due to gravity and blasting on the 

binder hydration are not considered here for the sake of simplicity. 

A mechanical model based on viscoplastic cap models is adopted in the current study as the 

constitutive law to characterize the response of CPB under blast loading. This type of model 

works well for geomaterials under high pressure, and is capable of recapturing the strain rate 

effect. It has been utilized and validated in Katona (1984), Simo et al. (1986), Tong and Tuan 

(2007), An et al. (2011), Aráoz and Luccioni (2015), etc. for both high and low strain rate 

phenomena. In addition, a variable bulk modulus is also employed herein to account for the 

nonlinear pressure-volume relationship (EOS) of CPB under high amplitude impact. Details and 

formulation of the model will be elucidated in Section 4.2.3. All of the material properties used 

in the variable-modulus viscoplastic cap model of the CPB are coupled with the degree of binder 

hydration, i.e. to the chemical model. Finally, the developed model is implemented into the 
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commercial software COMSOL Multiphysics (COMSOL AB, Stockholm, Sweden) for finite 

element simulation. 

 

4.2.3 Formulation of the model 

4.2.3.1 Formulation of model for binder hydration 

In order to quantify the evolution of the binder hydration process, as mentioned above, the 

equation for the degree of binder hydration proposed by Schindler (2004) and Schindler and 

Folliard (2005) for cementitious materials is adopted. This equation has been successfully 

applied to predict the progress of binder hydration for CPB (e.g. Wu et al., 2012, 2014), and is 

expressed as 

 expu
et

β
τ

ξ ξ
  
 = ⋅ − 
   

  (4.1) 

where ξ  is the degree of binder hydration which represents the fraction of the binder that has 

reacted at an equivalent age te, τ  is the hydration time parameter at the current temperature of 

the cement-based material, β  is the hydration shape parameter, and uξ  the ultimate degree of 

binder hydration, which depends only on the water-binder ratio (w/c) and has been modified by 

Wu et al. (2012, 2014) as 
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To account for the effect of the curing temperature on the rate of hydration, the equivalent 

age maturity function based on the Arrhenius definition can be used. It converts the chronologic 

curing age t of the cement based material at any temperature Tc to the equivalent age te at the 

reference temperature Tr, and can be expressed as (Schindler and Folliard, 2005): 
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where Ra is a universal gas constant, and Ea is the apparent activation energy (J/mol). Since the 

effect of temperature is not considered in the current study, the equivalent age te will be equal to 

the chronologic curing age t. 
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4.2.3.2 Formulation of the mechanical model for blast loading 

4.2.3.2.1. Perzyna type of viscoplastic formulation 

It has been revealed that the strain rate effect has a significant influence on the stiffness, 

strength and other mechanical behaviours (such as pore pressure response, maximum failure 

strain, liquefaction resistance and particle breakage) of soils, during experiments of uniaxial, 

triaxial, plate impact and split Hopkinson pressure bar (SHPB) tests, etc. (Casagrande et al., 1948; 

Whitman, 1970; Jackson et al., 1980; Prapaharan et al., 1989; Bolton et al., 1994; Sheahan et al., 

1996; Zhu and Yin, 2000; Omidvar et al., 2012; Torisu et al., 2012). Recently, the strain rate 

effect has been also observed for CPB (Huang et al., 2011). Some attribute the stiffness and 

strength improvement to the resulting undrained condition from the impact of high-strain rates, 

and the pore water pressure would decrease and the effective stress increase due to material 

dilation (Omidvar et al., 2012). However, it is more convincing that this should be associated 

with the mechanism of micro-cracking development during transient loading. To be more 

specific, compared with static loading, more micro-cracks will be generated from high-strain rate 

impact, and it would require more energy to initiate major cracks or failure after overcoming the 

inertial resistance of the material (Cai et al., 2007). 

Very few attempts have been made to explicitly characterize the effect of high strain rates 

on soft porous materials (like soil or CPB) in the course of blasting. A three phase soil model 

(Wang et al., 2004a, 2004b) has accounted for the strength enhancement of soil under blast 

shocks with a phenomenological method. Later, the effect of high strain rates on both the 

strength and stiffness of soil was incorporated in work by Xu and Zhang (2015) with a similar 

strategy. Alternatively, to take the effect of high strain rates into account for both strength and 

stiffness, formulations of viscosity have been integrated with conventional plasticity, i.e. 

resulting in the so-called viscoplasticity. There are two popular viscoplastic models to account 

for the high strain rate phenomenon in the literature, the viscoplastic formulations of Duvaut-

Lions (Simo et al., 1988; Schwer, 1994; Schwer and Murray, 1994; Motamedi and Foster, 2015) 

and Perzyna (Perzyna, 1966; Katona, 1984; Simo et al., 1986; Tong and Tuan, 2007; An et al., 

2011; Higgins et al., 2013). 

A detailed comparison between the viscoplasticity model of Duvaut-Lions and the more 

popular model of Perzyna can be found in Schwer (1994) in terms of their algorithms and 

performances. However, from a practical point of view, the former should be easier in terms of 
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numerical implementation, as it is in fact an extension of the inviscid formulation, while the 

latter appears to provide more flexibility for data fitting because it involves more viscosity 

parameters, although the solution algorithm is inevitably more complicated as it requires matrix 

operations (An, 2010). 

The current study adopts a viscoplastic formulation for CPB that is based on the Perzyna 

model. As is the convention in mechanics, it is possible to decompose the total strain rate vector

ε& into an elastic part eε& and a viscoplastic (inelastic) part vpε& as 

 e vp= +ε ε ε& & &   (4.4) 

The elastic strain rate is independent of viscosity and expressed as 

 1e −=ε D σ& &   (4.5) 

where σ&  is the stress rate tensor, and D the elastic stiffness matrix which for isotropic material 

can be defined in terms of bulk and shear moduli K and G as 
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Due to the formation and evolution of the microstructure of the CPB during the binder 

hydration progress, K and G will not be constants in the CPB but will vary with time. In order to 

capture the variation of the elastic constants that pertain to the degree of binder hydration, the 

model of Cui and Fall (2015, 2016) is adopted, and expressed as 
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  (4.7) 

where ( )E ξ  is the elastic modulus at a given degree of binder hydration ξ ; Eu and uξ are the 

ultimate elastic modulus and degree of hydration, respectively; 0ξ indicates the reference degree 

of hydration below which no development of elastic constants occurs; and A is a material 
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constant. Furthermore, to characterize the variation of the Poisson’s ratio, v, with degree of 

hydration, the following expression is (Cui and Fall, 2015, 2016) 
 3 5

1 2 4)( ) 0.5 exp( exp( )B BB B Bν ξ ξ ξ ξ= +   (4.8) 

where B1, B2, B3, B4 and B5 are the fitting parameters. Then, E and v are related to K and G as 
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For the viscoplastic strain rate, the viscoplastic flow rule is generally expressed as: 

 ( )vp ffη φ
∂
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∂

ε
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&   (4.10) 

where η  is a fluidity parameter that is a material constant;  is the Macaulay bracket defined as 

/2x x x= + , f is the yield function and will be introduced in the following subsection, and ( )fφ  

is a dimensionless viscous flow function, which is commonly expressed in one of the two 

following forms: 
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where N is the exponent and f0 is the normalizing constant with the same unit as f. The direction 

of vpε&  is given by f and in the outward normal direction of a dynamic yield surface, i.e. the 

associated flow rule is used for the viscous behaviour of the material. As can be observed, in the 

overstress theory of Perzyna for characterizing the viscoplastic behaviour of materials, ( )fφ  is 

used to quantify the overstress, i.e. the distance between the viscoplastic stress state and the yield 

surface (Higgins et al., 2013). The Equation (4.11a) is used in the present study, and the 

parametersη , N and f0 can be determined by trial and error (Katona, 1984; Tong and Tuan, 

2007).  

The application of the Perzyna model on viscosity for cementitious material is rare in the 

literature (Simo et al., 1986; Ning et al., 2008; Aráoz and Luccioni, 2015). To simplify the 

modeling, N and f0 are assumed to be constant in the present study, while η will vary with the 

hydration process, and will be determined by developing a function that relates its value to the 

degree of binder hydration based on the experimental data. According to Equation (4.10), the 
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material response will be purely elastic when η → 0, while it corresponds to simple inviscid 

plasticity when η →∞ . 

 

4.2.3.2.2 Modified plastic cap model 

Monotonous yield functions that pertain to I1 (the first invariant of the stress tensor) have 

been widely used in soil models, or even in cement backfill models for blast loading, for example, 

the Drucker-Prager (Wang et al., 2004a, 2004b, 2008a, etc.), Mohr-Coulomb (Emad et al., 2014), 

and Lundborg criteria (Feldgun et al., 2008, 2011, 2013, etc.), etc. Although they work 

reasonably well at low pressures, the performance of these types of models is not satisfactory in 

high pressure conditions. First, it is not reasonable to assume that the yield limit of a geomaterial 

will increase as long as I1 is increasing. Furthermore, if the associated flow rule is used in the 

plastic flow scheme, those models will produce excessive and unrealistic dilatancy than those 

experimentally observed. An effective approach to control dilatancy is to adopt a non-associated 

flow rule. However, this treatment may lead to the problem of uniqueness of solution (Bloom, 

2006).  

Although the bounding surface plasticity theory has been successfully extended to describe 

the high-rate impact of soils (Higgins et al., 2013; Xu and Zhang, 2015), it suffers from the 

difficulty in determining a large number of parameters for the yield envelope. In contrast, plastic 

cap models are superior in this regard and do not suffer from the said previous issues. Thus, a 

plastic cap model will be utilized in the current study to characterize the yield behaviour of CPB 

under blast loading. Details and advantages of plastic cap models over their counterparts will be 

elucidated in the following, and the extension of plastic cap models to incorporate the progress of 

binder hydration will be discussed. 

 

i) Smooth strain-hardening cap model 

The two-invariant cap model was originally proposed by DiMaggio and Sandler (1971) and 

then generalized by Sandler et al. (1979) and Sandler and Rubin (1979). For isotropic materials, 

the yield surface that is characterized by a plastic cap model has the form 

 1 2( , , ) 0f I J κ =   (4.12) 
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problem, a transition technique has been introduced by Schwer (1994) and Schwer and Murray 

(1994). By multiplying the cap ellipse function by the shear surface function, the complete 

failure envelope would take on the same slope at such intersection. This model has been termed 

as a smooth cap model or a continuous surface cap model (CSCM), and similar treatment for 

such an intersection point has been widely used (Foster et al., 2005; Sun et al., 2014; Motamedi 

and Foster, 2015). However, in this type of model, the product of a monotonically increasing 

shear yield function and a decreasing cap expression (with respect to I1) would mean that the 

range of the cap is ambiguous, i.e. the ratio of the major to the minor axis of the elliptic cap (R) 

will not be constant during the hardening process, and will be different from the R value that is 

specified by the modeller. Therefore, the volumetric dilation/compaction behaviour of materials 

cannot be effectively controlled. 

In order to avoid this problem, and in the meantime treat such singular corners with relative 

simplicity, a new transition approach will be introduced in the present model. In considering the 

insignificant influence from the shape of the shear envelope under high pressure, such a shear 

yield surface is assumed to have the same intercept with 
2J axis as the Drucker-Prager criterion 

at the beginning; then, it is forced to turn absolutely horizontal at the intersection with the 

hardening cap. This can be realized with a parabolic curve and the following restrictions: 
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where ( )L κ  and ( )Xκ  is the abscissa of the intersection of the elliptic cap with the shear failure 

envelope and the hydrostatic loading line ( 1I axis), respectively. Then, the shear envelope can be 

obtained as 
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where k for the Drucker-Prager criterion can be related to the Mohr-Coulomb criterion by 
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where c  and ϕ  is the cohesion and internal friction angle, respectively. 

The hardening cap will be defined by following the conventional: 

 [ ] [ ]{ }1/ 22 2
2 1 2 2 1

1( , , ) ( ) ( ) ( )F I J J X L I L
R

κ κ κ κ= − − − −   (4.17) 

where ( )Xκ  can be expressed with a logarithmic hardening law as 
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where W indicates the maximum volumetric plastic strain of the material, D is a shape parameter 

of the volume-pressure curve, and X0 is the initial vertex of the hardening cap. These parameters 

can be determined from isotropic compression tests. Then, ( )L κ  can be obtained by enforcing 

continuity: 
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where 0κ  is the onset of the cap. 

According to the formulation, the hardening cap in a plastic flow scheme is not fixed in a 

stress space, and will expand or contract as the plastic volumetric strain varies. For example, 

during initial compaction, the location of the cap ( ( )Xκ ) expands as p
k kε  grows; after that, when 

the stress state satisfies the shear yield criterion, dilatancy takes place due to the associated flow 

assumption, and the decrease in p
k kε  would thereby lead to the shrinkage and movement of the 

ellipse cap against the origin point, and the dilation would continue until the cap reaches the 

stress point on the shear yield surface (DiMaggio and Sandler, 1971; Bloom, 2006; Tu and Lu, 

2009; Gu and Lee, 2009). When this occurs, this stress point becomes the intersection of the 

shear yield and the cap surface, and the plastic strain rate vector is absolutely vertical, so any cap 

motion that would result from further plastic volumetric strain is precluded; in this way, the 

amount of dilatancy is controlled. Besides, the existence of the cap also facilitates consideration 

for the yield of geomaterials under large hydrostatic pressure, i.e. in such extreme loading 

conditions where soils or CPB behaves similar to a fluid state, the yield condition should be 

essentially independent of I1 (DiMaggio and Sandler, 1971), instead of growing without limit. 
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According to Chen and Baladi (1985), the hysteresis effect, which is a typical behaviour of 

geomaterials with great engineering significance, can be recaptured by applying the cap model. 

The hysteresis effect is considered to be the key mechanism that leads to the liquefaction of soils 

during blast loading (Fragaszy and Voss, 1981; 1986). In general, there are two main scenarios 

that contribute to the hysteresis effect (Nelson et al., 1971; Bloom, 2006). The first is from the 

yield of the material, and the second is from the different pressure-volume relationships upon 

hydrostatical loading and unloading. However, the hysteresis generated by the latter is 

considered to be predominant in soft porous materials like soil or CPB (Nelson et al., 1971; 

Bloom, 2006), especially given the wide range of pressures encountered during blast loading. 

Therefore, according to Nelson et al. (1971) and Bloom (2006), the use of a constant bulk 

modulus, or application of a path-independent and nonlinear EOS for porous skeletons upon 

loading and unloading is not sufficient in reproducing the material hysteresis. In order to control 

the amount of hysteresis during blasts independently of the yield conditions, some researchers 

have used different prescribed bulk moduli in the loading and unloading paths for soil skeletons 

with a bilinear model (Kim and Blouin, 1984), and others have used different functions to 

control the loading and unloading processes (Yankelevsky et al., 2008; Karinski et al., 2009a, 

2009b; Laine and Sandvik, 2001). However, a more sophisticated method without any 

mathematical uncertainties, and at the same time, one that better fits experimental data (Nelson et 

al., 1971; Merkle et al., 1985; Bloom, 2006), is the plastic cap model. It has already been adopted, 

e.g. in Awad (1990), Gu and Lee (2002), Ghassemi et al. (2010), An et al. (2011), etc. for 

modeling soil response during dynamic loading which originates from subsurface explosions or 

impulsive impacts from blows by tamping. Specifically, if the stress state is located on the cap 

portion of the yield surface during initial compaction, the cap envelope and the associated flow 

will cause volumetric plastic strain in compression. Since unloading is elastic, there will be 

unrecoverable bulk deformation and the hysteresis effect is thus realized (Figure 4.3). 
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Accordingly, the hardening law will be recaptured by 
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Then, the intersection of the cap and the shear envelope can be obtained by using 
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The remaining task, obviously, is to relate the UCS of cementitious materials to the degree 

of binder hydration. Once the internal friction angle and cohesion of the CPB during the process 

of hydration are obtained (with Equation (4.21)), its UCS (fc) can be evaluated with the Mohr-

Coulomb criterion: 

 ( )2 ( ) tan[45 ]
2cf c ϕ ξ

ξ= +o   (4.28) 

Thus, all parameters in the yield function have been directly or indirectly coupled with ξ . 

Finally, the modified cap model 1 2( , , , )f I J κ ξ  is used as the yield function f in Equation (4.10), 

and the inelastic volumetric strain ( inelastic
kkε ) obtained from such a viscous flow rule will 

contribute to the strain hardening of cap envelope in the modified cap model. 

 

4.2.3.2.3 Nonlinear pressure-volume relationship (EOS) 

Under extremely intensive compactions during blast shocks, the pressure-volume 

relationship of a material would be typically nonlinear (Henrych, 1979). Various expressions of 

equation of state (EOS) have been adopted to represent this nonlinear bulk behaviour of soil in 

hydrocodes. Some examples are the Lyakhov’s model of the soil as a three-phase medium 

(Henrych, 1979; Wang et al., 2003, 2004a, 2004b, 2008a; Feldgun et al., 2008, 2014; An et al., 

2011), Mie-Grüneisen type of EOS (An et al., 2011), Shock-Hugoniot EOS (Karinski  et al., 

2009a, 2009b; Feldgun et al., 2013), etc. An equation of state is a thermodynamic equation to 

characterize the state of matter under given physical conditions. More practically, in impact 
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engineering, an EOS is usually defined as a semi-empirical relationship between thermodynamic 

state variables (such as pressure, density or volume, internal energy, etc.) of a material for a 

given set of initial conditions based on experimental calibrations (the Rankine-Hugoniot curve) 

(Zukas, 2004). However, since the current research will not be carried out with a hydrocode, and 

an updated pressure-volume algorithm is not directly available, the variable-bulk-modulus 

approach will be utilized instead of an EOS for CPB. In fact, this strategy has been adopted by 

Nelson et al. (1971), Sandler et al. (1976), Chen and Baladi (1985) and Murray and Lewis (1995) 

among others, and supplemented with a plastic cap model to acquire better flexibility in data 

fitting. 

The expression for the variable bulk modulus used in the present study is derived from a 

Mie-Grüneisen EOS, and written as (An et al., 2011): 

 K =
2 2 20 0 0 0 0

0 0 0 0 0 22
0 0

02 2
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where 0ρ is the material density; C0 is the sound speed of CPB at an ambient pressure and 

temperature; s is the slope of the shock velocity against the particle velocity curve; 0γ  is the 

Grüneisen parameter, Ev is the internal energy per unit initial volume; 0α is the first order 

volume correction to 0γ and often set to 0; and μ=(V0/V) – 1 with V and V0 as the current and 

initial volumes of an element. 

Obviously, the pressure-volumetric strain relationship derived from the cap model in Figure 

4.3 would in fact represent the EOS of the material. It should be emphasized that in addition to 

the hysteresis behaviour, the plastic cap model is also capable of recapturing the full compaction 

phenomenon of porous materials. Full compaction indicates a state of complete closure of the 

internal pores in a porous mass (Karinski et al., 2009a), and this corresponds to p
kkε  approaching 

W in the cap model, and the hysteresis effect can exist until the associated full compaction 

density is exceeded. According to Karinski et al. (2009a), there are three different types of 

loading patterns beyond full compaction, i.e. the simplistic linear, full locking (an infinite 

increase of pressure during compaction approaching a fixed density), and polynomial patterns, in 

which the latter interpolates between the former two and is the most widely accepted in EOS for 

porous materials. It can be observed that, such linear pattern in fact would correspond to the 

material response with a constant bulk modulus in the cap model (see in Figure 4.3). Moreover, 
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by augmenting the feature of variable bulk modulus into the cap model, the polynomial pattern 

can be recovered and has been illustrated in Murray and Lewis (1995). 
During the process of binder hydration, the density of CPB will be mainly controlled by the 

migration of water, i.e. drainage and evaporation. In other words, its density will be affected by 

the boundary conditions of curing. For the sake of simplicity, and given that the variation of CPB 

density with time is generally insignificant (less than 10% in Ghirian and Fall (2013)), 0ρ  will 

be assumed to be constant in the present study. In order to obtain the evolution of the Grüneisen 

parameters 0γ  and s with the hydration process, Hugoniot data (Gebbeken et al., 2006; Wang et 

al., 2008b) and numerical applications of Mie-Grüneisen EOS for concrete (Ning et al., 2008; 

Riedel et al., 2008; Wang et al., 2009) are summarized and expressed in terms of the UCS (see 

Figure 4.4). Besides, considering that fresh cemented tailings backfill may behave relatively 

similar to saturated sandy soil, those two parameters acquired from high pressure tests (Wardlaw 

et al., 1996), and those used in a numerical case (An et al., 2011) of saturated sand have also 

been added. Due to the lack of data on strength, the UCS of saturated sand in the latter case is 

assumed to be identical to that in the former case. 

As can be observed from Figure 4.4, no general trend can be recognized for 0γ . Furthermore, 

since the Grüneisen parameter 0γ  is generally a function of material density (Rice et al., 1958; 

Murray and Lewis, 1995), thus it is also assumed to be a constant in the current study. In contrast, 

a more obvious pattern of reduction in s vs. UCS can be noticed. Considering that, in general, 

water content is negatively proportional to the UCS of hydrating cementitious materials, and s of 

the simulant sand at low water saturation is similar to that of dry sand, but becomes sensitive to 

water content at higher degrees of water saturation (Chapman et al., 2006), an exponential 

expression can be employed to relate s to the UCS of a cementitious material. 

Then, the value of C0 can be chosen so that the K value when μ=0 defined by Equation 

(4.29) equals to that of the initial value provided by Equations (4.7) – (4.9) (i.e. C0 is hydration-

dependent). Consequently, Equation (4.29) can be rewritten as: 
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4.2.3.2.4 Arbitrary Lagrangian-Eulerian formulation 

Partial differential equations (PDEs) that are used to solve multi-physics problems are 

generally expressed in either the Eulerian (spatial) coordinate or Lagrangian (material) 

coordinate system. In the former, the coordinate axes are fixed in space, and it is the most widely 

adopted in soil mechanics or multi-physics analysis in which the physical state at fixed points in 

space is the primary concern. However, the Eulerian coordinate system is inherently lacking in 

its ability to treat moving boundaries, and suffers from mesh entanglement and accuracy 

problems when the mesh distortion is severe. In the course of blast loading, there can be large 

material deformations, which may cause the mapping from the mesh to the spatial coordinates to 

become ill-conditioned, thus leading to the aforementioned mesh entanglement and accuracy 

problems. In contrast, the Lagrangian coordinate system is fixed to the material, and moves 

along with the transport of the material particles, and therefore does not have the issues of the 

Eulerian coordinate system, although it is more computationally intensive (ANSYS Inc., 2009; 

COMSOL AB, 2009). In considering these factors, an arbitrary Lagrangian-Eulerian formulation 

(ALE) is used in the present CPB model for blast loading. The previous numerical issues can be 

addressed through the remeshing feature in the ALE method, i.e. it can suspend calculations 

before the mesh degrades to unacceptable levels, build a new mesh system in the current domain, 

then map all of the model quantities to the new mesh and restart calculation. The ALE method 

incorporates the advantages of the Eulerian and Lagrangian formulations, and allows the moving 

of boundaries and analyzing of physical states of materials at fixed points in space (COMSOL 

AB, 2009). 

 
4.2.4 Model validation 

4.2.4.1. Introduction 

The chemo-viscoplastic cap model developed in this study is parameterized and validated 

against a set of SHPB tests on hydrating CPB, and will be discussed in this section, in terms of 

the peak axial stress, and the strain-stress history. To demonstrate its versatility, the model is 

then employed to simulate the stress-strain response of other types of cementitious materials, and 

mortar is used an example. In addition, blast tests on a soil have also been numerically 

reproduced in the validation, in order to demonstrate the applicability of the model developed in 
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this study to uncemented tailings backfills as well as comparability to previous viscoplastic cap 

models. 

 

4.2.4.2 Simulations of high strain rate experiments on CPB 

Huang et al. (2011) studied the dynamic response of CPB at different curing times and 

cement contents under high strain rates by using a modified split Hopkinson pressure bar (SHPB), 

and enhancement in strength was observed in their laboratory tests. Some of their quasi-static 

data can be found in Klein and Simon (2006). Their experimental results are adopted to validate 

the developed chemo-viscoplastic cap model in this study.  

In accordance with the cement type and mix proportion (5% cement content) used, the 

empirical parameters in Equation (4.1) can be obtained with τ =13.69, β = 0.905 (Schindler, 

2004), and uξ = 1. By using the data from quasi-static experiments for CPB with 5% cement 

content (Klein and Simon, 2006), the fitting constants in Equation (4.7) can be determined with 

Eu = 282.3 MPa, 0ξ = 0.09, and A= 36.3. Since there was no measurement for the Poisson’s ratio, 

the original fitting parameters provided in Cui and Fall (2015, 2016) are adopted for Equation 

(4.8), with B1 = -0.2, B2= -15000, B3 = 7, B4= -10.98 and B5 = 0.7. Due to the unavailability of 

knowledge on the cohesion ( ( )c ξ ) and internal friction angle ( ( )ϕ ξ ) in their experiments, ( )ϕ ξ  

is assumed to be a constant and equal to 38o based on the experimental evidence which shows its 

low sensitivity to the degree of binder hydration (Ghirian and Fall, 2014). Then, ( )c ξ  can be 

determined in accordance with the Mohr-Coulomb criterion and the associated UCS. The fitting 

constants in Equation (4.21) are subsequently obtained by using a regression analysis, with M1 = 

0.234 MPa and M2= 30.3. A previous simulation has been conducted to determine the 

relationships between the UCS (fc, in MPa) and the variables η , X0 and s required in the 

modeling. The results for this studied CPB can be expressed as 

 0( ) (MPa) 52.9 ln(0.03 0.236) 75.5cX fξ = + +   (4.31) 

with a correlation coefficient of 0.83 for the data shown in Figure 4.4; and  

 ( ) (1) 2.06exp( 4.38 0.779) 1.5cs fξ = − + +   (4.32) 

with a correlation coefficient of 0.84 for the data shown in Figure 4.4; and 

 1 3.51( ) (s ) 48.2 ( 0.224) 0.002cfη ξ − −= ⋅ + +   (4.33) 
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The tested specimens in Huang et al. (2011) are cylindrical with 22 mm in diameter and 10 

mm in height. In the simulation, only one quarter of those specimens is modelled with axially 

symmetric elements. To simplify the modeling process, the typical loading history pattern in the 

SHPB tests for CPB in Huang et al. (2011) is used (Figure 4.5). Axial velocity increments are 

applied at one end of the specimen while the other end is fixed, and it is not laterally confined 

according to the experiment configuration. With the information obtained for the material 

properties versus the degree of binder hydration (direct or indirect), the simulated results for the 

peak axial stress of CPB cured for 15 and 30 days with a 5% cement content are presented in 

Figures 4.6 and 4.8 with various strain rates, and the associated stress-strain curves are shown in 

Figures 4.7 and 4.9 with the use of the proposed viscoplastic cap model. Parameters used in the 

simulation are listed in Table 4.1. The numerically obtained stress-strain curves have not been 

compared with experimental data since the latter are not available.  

 

Table 4.1 Material properties of CPB with 5% cement content. 

Curing 
time 0ρ ( kg/m3) uξ  τ(hour) β  w/c 

η  
(μsec-1) N f0 (Pa) K(MPa) 

15 d 1840  1 13.69 0.905 7.77 9×10-4 2.5 2×105 16.9 
30 d 1840  1 13.69 0.905 7.77 2×10-4 2.5 2×105 44.5  

G(MPa) α  k(MPa) R D (MPa-1) W X0(MPa) C0(m/s) 0γ  s 
15.5 0.1966 0.0367 8 8×10-2 0.1 0.3 96 1 3.39 
40.4 0.1966 0.0764 8 8×10-2 0.1 3  155 1 2.23 

 

 
Figure 4.5 Strain rate-time history exerted on the model 
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Simo et al. (1986), and is a time-dependent effect of the viscoplastic overstress formulation. 

Specifically, the stress state is still well above the cap envelope at such a yield point, and 

subsequently, the stress would decrease as a result of additional inelastic strain accumulation. 

To compare the simulated stress-strain curves with experimental results, dynamic tests on 

CPB cured for 15 days with 3% and 10% cement content respectively (Huang, 2009; Huang et 

al., 2011) were reproduced. The quasi-static data for these two mix proportions were obtained by 

using the results of Fall et al. (2008).  

An empirical expression to relate the elastic modulus to the UCS was used, and is written as 

(Fall et al., 2005) 

 ( ) i
cE h f=   (4.34) 

where fc is in the KPa and E in the MPa in the equation, and the fitting coefficients h and i can be 

determined by using quasi-static data found in Klein and Simon (2006) with h = 0.0324 and i = 

1.32.  

Finally, a comparison between the simulated stress-strain curves and experimental results in 

this case can be made and is shown in Figure 4.10. The material properties used in the example 

are listed in Table 4.2.  From Figure 4.10, it can be observed that there is a good agreement 

between the experimental and the predicted results. 

 

Table 4.2 Material properties of CPB with 3% and 10% cement content. 
Cement 
content 

(curing time) 
0ρ ( kg/m3) uξ  τ(hour) β  w/c η (μsec-1) N f0 (Pa) K(MPa) 

3%(15d) 1840  1 13.69 0.905 12.96 2×10-3 2.5 2×105 8.9 
10%(15d) 1840  0.982 13.69 0.905 3.88 1×10-5 2.5 2×105 104.8  
3%(30d) 1840  1 13.69 0.905 12.96 7.5×10-4 2.5 2×105 23.5 
G(MPa) α  k(MPa) R D (MPa-1) W X0(MPa) C0(m/s) 0γ  s 

8.1 0.1966 0.0309 8 8×10-2 0.1 0.1 70 1 4.12 
95 0.1966 0.1472 8 8×10-2 0.1 4  238 1 1.62 

21.3 0.1966 0.0471 8 8×10-2 0.1 0.4 113 1 2.97 
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To demonstrate the capability of the model developed in this study in capturing the rate-

dependent response of other types of cementitious materials, SHPB tests with various strain rates 

conducted by Grote et al. (2001) on mortar are adopted. Similar to CPB, mortar also comprises 

solid aggregates, water, air and binder, and its material properties also evolve with time. It is 

noted that the ratio of enhancement over the stiffness and strength of cementitious materials with 

respect to the strain rate is not constant (Bischoff and Perry, 1991); therefore, only two of the 

tests in Grote et al. (2001) with an equivalent magnitude of strain rate (290/s and 620/s) as the 

experiments on CPB in section 4.2.4.2 are employed in the validation testing that will be carried 

out here. The two tested cylindrical samples are 11.9 mm and 11.6 mm in diameter, and 11.7 mm 

and 5.9 mm in height, respectively, and they are modelled with axially symmetric elements. A 

typical strain rate history in Grote et al. (2001) is adopted and applied as axial velocity 

increments at one end of the specimen, while the other end is fixed, and no lateral constraint is 

used according to the experiment configuration. The UCS, elastic modulus and Poisson’s ratio 

are also obtained from the work by Grote et al. (2001), and the internal friction angle is assumed 

to be 55o, so that the associated cohesion can be determined with the UCS. X0, s and η  can be 

determined with Equations (4.31) – (4.33), while other material parameters remain the same as in 

section 4.2.4.2. All of the parameters used in this example are listed in Table 4.3. A comparison 

between the tested and simulated stress-strain curves is shown in Figure 4.12. The results 

indicate that the model can also capture the shock response of mortar reasonably well, which is 

used as an example as one of the cementitious materials. 

 

Table 4.3 Material properties of mortar used in the model 

0ρ  
( kg/m3) 

η
(msec-1)  N f0 

(MPa) E(GPa) v α  k(MPa) R D 
(MPa-1) W X0(MPa) C0(m/s) 0γ  s 

2100 2  2.5 0.2 20 0.2 0.247 3.693 8 8×10-2 0.1 100 2300 1 1.5 
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Table 4.4 Material properties of soil used in the modeling.
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Table 4.5 Summary of model parameters 

Parameter Physical meaning Variant / 
Constant Method of determination 

w/c Water-binder ratio Variant Known from the recipe of a cemented paste 

uξ  Ultimate degree of binder hydration Variant Equation (4.2) 

τ(hour) Hydration time parameter Variant Determine by the type of binder used 
β  Hydration shape parameter Variant Determine by the type of binder used 

K(MPa) Bulk modulus Variant UCS test 
G (MPa) Shear modulus Variant UCS test 

η (μsec-1) Fluidity parameter Variant Equation (4.33) 
N Constant in viscous flow rule Constant - 

f0 (Pa) Constant in viscous flow rule Constant - 
α  Constant in Drucker-Prager criteria Variant Triaxial test or direct shear test 
k Constant in Drucker-Prager criteria Variant Triaxial test or direct shear test 
R Ratio of major to minor axis of the cap Constant - 
D Shape parameter of P - kkε  curve Constant - 

W Maximum volumetric plastic strain Constant - 
X0(MPa) Initial vertex of the hardening cap Variant Equation (4.31) 

0ρ (kg/m3) Density Constant Wax seal method, etc. 

C0(m/s) Sound speed of CPB Variant K (μ=0) defined by Equation (4.29) should 
equal to that provided by Equations (4.7) - 

(4.9) 
0γ  Grüneisen parameter Constant - 

s Slope of shock velocity - particle 
velocity curve 

Variant Equation (4.32) 

 

In order to be applied for a particular problem, the curing recipe and the type of binder used 

should be provided as the first step, so that the hydration process can be uniquely quantified by 

the degree of binder hydration ξ  using Equations (4.1) and (4.2). With the characterization of 

ξ , the evaluation of time evolutive parameters in the proposed viscoplastic cap model will be 

possible as elucidated in the following. 

For the elastic constants of the material, UCS tests should be conducted at different time of 

curing. By fitting the obtained Young’s modulus and Poisson’s ratio to Equations (4.7) and (4.8), 

the time evolution of the material stiffness can be evaluated. In case the Young’s modulus is not 

provided while UCS is available, Equation (4.34) could be adopted for an estimation of material 

stiffness. 

The parameters N and f0 in the viscous flow scheme are assumed constant in the current 

study, and only η has been treated variant and can be estimated by Equation (4.33) as a function 

of UCS. Their combination has been proved competent in recapturing the rate-dependence of the 



109 
 

material in the context. The inelastic volumetric strain obtained from the viscous flow rule will 

contribute to the strain hardening of cap envelope in the modified cap model. 

To determine the evolutive yield surface used in the viscous flow scheme, triaxial 

compression tests or direct shear tests should be performed at different time of curing. The 

acquired cohesion and internal friction angle should be fitted to Equation (4.21) in order to 

capture the strength gain of the material against binder hydration process, and they will also be 

used to determine the parabolic shear envelope with Equation (4.23). As for the hardening cap, 

parameters R, D, and W are assumed constant in the study, and X0 can be estimated with the 

empirical Equation (4.31). Then, the evolutive cap envelope is finalized with Equations (4.24) – 

(4.27). 

For parameters in the variable bulk modulus of the Mie-Grüneisen type, density 0ρ is 

assumed invariable for a given cementitious material, and 0γ  is kept constant, while C0 should 

be determined by ensuring the K value when μ=0 defined by Equation (4.29) equals to that 

provided by Equations (4.7) – (4.9). Then, s can be obtained with Equation (4.32) as a function 

of UCS. 

Notably, the practice of characterizing parameters η , X0 and s of cemented backfills based 

on their UCS exhibit a straightforward manner in model parameterization, since it is one of the 

most easily accessible data for those materials. This is also feasible and reasonable, because the 

strength gain of a given cementitious material is directly controlled by the binder hydration 

process, thus UCS would provide a good indication of the evolutive nature of cementitious 

materials. In fact, this concept has already been adopted in Murray (2007) and Jiang and Zhao 

(2015), where material properties of different concretes have been related to their UCS 

respectively. 
 

4.2.6 Conclusions 

A coupled chemo-viscoplastic cap model with variable bulk modulus has been developed 

for simulating the behaviour of hydrating cemented paste under blasting, and the proposed model 

is implemented into the commercial software COMSOL Multiphysics for finite element 

simulation. The developed model has been validated against various experimental high strain 

rate and blast tests. The good agreement between the simulated and measured results suggests 
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that the model is not only able to capture the blasting response of hydrating CPB, but also 

applicable to other cementitious materials, such as mortar and uncemented tailings.  

Compared with previous modeling efforts on cemented backfills, where the time-dependent 

evolution of the material properties, strain rate effect, plastic volumetric compaction as well as 

nonlinear hydrostatic behaviour have not been taken into consideration, the evolution of 

cemented backfill properties with the progress of binder hydration can be reasonably determined 

by the model developed in this study. By using these as the input parameters, the viscoplastic cap 

model can also adequately model the transient mechanical process with the strain rate effect on 

both material strength as well as stiffness. 

This developed model could be a potential tool to assess and understand the behaviour of 

hydrating cemented tailings backfill structures when subjected to mine blasts, and thus contribute 

to the design of cost-effective CPB structures. 

Despite the results obtained, it should be emphasized that the hysteresis effect, although 

inherent in the cap models, has not been examined in the current study, and will be discussed in 

detail in subsequent research. Moreover, it is noted that the effect of the strain rate on 

cementitious materials is not linear, i.e. the ratio of enhancement over the strength and stiffness 

of the material with respect to the strain rate is not a constant. Therefore, despite its effectiveness 

in the study here, caution must be taken when extending the proposed coupled chemo-

viscoplastic cap model to higher or even lower levels of strain rates, as in such conditions, the 

constants in the viscous flow rule might vary from case to case.  
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4.3 Technical Paper 3: A multiphysics–viscoplastic cap model for simulating 
the blast response of cemented tailings backfill 
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Gongda Lu, Mamadou Fall, Liang Cui  

Abstract:  

Although a large number of previous researches have significantly contributed to the 

understanding of the quasi-static mechanical behaviour of cemented tailings backfill, an 

evolutive porous medium used in underground mine cavities, very few efforts have been made to 

improve the knowledge on its response under sudden dynamic loading during the curing process. 

In fact, there is a great need for such information given that cemented backfill structures are 

often subjected to blast loadings due to mine exploitations. In this study, a coupled thermo-

hydro-mechanical-chemical (THMC)-viscoplastic cap model is developed to describe the 

behaviour of cementing mine backfill material under blast loading. A THMC model for 

cemented backfill is adopted to evaluate its behaviour and evolution of its properties in curing 

processes with coupled thermal, hydraulic, mechanical and chemical factors. Then, the model is 

coupled to a Perzyna type of viscoplastic model with a modified smooth surface cap envelope 

and a variable bulk modulus, in order to reasonably capture the nonlinear and rate-dependent 

behaviours of the cemented tailings backfill under blast loading. All of the parameters required 

for the variable-modulus viscoplastic cap model were obtained by applying the THMC model to 

reproduce the evolution of CPB properties in the curing process. Thus, the behaviour of 

hydrating cemented backfill under high-rate impacts can be evaluated under any curing time of 

concern. The validation results of the proposed model indicate a good agreement between the 

experimental and the simulated results. The authors believe that the proposed model will 

contribute to a better understanding of the performance of hydrating cemented backfill under 

blasting, and also to practical risk management of backfill structures associated with such a 

dynamic condition. 

 
KEY WORDS: THMC coupling; multiphysics processes; tailings; paste backfill; cap model; 

blast 
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4.3.1 Introduction 

Cemented hydraulic and paste backfills represent two main types of cemented tailings 

backfill technologies in nowadays mining industry for tailings disposal and ground control. Due 

to its superior mechanical performance per unit of cement consumption, cemented paste backfill 

(CPB) has become increasingly popular (Landriault, 2001; Fall et al., 2010a, 2010b). As a 

cementitious evolutive geotechnical material, CPB is a mixture of dewatered mine tailings (fine 

aggregates), binder additives (e.g. Portland cement, fly ash, slag, etc.), and water. Although the 

majority of research focus has been placed on the quasi-static mechanical behaviour of CPB 

(Kesimal et al., 2005; Klein and Simon, 2006; Yilmaz et al., 2009; Abdul-Hussain and Fall, 2012; 

Ghirian and Fall, 2013, 2014; etc.), knowledge of its dynamic response is equally important, as 

field backfills are often subjected to dynamic excitations such as mining blasts, rock bursts, as 

well as earthquake loadings. 

Unlike any other natural porous medium (natural soil, rock, etc.), cemented backfill has 

material properties that are highly time-dependent, mainly due to the cement hydration process. 

Thus, its mechanical response will be significantly influenced by such a chemical process. To 

evaluate the response of hydrating CPB under blast loading, a coupled chemo-viscoplastic cap 

model has been developed (Lu and Fall, 2016), and validated against experiments on various 

types of cementitious materials. Specifically, in this model, a modified Perzyna viscoplastic 

formulation is employed to represent the rate-dependence in the behaviour of cemented tailings 

backfill under blast loading. A modified smooth surface cap model is then developed to delineate 

the failure of the material, and can also control the material dilation and account for the 

hysteresis as well as full compaction effects. Then, the viscoplastic formulation is further 

enhanced with a variable bulk modulus derived from a Mie-Grüneisen equation of state (EOS), 

in order to characterize the nonlinear hydrostatic behaviour of cemented backfill subjected to 

high pressure. In the model, the material properties required for the viscoplastic cap model have 

been coupled with a chemical model, which captures and quantifies the degree of cement 

hydration. Thus, the behaviour of hydrating cemented backfill under blast loading can be 

evaluated at any curing time of concern. However, the evolution of material properties of CPB is 

not only a function of the degree of cement hydration, but also all of the thermal (T), hydraulic 

(H), mechanical (M) and chemical (C) factors and their interactions to which the CPB is 

subjected during its curing (Ghirian and Fall, 2013, 2014) (Figure 4.16). Thus, the coupled 
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desiccation, which is large scale compared to both the static and dynamic strengths of CPB 

which are usually less than 1 and 3 MPa, respectively (Klein and Simon, 2006; Huang et al., 

2011; Ghirian and Fall, 2014). Thus, in order to recapture the mechanical response of more 

mature cemented backfill under blast loading, a chemical model alone would not be sufficient to 

quantify all of the incorporated (time-evolutive) parameters in the viscoplastic cap model, and a 

model that can further reproduce the hydraulic process during cement hydration is needed. The 

same also applies to the thermal and mechanical factors, and they will also affect the evolution of 

the material properties including the W and 0ρ of CPB. A detailed description on the coupling 

mechanisms of multiphysics processes that occur during the curing of cemented backfill is 

presented in Section 4.3.2. 

Therefore, to describe these multiphysics processes, the coupled thermo-hydro-mechanical-

chemical (THMC) model for cemented backfill developed by Cui and Fall (2015) is adopted. By 

using this THMC model, the evolution of parameters required in the prototype viscoplastic cap 

model can be obtained with more rational considerations of the influence of the environment and 

intrinsic ingredients of the backfill itself. Noticeably, there has been no shortage of models for 

cement-based materials in which at least two components of coupled THMC processes are 

considered. However, their mechanical components have been developed only to capture the 

creep (e.g., Cervera et al., 1999a,1999b; Sercombe et al., 2000; Gawin et al., 2006a, 2006b; Li et 

al., 2015), shrinkage (Ulm and Coussy, 1995; Pichler et al., 2006; Gawin et al., 2006a, 2006b; Li 

et al., 2015), cracking (e.g., Zhang et al., 2013; Li et al., 2015) or uniaxial/triaxial compression 

(e.g., Cui and Fall, 2015) behaviours of cement-based materials under quasi-static conditions, 

and they cannot evaluate the response of an evolutive cement-based material under transient 

blast loading. In the remainder of the paper, considerations for the coupled THMC processes and 

the modeling approach of the present model are briefly outlined. Then, formulations of the 

coupled THMC model for recapturing the variation of CPB properties are presented, and it is 

coupled with a viscoplastic cap model to characterize the response of CPB during blast loading. 

Finally, the developed model is validated against laboratory experiments. 

 

4.3.2 Considerations for coupled THMC processes in cemented backfill 

The performance of cemented backfill is significantly influenced by complex coupled 

multiphysics, including thermal (T), hydraulic (H), mechanical (M) and chemical (C) processes 



122 
 

(Ghirian and Fall, 2013, 2014). Their interplays are conceptually illustrated in Figure 4.16. 

Therefore, the heat transfer, liquid flow, gas migration, skeleton deformation, and binder 

hydration processes and their mutual coupling effects are taken into account, and their roles in 

the curing process are elucidated as follows (Dutt et al., 2012; Verma  et al., 2013; Cui and Fall, 

2015; Verma  et al., 2015; Gautam et al., 2016;  and Verma et al., 2016). 

 

4.3.2.1 Chemical process 

Binder hydration initiates right after the CPB is mixed. The progression of the chemical 

reaction influences CPB properties and behaviour with four key mechanisms: (i) as the chemical 

reaction proceeds, the resultant hydration products precipitate and refine the capillary pore space 

between tailings particles. This would then lead to significant microstructural evolution, and 

consequently contribute to the change of material properties including thermal conductivity, 

hydraulic conductivity and some mechanical properties (Ghirian and Fall, 2013, 2014); (ii) 

interstitial water is gradually consumed during the binder hydration process. This will not only 

reduce the degree of saturation, but also result in the build-up of matric suction; (iii) the heat 

released by exothermic binder hydration will affect the temperature distribution in the CPB 

structure, thus boost the rate of binder hydration (Schindler, 2004; Schindler and Folliard, 2005); 

and (iv) since the volume of the hydration products is less than the combined volume of the 

reacted cement and water (Powers and Brownyard, 1947), binder hydration will result in 

mechanical deformation through chemical shrinkage. The effect of sulphate on CPB is excluded 

in the consideration of chemical processes as not all CPB contains sulphate. 

 

4.3.2.2 Hydraulic process 

The changes in the water content of CPB structure are generally attributed to binder 

hydration, evaporation, water flow and drainage (Abdul-Hussain and Fall, 2011; Ghirian and Fall, 

2013). Variation in the water content can strongly affect other physics, such as: (i) the 

unhydrated binder can be coated with precipitated hydration products. This will inhibit pore 

water from diffusing inward to reach the unhydrated cement cores, thus consequently decrease 

the hydration rate (Cui and Fall, 2015); (ii) loss of water can result in the development of matric 

suction within the backfill mass, which will influence the effective stress distribution, and thus in 

turn, modifies the strength and mechanical performance of CPB (Ghirian and Fall, 2014); and (iii) 
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the hydraulic processes will cause variations in the temperature distribution by convection and 

changes in the thermal properties (e.g. thermal conductivity), as a result of different phase 

compositions. 

 

4.3.2.3 Thermal process 

The main source of heat in CPB systems is the heat generated by binder hydration (Fall et 

al., 2010b). The variation in the temperature within a CPB structure can also have tremendous 

effects on other physics, such as: (i) the rate of hydration is temperature-dependent. Specifically, 

higher temperature is generally associated with a faster hydration rate (Schindler, 2004; 

Schindler and Folliard, 2005); (ii) due to the geothermal gradient, the temperature of the ambient 

rocks increases with depth, and could lead to mechanical deformations through thermal 

expansion; and (iii) the temperature of curing will also have an impact on the surface evaporation 

(Ghirian and Fall, 2013). 

 

4.3.2.4 Mechanical process 

Field CPB is subjected to self-weight, confining pressure from the ambient rock mass, and 

thermal stress, etc. Thus, CPB could experience deformation through elastoplastic strain, thermal 

expansion as well as chemical shrinkage. The resultant volumetric deformation could in turn give 

rise to variations in the porosity, thus affect a few properties of the CPB, such as hydraulic 

conductivity (Davis and Davis, 1999) and thermal conductivity (Ghirian and Fall, 2013). The 

impact of mechanical processes on binder hydration is neglected, since it is minimal considering 

the relatively low stress levels in CPB structures. 

 

4.2.2.5 Filling rate 

The filling rate refers to the speed at which the CPB materials are pumped into the stope, 

and it can differ from one mine or stope to another due to various filling strategies used in the 

field (Nasir and Fall, 2010). In mining industry, backfilling with multiple stages and different 

filling rates are often adopted as a balance of safety, cost, and productivity concerns. The 

backfilling rate and strategies have been found to not only affect the stress distribution within the 

CPB, but also influence the pore water pressure (PWP) imposed on the barricade (Thompson et 

al., 2012; Doherty et al., 2015).  
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4.3.3 Modeling approach 

To evaluate the response of hydrating CPB under blast loading, a viscoplastic cap model is 

employed and coupled with a THMC model which quantifies the variation of the material 

properties during the curing process. 

As discussed in Section 4.3.2, the performance of cemented backfill is significantly 

influenced by the concerted action of the THMC processes. Therefore, the characterization of the 

coupled THMC processes that occur in CPB is crucial for reliably assessing and predicting the 

behaviour of CPB structures under blast loading. The coupled THMC model developed by Cui 

and Fall (2015) for cemented tailings backfill is adopted in this study, and it has been proven 

sufficient to account for the interactions among the multiple physical processes listed in Section 

4.3.2. Details and formulation of the model will be elucidated in Section 4.3.4. 

The modified viscoplastic cap model developed by Lu and Fall (2016) is adopted in the 

current study as the constitutive law to characterize the response of CPB under blast loading. 

This model works well for geomaterials under high pressure, and is capable of recapturing the 

strain rate effect. It has been utilized and validated for both high and low strain rate phenomena 

(Katona, 1985; Simo et al., 1986; Tong and Tuan, 2007; An et al., 2011; Aráoz and Luccioni, 

2015; etc.). Details and formulation of the model will be elucidated in Section 4.3.5.  

All of the material properties required in the variable-modulus viscoplastic cap model of 

CPB are obtained from the coupled THMC model for cemented backfill. The coupling strategy 

and parameter update are illustrated in Figure 4.16. Finally, the developed coupled THMC-

viscoplastic cap model is implemented into a commercial software package, COMSOL 

Multiphysics (COMSOL AB, Stockholm, Sweden), for finite element simulation. 

 

4.3.4 Formulations of the coupled THMC model for cemented backfill 

4.3.4.1 General assumptions 

To develop the governing equations for the coupled THMC model, the following 

assumptions are made: 
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(i) The three phase (solid, water, and dry air) constituents in CPB are three independent 

overlapping continua in the context of the theory of mixtures. Water is the wetting phase while 

dry air is not and is considered as an ideal gas. 

(ii) The water and gas migrate in the interconnected voids of the solid. Since the 

temperature within CPB is relatively low, the phase transition of liquid water is not considered. 

(iii) Solid particles and liquid water are incompressible, while the porous skeleton is 

deformable. The stress is considered tension positive, while the pore fluid pressure is considered 

compression positive. 

(iv) Local thermal equilibrium is assumed for the three-phase system. 

(v) The solid skeleton is assumed chemically inert, and the only chemical process that takes 

place is the hydration of the binder additives. 

 

4.3.4.2 Binder hydration model 

The binder hydration model proposed by Schindler (2004) and Schindler and Folliard (2005) 

for cementitious materials is adopted in this study, and it has already been used to quantify the 

progress of binder hydration for CPB, e.g. in Cui and Fall (2016) and Wu and Fall (2013), and is 

expressed as: 

 ( ) expe u
e

t
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β
τ

ξ ξ
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where ξ is the degree of  binder hydration, and uξ  the ultimate degree of hydration; τ stands for 

the hydration time parameter (hours), β  represents the hydration shape parameter, et  is the 

equivalent age of CPB at the reference temperature rT (K), T  denotes the temperature of the 



126 
 

CPB (K), t is the chronologic curing age, aE  is the activation energy (J/mol), aR  represents the 

natural gas constant (8.314 J/mol/K), /w c  is the water-cement ratio, and FAX  and slagX  refer to 

the mass fraction of the corresponding minerals with respect to the total binder. 

 
4.3.4.3 Fluid flow model 

The mass conservation equations for a CPB system are defined as (Cui and Fall, 2015): 

 ( ) ( )1
1w s

hydr
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where iρ  refers to the density and the subscript i  denotes the an individual phase (air, water and 

solid), φ  is the porosity, /S θ φ=  is the degree of saturation of the liquid phase, θ  is the 

volumetric water content, sv  and r iv denote the solid phase velocity with respect to the (fixed) 

Eulerian coordinate, and the relative apparent velocity of the fluids in the porous medium, 

respectively, vε  indicates the total volumetric strain. 

hydrm&  refers to the rate of water consumption due to binder hydration, and can be estimated 

by using (Cui and Fall, 2015): 
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  (4.38) 

where hc initialm − is the initial cement mass, and ix  is the mass fraction of the corresponding 

compound with respect to the total cement content. 

The riv  of fluid phases can be characterized by using Darcy’s law, which is expressed as: 

 ( ) i i
i i

i

r r gk P
µ

ρ− ∇ −=v k   (4.39) 

where k  is the intrinsic permeability tensor of the medium with the intrinsic permeability  
0 sat i ik K gµ ρ= , satK  represents the (saturated) hydraulic conductivity, iµ  stands for the fluid 

dynamic viscosity, rik  denotes the relative permeability with respect to each fluid phase, and iP  
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refers to the pore fluid pressure. Meanwhile, satK of CPB will change with time, and it can be 

written in terms of ξ  as (Ghirian and Fall, 2013): 

 ( )2
1exp C

TsatK K C ξ=   (4.40) 

where TK  is the saturated hydraulic conductivity of the tailings in CPB, and fitting constants 1C

=-8.173 and 2C =4.035 based on the experimental results reported in Ghirian and Fall (2013). 

The relative permeability can be evaluated based on the model of van Genuchten (1980): 
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By introducing the time evolution of the fitting parameters into the model of van Genuchten 

(1980) during the hydration process of CPB, VGα  and VGm  can be estimated by using (Abdul-

Hussain and Fall, 2011): 
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f
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f
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m f f
f e ξ

ξ
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 = +


=
  (4.43) 

where the fitting constants, 1f =0.0415, 2f =4.231, 3f =0.4073, 4f =0.2103 kPa-1 and 5f =-6.921, 

are based on the measured data reported in Abdul-Hussain and Fall (2011) and Ghirian and Fall 

(2013). Then, the volumetric water content θ  can be calculated by using: 

 ( )r eff s rSθ θ θ θ= + −   (4.44) 

where sθ  and rθ  represent the saturated and residual water contents, respectively. Meanwhile, 

the evolution of rθ  due to hydration can be related to ξ  by using (Abdul-Hussain and Fall, 

2011): 

 1 2exp( )r R Rθ ξ= ⋅ − ⋅   (4.45) 

where 1R  and 2R  are the fitting parameters and equal to 1.314 and 7.538, respectively. 

To introduce the temperature-dependence of fluid properties, the following expressions are 

adopted (Cui and Fall, 2015): 
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  (4.46) 

where wµ  and aµ  are dynamic viscosity, and wρ  and aρ  are density of water and air, 

respectively; aM  is the molar mass of air. 

 

4.3.4.4 Model of mechanical equilibrium 

The momentum conservation of the system can be written as: 

 ( ) ( )1 1
0s w aij S S

t t
φ ρ φ ρ φ ρ∂  − + + − ∂   ∇ ⋅ + = ∂ ∂ 

σ
g   (4.47) 

where ijσ  is the total stress tensor, and can be defined based on the effective stress concept as 

 ij ij ijaP= −′σ σ δ   (4.48) 

where the Biot’s coefficient 1 sa K K= −  with K  and sK  denoting the bulk modulus of the 

porous skeleton and solid grains; the mean pore pressure P exerted by the fluid phases on the 

solid grains is defined by the averaging technique as ( )1w aP SP S P= + −  (e.g., Khoei and 

Mohammadnejad, 2011). Notably, K  will evolve in time during the binder hydration process, 

and can be estimated by using (Cui and Fall, 2016): 

 0

0

( )
A

u u

E
E
ξ ξ ξ

ξ ξ
 −

=  − 
  (4.49) 

 3 5
1 2 4)( ) 0.5exp( exp( )B BB B Bν ξ ξ ξ ξ= +   (4.50) 

where ( )E ξ  stands for the elastic modulus at a given degree of binder hydration ξ ; Eu and uξ

denote the ultimate elastic modulus and degree of hydration, respectively; 0ξ refers to the 

reference degree of hydration below which no development of elastic constants occurs; and A is 

a material constant. B1, B2, B3, B4 and B5 are the fitting parameters for determining the Poisson’s 

ratio v; then, bulk modulus of the backfill can be obtained as ( ) / [3(1 2 ( )]K E vξ ξ= − . 

The effective stress can be obtained based on Hooke’s law as 
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 ( ) = =′ e p T cσ Dε D ε -ε -ε -ε   (4.51) 

where D  is the stiffness tensor, and ε is the total strain, which consists of elastic, εe
, plastic, 

pε , 

thermal, 
Tε , and chemical, 

cε , strains under the theory of superposition. The components
pε , 

Tε , 

cε  can be obtained based on the failure model, coefficient of thermal expansion Tα , and 

coefficient of the chemical shrinkage chβ  for CPB, respectively, which are defined in Cui and 

Fall (2015, 2016). 

 

4.3.4.5 Heat transfer model 

The heat transfers in CPB mainly with two mechanisms, namely, through heat conduction 

and convection. Meanwhile, heat is also released by the exothermic binder hydration. Under the 

isothermal assumption, the energy conservation for CPB can be written as 

 ( ) ( )1 1s s w w a a cv cd hydr
TC S C S C Q Q Q
t

φ ρ φ ρ φ ρ
∂

 − + + −  + + =  ∂
  (4.52) 

where Ci is the specific heat capacity with i=a, w, and s, cvQ  and cdQ  are the amount of heat 

transfer by convection and conduction, respectively, and hydrQ  denotes the heat release as a result 

of the exothermic binder hydration. 

The convection of heat is caused by the migration of both liquid water and dry air, and it 

can be expressed as 

 ( )rw ra
cv w w a aC TCQ ρ ρ+= ∇⋅v v   (4.53) 

The conduction of heat can be evaluated with Fourier’s law as 

 cd effQ k T= − ∇   (4.54) 

where effk  is the effective thermal conductivity of the CPB, and it can be evaluated by using (Cui 

and Fall, 2015) 

 ( )eff dry eff sat dryk k S k k= + −   (4.55) 

where satk and dryk are the thermal conductivity of the CPB in the saturated and a completely dry 

condition, respectively. satk  can be evaluated by (Côté and Konrad, 2005; Ghirian and Fall, 2013): 

 1
sat tailings wk k kφ φ−=   (4.56) 
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where tailingsk  and wk  represent the thermal conductivity of the tailings and water, respectively. 

An analogous expression for dryk  can be expressed as 

 1
dry tailings ak k kφ φ−=   (4.57) 

where ak is the thermal conductivity of air. 

The heat released by exothermic binder hydration can be evaluated by using (Schindler, 

2004; Schindler and Folliard, 2005) 
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where TH  denotes the total heat available for binder hydration, cemH  is the heat from the 

hydration of cement, and bC  is the apparent binder density with regard to the total volume of the 

CPB. 

 

4.3.5 Formulation of viscoplastic cap model for cemented backfill under blast loading 

4.3.5.1 Perzyna type of viscoplastic formulation 

The Perzyna type of viscoplastic formulation is adopted in current study to represent the 

rate-dependence in the material behaviour. In Perzyna’s model, the total strain rate vector ε&  is 

decomposed into an elastic eε& and a viscoplastic (inelastic) component vpε& as 

 e vp= +ε ε ε& & &   (4.59) 

The elastic strain rate independently of the viscosity is expressed as 

 1e −=ε D σ& &   (4.60) 

where σ&  is the stress rate tensor, and the elastic constants in the stiffness matrix D can be 

obtained by Equations (4.49) and (4.50). 

The viscoplastic strain rate is generally defined by the viscoplastic flow rule: 

 ( )vp ffη φ
∂

=
∂

ε
σ

&   (4.61) 
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where η  is a material parameter called fluidity parameter;  is the Macaulay bracket defined 

as ( )/2x x x= + , f is the yield function and will be defined in the following subsection, and 

( )fφ  is a dimensionless scaling function which is expressed as 

 
0

( )
N

ff
f

φ
 

=  
 

  (4.62) 

where N is the exponent and f0 is the normalizing constant with the same unit as f. The associated 

flow rule is used for the viscous behaviour of the material, and the direction of vpε&  is given by f 

and in the outward normal direction of the yield surface. 

To simplify the modeling, N and f0 are assumed to be constant, while η is related to the 

degree of binder hydration as (Lu and Fall, 2016): 

 1 3.51( )(s ) 48.2 ( 0.224) 0.002cfη ξ − −= ⋅ + +   (4.63) 

where fc (in MPa) is the unconfined compressive strength (UCS) of the material as a function of 

the degree of binder hydration and will be explained below. 

 

4.3.5.2 Modified plastic cap model 

The plastic cap model with associated flow rule is adopted in this study to recapture the 

yield behaviour of cemented tailings backfill. As discussed in Lu and Fall (2016), this model not 

only can avoid the problems of unreasonable strength development under increasing pressure, 

and unrealistic dilation that a Drucker-Prager or Mohr-Coulomb criteria would suffer, but is also 

free from the problem of solution uniqueness in the non-associated flow scheme. Besides, it has 

far fewer model parameters to calibrate than bounding surface plasticity. 

It has been noted that traditional cap models suffer from the numerical complexity due to 

singular corners, which locate at the intersection of the shear failure envelope with a positive 

tangent and hardening cap with a horizontal tangent. In order to treat such singular corners with 

relative simplicity, and at the same time, effectively control the volumetric dilation/compaction 

behaviour of the materials, a new transition approach has been introduced in Lu and Fall (2016), 

and it is also adopted in this study. A conceptual comparison between the original cap model 

(Chen and Baladi, 1985), Continuous Surface Cap Model (Murray an Lewis, 1995) and the cap 

model used in the study are presented in Figure 4.17, and the parameters used for these yield 

envelopes are the same in this illustration. 
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1( , , , ) ( , ) ( , ) ( , )F I J J X L I L
R

κ ξ κ ξ κ ξ κ ξ= − − − −   (4.67) 

The hardening of the cap due to the plastic volumetric strain, p
kkε , can be defined by the 

following law: 

 0( , ) (1 / ) ln 1 ( )
p

kkX D X
W
ε

κ ξ ξ
 

= − ⋅ − + 
 

  (4.68) 

where W indicates the maximum plastic volumetric strain of the material, and can be determined 

by (1 )W Sφ= − (Chen and Baladi, 1985). D is the shape parameter of the volume-pressure curve, 

and 0( )X ξ  is the initial vertex of the hardening cap, which can be estimated by using (Lu and 

Fall, 2016)  

 0( ) (MPa) 52.9ln(0.03 0.236) 75.5cX fξ = + +   (4.69) 

and the UCS of the material can be evaluated based on the Mohr-Coulomb criterion: 

 ( )2 ( ) tan[45 ]
2cf c ϕ ξ

ξ= +o   (4.70) 

Then, the intersection of the cap and the shear envelope can be obtained by considering 

continuity: 
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and 
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L
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κ ξ
>

= 


  (4.72) 

Thus, all time-evolutive parameters in the yield function have been defined as functions of 

ξ . Finally, the modified cap envelope 1 2( , , , )f I J κ ξ  which is a combination of 1 1 2( , , )F I J ξ  

and 2 1 2( , , , )F I J κ ξ  is used as the yield function f in Equations (4.61) and (4.62), and the 

accumulated inelastic volumetric strain acquired by such a viscous flow will contribute to the 

hardening of the cap envelope in the stress space. 

Details on the mechanisms of how the plastic cap model can control the material dilation 

and account for the hysteresis effect in hydrostatic loading/unloading can be found in Lu and Fall 

(2016). 
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4.3.5.3 Nonlinear pressure-volume relationship (EOS) 

Under extremely intensive loading conditions such as blasting, the pressure-volume 

behaviour of a material would be typically nonlinear (Henrych, 1979). In the current study, the 

variable-bulk-modulus approach will be utilized to capture the nonlinear pressure-volume 

relationship of CPB, and is derived from a Mie-Grüneisen EOS (An et al., 2011) expressed as 

(Lu and Fall, 2016) 

( )K ξ =
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0 0 0 0 0 22
0 0
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( )2 2 1 ( ) (1 ) 2
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 (4.73) 

where 0ρ is the material density, which can be determined by tracking the loss of water via 

evaporation or drainage, and calculating the volume change of the CPB in the curing process; 

0( )C ξ is the sound speed of the CPB at an ambient pressure and temperature, and its value can be 

chosen so that the ( )K ξ  at μ=0 as defined by Equation (4.73) equals to that provided by 

Equations (4.49) and (4.50); 0γ  is the Grüneisen parameter, Ev is the internal energy per unit 

initial volume; 0α is the first order volume correction to 0γ and generally set to 0; 

/ (1 )v vµ ε ε= − ; and ( )s ξ  is the slope of the shock velocity against the particle velocity curve, 

which can be estimated by using (Lu and Fall, 2016) 

 ( )(1) 2.06exp( 4.38 0.779) 1.5cs fξ = − + +   (4.74) 

 

4.3.5.4 Arbitrary Lagrangian-Eulerian formulation 

During blast loading, materials may experience large deformations, and this would make the 

mapping from the mesh to the spatial coordinates to be ill-conditioned, then lead to mesh 

entanglement and accuracy issues when there is severe mesh distortion. Therefore, an arbitrary 

Lagrangian-Eulerian (ALE) formulation is used in the CPB model here for blast loading. 

Previous numerical problems can be solved by the remeshing mechanism of the ALE method. 

Specifically, when the mesh degrades to an unacceptable level, the ALE method can suspend the 

calculations, then build a new mesh system in the current domain, subsequently map all of the 

model quantities to the new mesh system and resume calculation. Therefore, the ALE method 

embodies the advantages of both Eulerian and Lagrangian formulations, and allows the 

movement of boundaries and evaluation of physical states at fixed points in space, although it is 

relatively more intensive in computation (COMSOL AB, 2009; ANSYS Inc., 2009). 
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4.3.6 Model validation 

4.3.6.1 Simulation of high column experiments on hydrating CPB (Case Study 1) 

Ghirian and Fall (2013, 2014) conducted experiments with high columns to investigate the 

coupled THMC behaviour of CPB during the curing process. A backfilling strategy with 3 layers 

(50 cm each in height) has been employed and the high columns of CPB were completed in 3 

days. Each backfilling stage was finished within 5 minutes, and one-day delay between each lift 

was adopted. The experiments were conducted under insulated-undrained conditions, and 

extensive laboratory measurements and testing were performed during the curing of CPB. The 

monitoring points were located at the centre of each lift, i.e. 25 cm, 75 cm, and 125 cm from the 

bottom, respectively. Further details of the experimental program can be found in Ghirian and 

Fall (2013, 2014). 

The high column tests on hydrating CPB were reproduced with the coupled THMC model, 

in order to show its validity in the evaluation of the THMC behaviour of CPB during the 

hydration process. The cylinder column was simulated with axisymmetric elements, and the 

configuration of the model is illustrated in Figure 4.18. The delayed backfilling of each lift was 

simulated in a layer-by-layer manner, and each stored solution of the previous sequence was set 

as the initial condition of the field variables in the next stage of simulation. The input parameters, 

boundary conditions and initial values used for the numerical simulation are listed in Table 4.6. 
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on completely dry and partially saturated specimens are reproduced in this study, while the 

response of fully saturated concrete during high-rate impacts will be addressed in a separate 

paper. 

In the numerical simulation of the SHPB tests, the internal friction angle and cohesion of 

each type of specimen were determined based on quasi-static compression and tensile strength 

by using the Mohr–Coulomb criterion (López Cela, 2002). The Poisson’s ratio was assumed to 

be fixed at 0.2 (Ross et al., 1996) and Young’s modulus was estimated by using 4785 cE f=  

(Neville, 1973; Ross et al., 1996). The density of a fully saturated specimen was assumed to be 

2350 kg/m3, and the volumetric gas content (W) and density ( 0ρ ) of the completely dry and 

partially saturated specimens could be obtained by the measured drying curve in the test (Ross et 

al., 1995). The parameters η , X0 and s required in the viscoplastic cap model for blast loading 

are obtained with Equations (4.63), (4.69) and (4.74),  respectively. The samples in the SHPB 

test are 51 mm in length and 51 mm in diameter, and modeled with axisymmetric elements in the 

simulation. To simplify the modeling process, the typical loading history pattern in the SHPB 

tests was used (Tedesco et al., 1989). Axial velocity increments were applied at one end of the 

specimen while the other end was fixed, and it is not laterally confined according to the 

experiment configuration. The simulated DIFs are compared with the measured values of 

concrete in the SHPB tests in Figure 4.22, and the material properties used in the simulation are 

presented in Table 4.7. 

 
Table 4.7 Material properties of concrete used in the simulation of SHPB test 

Drying 
method 

UCS 
(MPa) 

Tensile 
strength (MPa) 

0ρ          
( kg/m3) 

   η
(sec-1) N f0 (Pa) K(GPa) G(GPa) 

Oven-7 h 35.12 1.95 2246.6 1.1×10-3 2.5 2×105 15.75 11.82 
Oven-72 h 42.88 2.54 2105.6 9.5×10-4 2.5 2×105 17.41 13.06 

α  k(MPa) R  D  
(MPa-1) W X0(MPa) C0(m/s) 0γ  s 

0.2653 1.6405 8 8×10-2 0.103 145 2648 1 1.5 
0.2638 2.1358 8 8×10-2 0.244 155 2875 1 1.5 
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mm, outer diameter of 25 mm and height of 70 mm. The samples were sealed with water-

resistant tape and cured at approximately 100% humidity and 25 C。 (Huang, 2009). The input 

parameters, boundary conditions and initial values used for the numerical simulation of the 

curing process are listed in Table 4.6. In the simulation, the fitting parameters used in Equations 

(4.49), (4.50) and (4.66) are identical to those in Lu and Fall (2016), and they are obtained from 

the average values of the elastic constants and UCS reported in the quasi-static experiments by 

Klein and Simon (2006). With the simulated average strength parameters, elastic constants, 

volumetric gas content and pore pressure obtained by the coupled THMC model, it was possible 

to simulate the response of the CPB under high-rate loading with the viscoplastic cap model at 

the time of interest. 

In the SHPB tests performed on CPB cured for 15, 30, 60 and 180 days, the specimens were 

taken from the curing pipes, and trimmed into cylinders that were 22 mm in diameter and 10 mm 

in height. They were then subjected to high strain rate impacts of 300 s-1 - 750 s-1. The simulated 

pore pressure acquired from the THMC model was applied onto the specimen prior to the SHPB 

testing as the initial stress. In the simulation of the SHPB tests, only a quarter of those specimens 

were modeled with axially symmetric elements. To simplify the modeling process, a typical 

loading history pattern in the SHPB tests on CPB was used (Huang, 2009; Lu and Fall, 2016). 

Axial velocity increments were applied at one end of the specimen while the other end was fixed, 

and it was not laterally confined according to the experiment configuration. 

The simulated peak axial stress of CPB with 5% cement content (by using the average UCS 

and elastic constants) at various ages under different loading rates in the SHPB tests were 

compared with the measured average dynamic strength of CPB as shown in Figure 4.23. The 

parameters used in the impact loading simulation were obtained from the THMC model and are 

listed in Table 4.8. The simulated stress-strain curves are not presented here, since experimental 

data are not available. 
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cement content by a ratio of increment in the cement content, since the strength of cementitious 

materials is generally proportional to the cement content (Fall et al., 2008; Chian et al., 2011). 

Then, the evolution of the average Young’s modulus can be recaptured by the empirical rule as 

(Fall et al., 2005): 

 ( )i
cE h f=   (4.75) 

where fc is in the KPa and E in the MPa in the equation, and the fitting coefficients h = 0.0324 

and i = 1.32 (Lu and Fall, 2016). 

With the simulated average strength parameters, elastic constants, volumetric gas content 

and pore pressure obtained by the coupled THMC model, it was also possible to reproduce the 

response of the CPB with 7% and 10% cement content in the SHPB tests. These samples were 

also cured and tested at the same curing times and loading rates as those with 5% cement content, 

and also simulated by using the viscoplastic cap model with the same configurations. 

A comparison between the simulated and measured average peak axial stress for CPB with 

7% and 10% cement content in the SHPB tests are shown in Figures 4.24 and 4.25. The material 

parameters used in the simulation are obtained from the coupled THMC model and listed in 

Tables 4.9 and 4.10. 

 

Table 4.9 Material properties of CPB with 7% cement content 

Curing time 0ρ ( kg/m3) η (μsec-1) N f0 (Pa) K(MPa) G(MPa) α  
15 d 1847.7  8.0×10-4 2.5 2×105 26.4 23.8 0.1966 
30 d 1849.9  2.3×10-4 2.5 2×105 68.6 61.9 0.1966 
60 d 1850.8  7.0×10-5 2.5 2×105 116.7 105.3 0.1966 
180 d 1853.0  1.1×10-5 2.5 2×105 169.5 152.9 0.1966 

k(MPa) R D (MPa-1) W X0(MPa) C0(m/s) 0γ  s 
0.0513 8 8×10-2 0.104 0.9 120 1 2.83 
0.1057 8 8×10-2 0.125 1.4 193 1 1.86 
0.1579 8 8×10-2 0.167 3.4 252 1 1.60 
0.2096 8 8×10-2 0.464 9.0 303 1 1.53 
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Material properties of CPB with 10% cement content

η (μsec-1) 
2.5×10-4 
3.5×10-5 
1.5×10-5 
5×10-6 

D (MPa-1) 
8×10-2 0.142
8×10-2 0.169
8×10-2 0.226
8×10-2 0.476
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Material properties of CPB with 10% cement content

N f0 (Pa)
2.5 2×10
2.5 2×10
2.5 2×10
2.5 2×10
W X0(MPa)

0.142 1.7
0.169 5.0
0.226 6.4
0.476 14.0
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1 
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Table 4.11 Material properties of CPB samples used to obtain stress

Curing 
time 

Strain 
rate (s

30d 500
30 d 750
15 d 300
15 d 750
α  k(MPa)

0.1966 0.0891
0.1966 0.1019
0.1966 0.1567
0.1966 0.1529
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(MPa) R 
0.0891 8 
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0.1567 8 
0.1529 8 

Comparison between simulated and measured stress

As shown by the good agreement between the simulated and

, the presented model can reproduce the mechanical 

loading reasonably well. It should be noted that in addition to the strength increase, the 

viscoplastic cap model can also account for the a

Therefore, as concluded from the previous examples, 

model is able to adequately characterize the transient mechanical response of hydrating CPB 

147

Material properties of CPB samples used to obtain stress

 UCS (MPa)

 0.49 
 0.55 
 0.85 
 0.83 

 D (MPa-1

 8×10-2 
 8×10-2 
 8×10-2 
 8×10-2 

 
Comparison between simulated and measured stress

samples in SHPB tests

As shown by the good agreement between the simulated and

, the presented model can reproduce the mechanical 

loading reasonably well. It should be noted that in addition to the strength increase, the 

viscoplastic cap model can also account for the a

Therefore, as concluded from the previous examples, 

model is able to adequately characterize the transient mechanical response of hydrating CPB 

147 

Material properties of CPB samples used to obtain stress

UCS (MPa) 0ρ  
( kg/m3

 1849.9
 1849.9
 1847.9
 1847.9

1) W 
 0.125 
 0.125 
 0.142 
 0.142 
 

 
Comparison between simulated and measured stress

samples in SHPB tests 

 

As shown by the good agreement between the simulated and

, the presented model can reproduce the mechanical 

loading reasonably well. It should be noted that in addition to the strength increase, the 

viscoplastic cap model can also account for the apparent stiffness enhancement due to high strain 

Therefore, as concluded from the previous examples, 

model is able to adequately characterize the transient mechanical response of hydrating CPB 

Material properties of CPB samples used to obtain stress

0ρ  
3) 

η  
(μsec-1) 

1849.9 8×10-4 
1849.9 7×10-4 
1847.9 7×10-6 
1847.9 9×10-6 

 X0(MPa) 
 0.7 
 0.9 
 5.0 
 5.0 

Comparison between simulated and measured stress-strain curves of individual CPB 

 

As shown by the good agreement between the simulated and measured results in Figure 

, the presented model can reproduce the mechanical behaviour 

loading reasonably well. It should be noted that in addition to the strength increase, the 

pparent stiffness enhancement due to high strain 

Therefore, as concluded from the previous examples, the coupled THMC

model is able to adequately characterize the transient mechanical response of hydrating CPB 

Material properties of CPB samples used to obtain stress-strain curves

η
 N f

(Pa)
2.5 2×10
2.5 2×10
2.5 2×10
2.5 2×10

 C0(m/s) γ
173 
188 
250 
246 

strain curves of individual CPB 

measured results in Figure 

 of CPB under high

loading reasonably well. It should be noted that in addition to the strength increase, the 

pparent stiffness enhancement due to high strain 

the coupled THMC-viscoplastic cap 

model is able to adequately characterize the transient mechanical response of hydrating CPB 

strain curves 

f0  
(Pa) 

K 
(MPa) 

2×105 54.8 
2×105 65.2 
2×105 114.7 
2×105 111.2 

0γ  s 
1 2.04 
1 1.90 
1 1.60 
1 1.62 

 

strain curves of individual CPB 

measured results in Figure 

of CPB under high-rate 

loading reasonably well. It should be noted that in addition to the strength increase, the 

pparent stiffness enhancement due to high strain 

viscoplastic cap 

model is able to adequately characterize the transient mechanical response of hydrating CPB 

 
 
 
 
 

 
 
 
 

strain curves of individual CPB 

measured results in Figure 

rate 

loading reasonably well. It should be noted that in addition to the strength increase, the 

pparent stiffness enhancement due to high strain 

viscoplastic cap 

model is able to adequately characterize the transient mechanical response of hydrating CPB 



148 
 

It should be noted that the softening process is not considered in traditional cap models. 

However, the softening behaviour has been captured by the viscoplastic cap model in this study. 

In fact, this phenomenon has also been captured in Katona (1985) and Simo et al. (1986), and is 

a time-dependent effect of the viscoplastic overstress formulation. To be more specific, the stress 

state is still above the cap envelope at such a yield point, and then, the stress would decrease 

(softening) as a result of additional inelastic strain development in the viscoplastic formulation.  

 

4.3.7 Conclusions 

To better understand the response of cemented backfill under sudden blast loading in the 

curing process, a coupled THMC-viscoplastic cap model has been developed. The THMC model 

is first validated against high column tests on hydrating CPB, in order to prove the capability of 

the THMC component of the coupled model to predict the time-evolutive material properties of 

CPB. Then, to verify the validity of the inclusion of variable gas contents into the prototype 

viscoplastic cap model, a set of SHPB tests performed on concrete with various water contents 

are reproduced. Finally, the developed model is used to reproduce a set of SHPB tests on 

hydrating CPB, and all material property input for the viscoplastic cap model is obtained from 

the THMC model to which it is coupled. The good agreement between the simulated and 

measured results suggests that the model is competent in capturing the blast response of 

hydrating CPB. 

Compared with the previous chemo-viscoplastic cap model for cemented backfill, in 

addition to the consideration of time-evolutive mechanical properties, strain rate effect, plastic 

volumetric compaction as well as nonlinear hydrostatic response, the effect of variation in the 

volumetric gas content, density and pore pressure due to the hydration process on its blast 

response is further augmented in the presented model. Furthermore, all of the material properties 

required by the viscoplastic cap model to simulate the blast response of CPB are obtained from 

the coupled THMC model, which has rigorous consideration for the concerted action of 

multiphysics factors. By applying the coupled THMC-viscoplastic cap model, the transient 

mechanical behaviour of hydrating cemented backfill under high-rate impact can be evaluated 

under any curing time of concern. Thus, the developed model could be used as a potential tool 

for understanding and assessing the behaviour of hydrating cemented backfills subjected to mine 

blasts. 
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4.4 Technical Paper 4: Predicting blast-induced liquefaction of natural and 
man-made granular soils with viscoplastic cap model 
 

(Submitted) 

Gongda Lu, Mamadou Fall 

Abstract:  

A modified viscoplastic cap model has been developed in this study to capture the liquefaction 

caused by blasting. This model can account for the effect of high-rate impacts by incorporation 

of viscosity, capture the nonlinearity in volumetric deformation under high pressure with an 

equation of state, and also simulate the volumetric hysteresis effect with a cap model. The 

stiffness matrix of saturated granular soils is modified by incorporating the compressibility of 

pore fluid to characterize the generation of excess pore pressure during undrained blast loading. 

The proposed model is validated against laboratory impact tests as well as field explosion tests 

on saturated natural and man-made granular soils (e.g., sand, silt, tailings). The simulated results 

indicate good agreement with the experimental data in terms of peak pressure, ground motion as 

well as liquefaction. Moreover, the simulated irrecoverable compaction can represent well the 

build-up of residual excess pore water pressure, and it is consistent with the mechanism of blast-

induced liquefaction. The applicability of viscoplastic cap models for simulating blast-induced 

liquefaction is thus verified in the study, and the developed model is also found applicable to 

capture liquefaction of saturated tailings backfills caused by mine blasting as is a primary 

concern in underground mining. 

 

KEY WORDS: granular soil; tailings; liquefaction; blast; viscoplastic cap model 
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4.4.1 Introduction 

Understanding and predicting the liquefaction susceptibility of soils under blast loading are 

important topics in civil, mining, defensive and protection engineering. Numerous cases of 

increases in residual excess pore pressure or liquefaction caused by blasting or high-pressure 

compression have been reported in the literature. These phenomena can occur in natural granular 

soils (e.g. sand, silt) and are usually associated with human induced activities, such as in-situ soil 

improvement processes, military high-explosive tests, laboratory experiments, accidental 

explosions, and terrorist attacks (Ivanov, 1967; Fragaszy and Voss, 1981, 1986; Dowding and 

Hryciw, 1986; Charlie et al., 1988, 1996, 2013; Veyera and Charlie, 1990; Bolton et al. 1994; 

Veyera et al. 2002; Ashford et al. 2004; Al-Qasimi et al. 2005; Charlie and Doehring, 2007). Due 

to the complex interactions among the constituent phases of soils in the course of liquefaction 

caused by blasting, such problems have been conventionally described over decades by 

developing empirical relationships for particular types of soils at given sites (e.g. Charlie et al. 

1996, 2013; Ashford et al. 2004; Al-Qasimi et al. 2005). Despite the substantial amount of time 

and financial costs as well as safety concerns, the test results are only site-specific and limited in 

applicability to different cases. 

Furthermore, it has long been recognized that mining geotechnical structures constructed of 

man-made granular soils, such as tailings impoundments, fresh cemented and uncemented 

tailings backfill (paste and hydraulic backfill (PB and HB)), also present the risk of liquefaction 

caused by mine blast routines. Liquefaction of tailings backfills could result in breach of their 

retaining structures, and thus cause casualties and loss of mine production (Ferdosi et al., 2015). 

However, previous research work on the liquefaction susceptibility of these man-made granular 

soils have mainly focused only on that caused by seismic loading (Aref, 1988; Le Roux, 2004; 

Saebimoghaddam, 2010; Ferdosi et al., 2015), and thus liquefaction caused by blasting has yet to 

be thoroughly examined. 

In recent years, there has been growing interest in the modelling of soil response under blast 

loading (e.g. Awad, 1990; Wang and Lu, 2003; Grujicic et al., 2006; An et al., 2011; Higgins et 

al., 2013; Feldgun et al., 2014; Busch et al., 2016). In addition to the benefits of overcoming the 

costs and safety issues associated with physical testing, modelling has also provided more salient 

insights into the problems of blast wave-soil interactions (e.g. Wang and Lu, 2003). However, 

studies on the mathematical modelling of blast-induced liquefaction are extremely rare.  
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According to Wang et al. (2008), blast-induced liquefaction has pronounced differences 

with that caused by earthquakes. In fact, in the course of a blast event, the fluid phase(s) 

entrapped will simultaneously deform with the soil skeleton in a highly nonlinear manner under 

high pressure, thus providing additional resistance which could be even more significant than 

that of the matrix for the material when subjected to blast loading. This can be attributed to the 

hypothesis that interstitial fluids with even higher stiffness are not able to drain during the 

instantaneous loading condition (Wang and Lu, 2003; Wang et al. 2004a, 2004b; Grujicic et al. 

2008a; An et al. 2011). Furthermore, with transient blast loading, the strain-rate effect should be 

considered as a crucial factor on the stiffness, strength and other mechanical behaviours of the 

material (Casagrande and Shannon, 1948; Whitman, 1970; Prapaharan et al. 1989; Bolton et al. 

1994). Therefore, as blast events generally involve processes with large deformations and high 

strain rates, a rational soil model for blast loading should include the following: an equation of 

state (EOS) to account for the effect of high pressure, a failure model to delineate the yield 

behaviour, as well as a strength model to incorporate the strain-rate effect (Grujicic et al., 2008a). 

As for the mechanism for modelling blast-induced liquefaction, Fragaszy and Voss (1981, 

1986) verified that the volumetric hysteresis of saturated soil during compressive 

loading/unloading can lead to residual excess pore pressure. One way of incorporating such a 

hysteresis effect is to use different pressure-volume relationships (Bloom, 2006), and this method 

has been adopted in Lee (2006) and Wang et al. (2008, 2011) for capturing soil liquefaction 

under blast loading. However, these studies have employed Mohr-Coulomb type of yield criteria 

that would result in unrealistic dilation (Bloom, 2006), thus have been shown to underestimate 

pore pressure caused by blasting (Lee, 2006). 

Another effective approach to simulating the volumetric hysteresis is to use a cap yield 

criterion (Nelson et al. 1971; Chen and Baladi, 1985; Merkle and Dass, 1985; Bloom, 2006). Cap 

models have been employed to simulate blast response of soils by Awad (1990), Ghassemi et al. 

(2010) and An et al. (2011). Nevertheless, only unsaturated soils have been studied in An et al. 

(2011), while the strain-rate effect and compaction of water during blasting of saturated soils 

have not been considered in the other studies.  

Therefore, no model is available at present that captures the blast-induced liquefaction 

within a rigorous scheme. Despite its theoretical feasibility, the effectiveness of a cap model in 

simulating blast-induced liquefaction also needs to be further examined. A brief summary and 
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comparison of previous research work on simulating the pore pressure response of soils during 

blast loading are presented in Table 4.12. 

 

Table 4.12 Summary and comparison of soil models for pore pressure response during blast 

loading 

Source Material stiffness Failure 
model Strength model Source of hysteresis 

deformation Additional comments 

Busch et al. 
(2016); Lee 

(2006) 

Soil stiffness is 
modified to 

include pressure 
dependence 

Modified 
Mohr-

Coulomb 
model 

Duvaut-Lions 
viscoplasticity model 

Modified Mohr-
Coulomb model 
could result in 

unrealistic dilation 

Underestimate pore water 
pressure due to dilation 

induced by Mohr-Coulomb 
type of model 

An et al. (2011) Mie-Grüneisen 
EOS  Cap model Viscoplasticity of the 

Perzyna type Cap model Has not been applied to 
liquefaction 

Ghassemi et al. 
(2010); Awad 

(1990) 

Soil stiffness is 
modified to 

include pressure 
dependence 

Cap model Not included Cap model Generalized Biot’s 
formulation 

Wang et al. 
(2008) 

Lyakhov model of 
soil as a three-
phase medium 

Drucker-
Prager model 

Modify the yield 
strength in 

accordance with 
Prapaharan et al. 

(1989) 

Damage model 

Suffer the inadequacies of 
Drucker-Prager model; 

uncertainty in capturing strain 
rate-effect 

Kim and Blouin 
(1984) Bilinear model 

No explicit 
yield 

condition 
Not included 

Different loading 
and unloading 

moduli 

Generalized Biot’s 
formulation; suffer the 

inadequacies of bilinear 
model (Bloom, 2006) 

 

The aim of the study is to demonstrate the validity of cap model for simulating blast-

induced liquefaction in saturated granular porous media, such as natural and man-made soils. 

Recently, the authors have developed a viscoplastic cap model to describe the blast response of 

porous media (Lu and Fall, 2016, 2017), and it satisfies all three required components (i.e. EOS, 

failure and strength model) for modelling blast loading. This model is modified in the current 

study for simulating blast-induced liquefaction, and it is validated against liquefaction tests on 

natural granular soils (sand and silt). Meanwhile, given the correlation between grain size 

distribution (GSD) and liquefaction susceptibility (Ishihara, 1993), the model is then validated 

against liquefaction tests in a backfill deposit of tailings as a typical man-made granular soil with 

similar GSD to sand and silt. Therefore, the proposed model can also be generalized to capture 

the liquefaction of early-age tailings backfills (e.g. HB, PB) in a saturated state caused by 

production blasts which is one primary concern in backfilling operation of underground mining. 

 

4.4.2 Mechanism of blast-induced liquefaction 

For saturated loose materials, such as sandy and silty soils, the volume reduction caused by 
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should be considered. 

 

4.4.3 Formulation of model for simulating blast-induced liquefaction of granular porous 
media 

4.4.3.1 Introduction 

The viscoplastic cap model in Lu and Fall (2016, 2017) is adopted as the benchmark model 

for simulating the blast-induced liquefaction of granular porous media. It can account for the 

effects of high-rate impacts as the model takes viscosity into consideration, captures the 

nonlinearity in volumetric deformation with an equation of state, and also addresses the 

hysteresis effect with a cap model. In fact, this type of model has been proven effective for 

various geomaterials under high rate and high pressure conditions (e.g. Katona, 1984; Simo et al. 

1988; Tong and Tuan, 2007; An et al. 2011; Aráoz and Luccioni, 2015). The formulation of the 

viscoplastic cap model is briefly introduced in this section. Then, the model is modified by 

rationally incorporating the compressibility of pore fluid to capture the pore pressure response in 

the undrained dynamic condition. Finally, the developed model is implemented into commercial 

software, COMSOL Multiphysics (COMSOL AB, Stockholm, Sweden). The model is applied to 

perform transient response analyses of soils subjected to time-dependent excitation that is 

explicitly defined in the time domain, and the problems are solved in the software using the 

Newton–Raphson algorithm with a Backward Euler method. 

 

4.4.3.2 Perzyna type of viscoplastic formulation 

It has been demonstrated that the strain rate has a significant effect on the stiffness and 

strength of various materials. However, very few efforts have been made to explicitly account for 

the effect of high strain rates on loose materials during blasting. A three-phase soil model (Wang 

et al. 2004a) and the work of Xu and Zhang (2015) have accounted for the stiffness or/and 

strength enhancement of soil under blast shocks with a phenomenological method. Alternatively, 

to take the effects of high strain rates into account for both strength and stiffness, formulations of 

viscosity have been integrated with conventional plasticity, resulting in the so called 

viscoplasticity. There are two popular viscoplastic models that are used to account for high strain 

rates in the literature, namely, the viscoplastic formulation of the Duvaut-Lions type (e.g. Simo et 

al. 1988; Schwer, 1994; Murray and Lewis, 1995; Motamedi and Foster, 2015) and Perzyna type 
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(e.g. Katona, 1984; Simo et al. 1988; Tong and Tuan, 2007; An et al. 2011; Higgins et al. 2013; 

Aráoz and Luccioni, 2015). 

The Perzyna type of viscoplastic formulation (Perzyna, 1966) is adopted in current study to 

represent the rate-dependence in the material behaviour. As is conventional in mechanics, the 

total strain rate vectorε& can be decomposed into an elastic part eε& and a viscoplastic (inelastic) 

part vpε& as 

 e vp= +ε ε ε& & &   (4.76) 

The elastic strain rate is independent of viscosity and can be obtained as 

 1e −=ε D σ& &   (4.77) 

where σ&  is the stress rate tensor, and D the elastic stiffness matrix. 

For the viscoplastic strain rate, the viscoplastic flow rule is generally expressed as: 

 ( )vp ffη φ
∂

=
∂

ε
σ

&   (4.78) 

whereη is a fluidity parameter;  is the Macaulay bracket; f is the yield function and will be 

introduced in the following subsection; and ( )fφ is a dimensionless scaling function 

conventionally defined as (e.g. Katona, 1984; Tong and Tuan, 2007): 
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f

φ
 
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  (4.79) 

where N is the exponent and f0 is a normalizing constant with the same unit as f. The associated 

flow rule has been conventionally employed in Perzyna type of viscoplasticity (Perzyna, 1966), 

and it has been verified by Katona (1984), Simo et al. (1986), Tong and Tuan (2007) and An et 

al. (2011) for simulating material behaviour under impact and blast loading. The function ( )fφ is 

used here to quantify the overstress, i.e., the distance between the viscoplastic stress state and the 

yield surface, in accordance with the overstress theory of Perzyna (1966). According to Equation 

(4.78), the material response will be purely elastic when η → 0, and simply corresponds to 

inviscid plasticity when η → ∞ . 

 

4.4.3.3 Modified plastic cap model 

The plastic cap model is adopted in this study to capture the yield behaviour of granular 

porous media. This type of model can avoid the unreasonable strength development under 
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increasing pressure and excessive dilation associated with a Mohr-Coulomb type criterion, and it 

has far less model parameters to calibrate than bounding surface plasticity (Lu and Fall, 2016). 

The yield surface defined by the plastic cap model generally has two parts: a fixed ultimate 

failure envelope and a strain-hardening elliptical cap (see Figure 4.28). However, traditional cap 

models suffer from the numerical difficulties of singular corners, and these are located at the 

intersection of the shear failure envelope and hardening cap, where the former has a positive 

tangent while the latter has a horizontal slope at the singularity point. As a result, the flow 

direction at the intersection is indeterminate, which means that there is numerical instability, and 

a significant amount of time will be required for iteration (Ferdosi et al. 2015). To address this 

problem, Schwer and Murray (1994) provided a model that smooths the intersection of the shear 

failure envelope and strain-hardening surface called the continuous surface cap model (CSCM, 

see Figure 4.28). The CSCM has been widely adopted to date, for example, in work by Murray 

and Lewis (1995), Murray (2007), Aráoz and Luccioni (2015), and Motamedi and Foster (2015). 

However, in the CSCM, the product of a monotonically increasing shear yield function and a 

decreasing cap function with respect to I1 would imply that the size and shape of the cap vary. 

This means the ratio of the major to the minor axis of the elliptical cap (coefficient R) will be 

variant and different from the R value specified by the modeller during the hardening process. 

Besides, the shear yield portion of the envelope might be too large and the actual cap portion 

could be too small due to the transition strategy. Therefore, the volumetric dilation/compaction of 

materials may not be effectively controlled with the use of the CSCM. 
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where translation of ( )X κ  can be expressed with a logarithmic hardening law as 

 
0( ) (1 / ) ln 1

p
kkX D X

W
ε

κ
 

= − ⋅ − + 
 

  (4.83) 

where constant W denotes the maximum volumetric plastic strain that the material can undergo, 

D is a shape parameter of the volume-pressure curve, and X0 is the initial vertex of the hardening 

cap. These parameters can be acquired from isotropic compression tests. Then, ( )L κ  can be 

determined by enforcing continuity of the entire yield envelope: 

 ( )
1

X R k
R

κ
κ

α
− ⋅

=
+ ⋅

  (4.84) 

and 

 0

0

( )
otherwise

L
κ κ κ

κ
κ

>
= 


  (4.85) 

where 0κ  is the onset of the cap.  

A conceptual comparison between the shape of the original cap model, continuous surface 

cap model and the cap model used in the study are presented in Figure 4.28, and the parameters 

used for the shear and cap envelopes are the same for the three different models in this example. 

The hardening cap is not fixed in the stress space, and it can expand or contract with the 

plastic volumetric strain. For instance, during initial compaction, the cap expands as p
k kε  

develops. Then, when the stress state lies the shear failure envelope, dilation would occur and the 

decrease in p
k kε would thus cause the shrinkage and movement of the cap back against the origin. 

The dilatancy would continue until the cap reaches the stress point on the shear yield envelope. 

This condition implies the stress point becomes the joint point of the shear and the cap envelopes 

where the plastic strain rate vector is vertical. Therefore, any cap movement that would result 

from further plastic volumetric strain is precluded, and the amount of dilatancy is controlled in a 

cap model (DiMaggio and Sandler, 1971; Gu and Lee, 2002; Bloom, 2006; Tu and Lu, 2009). 

Meanwhile, according to Chen and Baladi (1985), the volumetric hysteresis can also be 

captured by the cap model. As discussed in Section 4.4.2, the hysteresis effect is considered to be 

a key mechanism that leads to the liquefaction of saturated loose materials during blast loading, 

and it is generally attributed to two main sources (Nelson et al. 1971; Bloom, 2006). The first is 

from the yield of the material, and the second is from the different pressure-volume relations 

upon hydrostatic loading/unloading. To represent the volumetric hysteresis under blast loading, 
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al. 1976). The nonlinearity in stiffness of soil skeleton (Ks) and pore water (Kw) is determined in 

the study by using the Mie-Grüneisen EOS as (An et al., 2011): 
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  (4.86) 

where i = s or w, 0iρ is the material density; Ci0 is the p-wave velocity of the material; si is the 

slope of the shock velocity against the particle velocity curve; 0iγ is the Grüneisen parameter, v
iE  

is the internal energy per unit initial volume; 0iα  is the first order volume correction to 0iγ ; and 

/ (1 )i kk kkµ ε ε= − . 

Notably, despite a cap model is applicable to characterize the volumetric hysteresis of soil 

under blast loading, further modifications to introduce the impedance of pore fluid are required 

to capture its coupled hydro-mechanical behaviour and build-up of excess pore pressure in the 

undrained condition. As discussed, the skeleton and pore water of a saturated porous medium 

will be compressed concurrently at the same magnitude during blast loading. According to 

Naylor (1974) and Griffiths and Li (1989), the increase of pore pressure of a saturated porous 

medium in undrained condition can be determined as 

 w a kkdP K dε=   (4.87) 

where Ka represents the apparent bulk modulus of the pore fluid, and it can be obtained as 

(Naylor, 1974): 

 1 1

a w p

n n
K K K

−
= +   (4.88) 

where n is the porosity; and Kp is the bulk modulus of solid particles. 

Then, the undrained response of the saturated porous medium can be characterized by 

combining the apparent pore fluid bulk modulus and the elastic matrix of the skeleton (Naylor, 

1974; Griffiths, 1985). By considering the inelastic strain of skeleton, the modified undrained 

bulk modulus of the saturated mixture (Km) can be obtained in the study as 

 ( )e e ekk
s w s kk a kk s a kk m kke

kk

ddP dP dP K d K d K K d K d
d

ε
ε ε ε ε

ε
= + = + = + =   (4.89) 

Finally, the Poisson’s ratio mv  also needs to be modified for the undrained condition as 

(Naylor, 1974; Griffiths, 1985): 
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  (4.90) 
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where E and v are elastic modulus and Poisson’s ratio of the porous skeleton. Thus, by using 

Equations (4.86)-(4.90), the stiffness matrix of the saturated porous medium in undrained 

condition can be obtained. 

 

4.4.4 Model validation 

4.4.4.1 Introduction 

To demonstrate the validity of the developed model in simulating the response of saturated 

granular porous media (natural and man-made soils) under blast loading, particularly the build-

up of excess pore pressure or liquefaction, simulations of laboratory ramp and shock loading 

tests on sand and silt are carried out. Then, simulations of field explosion tests on sand and 

tailings are conducted respectively to show the applicability of the developed model to large 

scale experiments. 

 

4.4.4.2 Simulation of ramp loading on undrained saturated sand 

The ramp loading experiments conducted by Fragaszy and Voss (1981, 1986) on saturated 

Eniwetok sand were adopted and simulated. The tests were conducted in a triaxial cell, and the 

saturated soil samples with a height of 110 mm and a diameter of 35.6 mm were subjected to 

ramp loading with an oil pump system. In the test, the cell pressure was increased to a 

predetermined level, then returned to its initial value. The porosity of the soils was determined 

from their grain and dry densities, and was approximately 0.47. The drained compression test 

conducted prior to the ramp loading showed that the soil skeleton has a bulk modulus of 100 

MPa (Fragaszy and Voss, 1981; Wang et al. 2008). 

The configuration of the numerical model is illustrated in Figure 4.30 below. It is simulated 

by using 2D symmetry, and only vertical displacement is allowed along the symmetrical axis. 4-

node quadrilateral elements with maximum size of 1.5 mm are used in generating the mesh. A 

monitored point (M) is placed in the middle of the sample. The loading pattern is shown in 

Figure 4.31 below and is adopted from Wang et al. (2008). The pressure is assumed to increase 

to a peak within 0.1 ms, and kept constant for about 5 ms. Then the pressure is reduced to the 

initial value within 0.1 ms and stays at this level for a period of time. The pattern is determined 

through trial calculations so that there is sufficient time for the transient response to die out, and 

the steady state is reached after a few oscillations of the wave in the sample (Wang et al., 2008). 
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Two sets of experiments on Monterey sand and one on Bonny silt as found in 

Bolton et al. (1994) are adopted, and the peak pressure is 5.04 MPa (Case 1) and 7.39 MPa (Case 

2) for the sand, respectively, and 2.66 MPa f

the simulation are based on the experimental data in

which are listed in Tables 4.16 and 

red point in all cases are presented in Figures 

 Configuration of the numerical model for shock loading test

Material properties used in the model for shock tests on saturated sand and silt
Initial effective 

stress (MPa) 
Initial pore water 
pressure (MPa)

0.172 
0.172 
0.172 

α  
0.25 
0.25 

0.225 

170

the radial displacement is restrained, and the low

bottom of the model to ensure that waves pass out from the model

Two sets of experiments on Monterey sand and one on Bonny silt as found in 

Bolton et al. (1994) are adopted, and the peak pressure is 5.04 MPa (Case 1) and 7.39 MPa (Case 

2) for the sand, respectively, and 2.66 MPa for the silt (Case 3). 

the simulation are based on the experimental data in

and 4.17. The simulated strain and pressure time histories of the 

red point in all cases are presented in Figures 

Configuration of the numerical model for shock loading test

ties used in the model for shock tests on saturated sand and silt
Initial pore water 
pressure (MPa) 

0.35 
0.35 
0.35 

k(MPa) 
0 
0 
0 

170 

the radial displacement is restrained, and the low-reflective boundary condition is used at the 

bottom of the model to ensure that waves pass out from the model

Two sets of experiments on Monterey sand and one on Bonny silt as found in 

Bolton et al. (1994) are adopted, and the peak pressure is 5.04 MPa (Case 1) and 7.39 MPa (Case 

or the silt (Case 3). 

the simulation are based on the experimental data in Bolton et al. (1994) and 

. The simulated strain and pressure time histories of the 

red point in all cases are presented in Figures 4.36-4.38

Configuration of the numerical model for shock loading test

ties used in the model for shock tests on saturated sand and silt

 
Peak pressure 

(MPa) 
5.04  
7.39 
2.66 

R 
8 
8 
8 

 

reflective boundary condition is used at the 

bottom of the model to ensure that waves pass out from the model 

Two sets of experiments on Monterey sand and one on Bonny silt as found in 

Bolton et al. (1994) are adopted, and the peak pressure is 5.04 MPa (Case 1) and 7.39 MPa (Case 

or the silt (Case 3). The material properties used in 

Bolton et al. (1994) and 

. The simulated strain and pressure time histories of the 

4.38. 

 
Configuration of the numerical model for shock loading test

ties used in the model for shock tests on saturated sand and silt
Peak pressure Density  

(kg/m3) 
1970  
1970  
1848 

D (MPa-1) 
4×10-3 
4×10-3 
4×10-3 

reflective boundary condition is used at the 

 without reflection in the 

Two sets of experiments on Monterey sand and one on Bonny silt as found in 

Bolton et al. (1994) are adopted, and the peak pressure is 5.04 MPa (Case 1) and 7.39 MPa (Case 

The material properties used in 

Bolton et al. (1994) and Wang et al. (2008), 

. The simulated strain and pressure time histories of the 

Configuration of the numerical model for shock loading test

ties used in the model for shock tests on saturated sand and silt
 

 η (μsec-1) 

3.5×10-6 
5.2×10-6 
1.3×10-5 

 W 
 0.0011 
 0.0011 
 0.0011 

reflective boundary condition is used at the 

t reflection in the 

Two sets of experiments on Monterey sand and one on Bonny silt as found in 

Bolton et al. (1994) are adopted, and the peak pressure is 5.04 MPa (Case 1) and 7.39 MPa (Case 

The material properties used in 

Wang et al. (2008), 

. The simulated strain and pressure time histories of the 

Configuration of the numerical model for shock loading test 

ties used in the model for shock tests on saturated sand and silt 

 N 

1 
1 
1 

X0(MPa) 
1 
1 
1 

reflective boundary condition is used at the 

t reflection in the 

Two sets of experiments on Monterey sand and one on Bonny silt as found in 

Bolton et al. (1994) are adopted, and the peak pressure is 5.04 MPa (Case 1) and 7.39 MPa (Case 

The material properties used in 

Wang et al. (2008), 

. The simulated strain and pressure time histories of the 
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17 Material properties used for undrained response of saturated sand and silt in shock 

Test 

Cases 1-2 (sand) 
Case 3 (silt) 

(a)
36 Simulated loading histories of the monitoring point N in Case 

37 Simulated loading histories of the monitoring point N in

Material properties used for undrained response of saturated sand and silt in shock 

n 0sρ  
(kg/m3)

0.41 1563 
0.48 1367 

(a) 
Simulated loading histories of the monitoring point N in Case 

(a) 
Simulated loading histories of the monitoring point N in

171

Material properties used for undrained response of saturated sand and silt in shock 

tests

) 
0wρ  

(kg/m3) 
C

(m/s)
 1000 310
 1000 221

 

Simulated loading histories of the monitoring point N in Case 

time; (b) pressure

 

Simulated loading histories of the monitoring point N in

time; (b) pressure
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Material properties used for undrained response of saturated sand and silt in shock 

tests 

Cs0 
(m/s) 

Cw0 
(m/s) 

310 1460 1.64
221 1460 1.64

Simulated loading histories of the monitoring point N in Case 

time; (b) pressure-time 

 

Simulated loading histories of the monitoring point N in

time; (b) pressure-time 

 

Material properties used for undrained response of saturated sand and silt in shock 

ss sw 0sγ  

1.64 2 0.11
1.64 2 0.11

(b)
Simulated loading histories of the monitoring point N in Case 

 

Simulated loading histories of the monitoring point N in Case 

 

Material properties used for undrained response of saturated sand and silt in shock 

0sγ  0wγ  v 

0.11 0.6 0.33 
0.11 0.6 0.33 

(b) 
Simulated loading histories of the monitoring point N in Case 1 (sand): (a) strain

(b) 
Case 2 (sand): (a) strain

Material properties used for undrained response of saturated sand and silt in shock 

Kp 
(GPa) 

 54 
 54 

 

(sand): (a) strain-

(sand): (a) strain-
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Figure 

borne by the pore water during the shock impact, while in contrast, the resistance of the soil 

skeleton to the imposing load is insignificant. After the passage of the stress waves, the ela

strain of soils would recover, while the pore pressure is still above its initial value due to the 

hysteresis effect. Figures 

after unloading, and it is responsible for the build

caused by blast loading. 

experimental data in Table 

pressure over initial mean effective

they are also consistent to the experimental results.

with experimental data in Figure 

 

Figure 4.38 Simulated loading histories of the monitoring point N in Case 

 

As can be observed fro

borne by the pore water during the shock impact, while in contrast, the resistance of the soil 

skeleton to the imposing load is insignificant. After the passage of the stress waves, the ela

strain of soils would recover, while the pore pressure is still above its initial value due to the 

hysteresis effect. Figures 

after unloading, and it is responsible for the build

caused by blast loading. 

experimental data in Table 

pressure over initial mean effective

they are also consistent to the experimental results.

 

Table 4.18

Case 1 
Case 2 
Case 3 
Case 1A (
Case 1B (

 

The simulated pore pressure histories of saturated sand in shock loading tests are compared 

with experimental data in Figure 

(a)
Simulated loading histories of the monitoring point N in Case 

As can be observed fro

borne by the pore water during the shock impact, while in contrast, the resistance of the soil 

skeleton to the imposing load is insignificant. After the passage of the stress waves, the ela

strain of soils would recover, while the pore pressure is still above its initial value due to the 

hysteresis effect. Figures 

after unloading, and it is responsible for the build

caused by blast loading. 

experimental data in Table 

pressure over initial mean effective

they are also consistent to the experimental results.

18 Comparison between simulated and experimental results for shock tests on the 

Test 

 (sand) 
 (sand) 
 (silt) 
A (0.75 ms) 
B (1 ms) 

The simulated pore pressure histories of saturated sand in shock loading tests are compared 

with experimental data in Figure 

(a) 
Simulated loading histories of the monitoring point N in Case 

As can be observed from Figures 

borne by the pore water during the shock impact, while in contrast, the resistance of the soil 

skeleton to the imposing load is insignificant. After the passage of the stress waves, the ela

strain of soils would recover, while the pore pressure is still above its initial value due to the 

hysteresis effect. Figures 4.36(a)-4.38

after unloading, and it is responsible for the build

caused by blast loading. Details of simulated results are 

experimental data in Table 4.18, where PPR is defined as the ratio of residual excess pore 

pressure over initial mean effective stress according to 

they are also consistent to the experimental results.

Comparison between simulated and experimental results for shock tests on the 

Peak p.w.p. change (MPa)
Tested Simulated
4.52 
6.87 
2.13 

/ 
/ 

The simulated pore pressure histories of saturated sand in shock loading tests are compared 

with experimental data in Figure 4.39
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Simulated loading histories of the monitoring point N in Case 

(b) pressure

m Figures 4.36(b)-

borne by the pore water during the shock impact, while in contrast, the resistance of the soil 

skeleton to the imposing load is insignificant. After the passage of the stress waves, the ela

strain of soils would recover, while the pore pressure is still above its initial value due to the 

4.38(a) also show that there is irrecoverable volumetric strain 

after unloading, and it is responsible for the build

Details of simulated results are 

, where PPR is defined as the ratio of residual excess pore 

stress according to 

they are also consistent to the experimental results.

Comparison between simulated and experimental results for shock tests on the 

saturated sand and silt
Peak p.w.p. change (MPa) 

Simulated 
4.20 
6.50 
1.81 
4.25 
4.29 

The simulated pore pressure histories of saturated sand in shock loading tests are compared 

4.39, while those for silt are not available. As 

172 

Simulated loading histories of the monitoring point N in Case 

(b) pressure-time 

-4.38(b), the majority of the applied pressure is 

borne by the pore water during the shock impact, while in contrast, the resistance of the soil 

skeleton to the imposing load is insignificant. After the passage of the stress waves, the ela

strain of soils would recover, while the pore pressure is still above its initial value due to the 

also show that there is irrecoverable volumetric strain 

after unloading, and it is responsible for the build-up of residual excess pore water pressure 

Details of simulated results are 

, where PPR is defined as the ratio of residual excess pore 

stress according to Bolton et al. (

they are also consistent to the experimental results. 

Comparison between simulated and experimental results for shock tests on the 

aturated sand and silt 
Residual p.w.p. 

Tested 
436 
548 
415 

/ 
/ 

The simulated pore pressure histories of saturated sand in shock loading tests are compared 

, while those for silt are not available. As 

Simulated loading histories of the monitoring point N in Case 

, the majority of the applied pressure is 

borne by the pore water during the shock impact, while in contrast, the resistance of the soil 

skeleton to the imposing load is insignificant. After the passage of the stress waves, the ela

strain of soils would recover, while the pore pressure is still above its initial value due to the 

also show that there is irrecoverable volumetric strain 

up of residual excess pore water pressure 

Details of simulated results are summarized

, where PPR is defined as the ratio of residual excess pore 

Bolton et al. (1994

Comparison between simulated and experimental results for shock tests on the 

 
Residual p.w.p. (kPa) 

Simulated 
437 
547 
417 
484 
526 

The simulated pore pressure histories of saturated sand in shock loading tests are compared 

, while those for silt are not available. As 

(b) 
Simulated loading histories of the monitoring point N in Case 3 (silt): (a) strain

, the majority of the applied pressure is 

borne by the pore water during the shock impact, while in contrast, the resistance of the soil 

skeleton to the imposing load is insignificant. After the passage of the stress waves, the ela

strain of soils would recover, while the pore pressure is still above its initial value due to the 

also show that there is irrecoverable volumetric strain 

up of residual excess pore water pressure 

summarized and compared with 

, where PPR is defined as the ratio of residual excess pore 

1994), and it has shown that 

Comparison between simulated and experimental results for shock tests on the 

PPR 
Tested Simulated
0.50 
1.15 
0.38 

/ 
/ 

The simulated pore pressure histories of saturated sand in shock loading tests are compared 

, while those for silt are not available. As can be observed, 

(silt): (a) strain-time; 

, the majority of the applied pressure is 

borne by the pore water during the shock impact, while in contrast, the resistance of the soil 

skeleton to the imposing load is insignificant. After the passage of the stress waves, the elastic 

strain of soils would recover, while the pore pressure is still above its initial value due to the 

also show that there is irrecoverable volumetric strain 

up of residual excess pore water pressure 

and compared with 

, where PPR is defined as the ratio of residual excess pore 

), and it has shown that 

Comparison between simulated and experimental results for shock tests on the 

 
Simulated 

0.51 
1.14 
0.39 
0.78 
1.02 

The simulated pore pressure histories of saturated sand in shock loading tests are compared 

can be observed, 

 

time; 

, the majority of the applied pressure is 

borne by the pore water during the shock impact, while in contrast, the resistance of the soil 

stic 

strain of soils would recover, while the pore pressure is still above its initial value due to the 

also show that there is irrecoverable volumetric strain 

up of residual excess pore water pressure 

and compared with 

, where PPR is defined as the ratio of residual excess pore 

), and it has shown that 

The simulated pore pressure histories of saturated sand in shock loading tests are compared 

can be observed, 
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residual values of pore pressure.
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unloading stages is increased from 0.5 ms to 0.75 ms (Case 1A) and 1 ms (Case 1B), 

respectively, and model parameters remain the same. The simulated pressure time histor

same monitoring point are presented in Figure 

listed in Table 

 

there is also good agreement between simulation and experimental results in terms of peak and 
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Therefore, it can be concluded that the developed model is also able to characterize the 

behaviours of saturated sand and silt subjected to shock loading, and the response of 

water pressure can be reasonably captured as well.

To examine the effect of viscosity in the model for capturing the strain rate effect, the soil 

response with two different loading patterns is also reproduced for Case 1. Specifically, the peak 

pressure of each test is kept the same (5.04 MPa), while the duration of the loading and 

unloading stages is increased from 0.5 ms to 0.75 ms (Case 1A) and 1 ms (Case 1B), 

respectively, and model parameters remain the same. The simulated pressure time histor

same monitoring point are presented in Figure 

listed in Table 

 

there is also good agreement between simulation and experimental results in terms of peak and 

residual values of pore pressure.

 Comparison between simulated and mea

Therefore, it can be concluded that the developed model is also able to characterize the 

s of saturated sand and silt subjected to shock loading, and the response of 

water pressure can be reasonably captured as well.

To examine the effect of viscosity in the model for capturing the strain rate effect, the soil 

response with two different loading patterns is also reproduced for Case 1. Specifically, the peak 

essure of each test is kept the same (5.04 MPa), while the duration of the loading and 

unloading stages is increased from 0.5 ms to 0.75 ms (Case 1A) and 1 ms (Case 1B), 

respectively, and model parameters remain the same. The simulated pressure time histor

same monitoring point are presented in Figure 

listed in Table 4.18. 

there is also good agreement between simulation and experimental results in terms of peak and 

residual values of pore pressure. 

(a) 
Comparison between simulated and mea

shock tests: (a) Case 

Therefore, it can be concluded that the developed model is also able to characterize the 

s of saturated sand and silt subjected to shock loading, and the response of 

water pressure can be reasonably captured as well.

To examine the effect of viscosity in the model for capturing the strain rate effect, the soil 

response with two different loading patterns is also reproduced for Case 1. Specifically, the peak 

essure of each test is kept the same (5.04 MPa), while the duration of the loading and 

unloading stages is increased from 0.5 ms to 0.75 ms (Case 1A) and 1 ms (Case 1B), 

respectively, and model parameters remain the same. The simulated pressure time histor

same monitoring point are presented in Figure 

173

there is also good agreement between simulation and experimental results in terms of peak and 

 

Comparison between simulated and mea

shock tests: (a) Case 

Therefore, it can be concluded that the developed model is also able to characterize the 

s of saturated sand and silt subjected to shock loading, and the response of 

water pressure can be reasonably captured as well.

To examine the effect of viscosity in the model for capturing the strain rate effect, the soil 

response with two different loading patterns is also reproduced for Case 1. Specifically, the peak 

essure of each test is kept the same (5.04 MPa), while the duration of the loading and 

unloading stages is increased from 0.5 ms to 0.75 ms (Case 1A) and 1 ms (Case 1B), 

respectively, and model parameters remain the same. The simulated pressure time histor

same monitoring point are presented in Figure 4.40
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Comparison between simulated and measured pore pressure response of sand in the 

shock tests: (a) Case 1; (b) Case 

Therefore, it can be concluded that the developed model is also able to characterize the 

s of saturated sand and silt subjected to shock loading, and the response of 

water pressure can be reasonably captured as well. 

To examine the effect of viscosity in the model for capturing the strain rate effect, the soil 

response with two different loading patterns is also reproduced for Case 1. Specifically, the peak 

essure of each test is kept the same (5.04 MPa), while the duration of the loading and 

unloading stages is increased from 0.5 ms to 0.75 ms (Case 1A) and 1 ms (Case 1B), 

respectively, and model parameters remain the same. The simulated pressure time histor

4.40, and details obtained from those curves are 

there is also good agreement between simulation and experimental results in terms of peak and 

sured pore pressure response of sand in the 

; (b) Case 2 

Therefore, it can be concluded that the developed model is also able to characterize the 

s of saturated sand and silt subjected to shock loading, and the response of 

To examine the effect of viscosity in the model for capturing the strain rate effect, the soil 

response with two different loading patterns is also reproduced for Case 1. Specifically, the peak 

essure of each test is kept the same (5.04 MPa), while the duration of the loading and 

unloading stages is increased from 0.5 ms to 0.75 ms (Case 1A) and 1 ms (Case 1B), 

respectively, and model parameters remain the same. The simulated pressure time histor

, and details obtained from those curves are 

there is also good agreement between simulation and experimental results in terms of peak and 

(b) 
sured pore pressure response of sand in the 

Therefore, it can be concluded that the developed model is also able to characterize the 

s of saturated sand and silt subjected to shock loading, and the response of 

To examine the effect of viscosity in the model for capturing the strain rate effect, the soil 

response with two different loading patterns is also reproduced for Case 1. Specifically, the peak 

essure of each test is kept the same (5.04 MPa), while the duration of the loading and 

unloading stages is increased from 0.5 ms to 0.75 ms (Case 1A) and 1 ms (Case 1B), 

respectively, and model parameters remain the same. The simulated pressure time histor

, and details obtained from those curves are 

there is also good agreement between simulation and experimental results in terms of peak and 

 

sured pore pressure response of sand in the 
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To examine the effect of viscosity in the model for capturing the strain rate effect, the soil 
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unloading stages is increased from 0.5 ms to 0.75 ms (Case 1A) and 1 ms (Case 1B), 
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decreased. This is because a shorter duration to reach the same stress magnitude would provide 

less time for inelastic volumetric strain 

lower for a higher loading rate. In other words, a saturated soil is less prone to be liquefied by 

shock loadings with higher strain rates as is indicated by the PPR values shown in Table 

Noticea

experimental studies by Yamamuro and Lade (1993) and Sheahan et al. (1996), where saturated 

soils were found to be less compressive and develop less pore pressure with incr

rates. In fact, the development of irrecoverable volumetric deformation in soils is related to pore 

crushing and particle rearrangement. At high loading rates, there is not sufficient time for these 

irreversible processes to take place, and 

pressure would be decreased (Yamamuro and Lade, 1993). By utilizing viscoplasticity, the 

discussed effect of an increased strain rate on reducing irrecoverable soil compaction and pore 

pressure can be ca

rate on pore pressure response presented by the soil model for blast

Wang et al. (2008) is not deterministic, or even opposite to these experimental ob

4.4.4.4

documented in Charlie et al. (2013) is adopted. The profile of the
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As can be observed, with a more rapid loading, the peak and residual pore pressure both 
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4.4.4.4 Simulation of liquefaction in saturated sand in field explosion test

To demonstrate the validity of the proposed model for field conditions, an explosion test 

documented in Charlie et al. (2013) is adopted. The profile of the
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As can be observed, with a more rapid loading, the peak and residual pore pressure both 

decreased. This is because a shorter duration to reach the same stress magnitude would provide 
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As can be observed, with a more rapid loading, the peak and residual pore pressure both 

decreased. This is because a shorter duration to reach the same stress magnitude would provide 

to develop, thus the irrecoverable deformation will be 

lower for a higher loading rate. In other words, a saturated soil is less prone to be liquefied by 

shock loadings with higher strain rates as is indicated by the PPR values shown in Table 

bly, this phenomenon observed from simulation results of the model is consistent to 

experimental studies by Yamamuro and Lade (1993) and Sheahan et al. (1996), where saturated 
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4.4.4.5 Simulation of liquefaction in a tailings deposit by field explosion test 

Typical man-made granular soils include tailings. As widely used waste management 

technologies in contemporary mining industry, they are disposed in underground mine cavities 

(stopes) in the form of cemented or uncemented HB and PB, or stored at the mine surface in 

tailings impoundments (Landriault, 2001). The tailings from hard rock mines stored in the 

impoundments mainly constitute of loose to medium dense silty sands and sandy silts. They 
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(Robertson et al. 2000; Al-Qasimi et al. 2005) is also shown in Figure 4.45, and it lies in the 
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volumetric hysteresis that contributes to excess pore pressure with a cap model. To address the 

generation of excess pore pressure during blast loading, the stiffness matrix of the saturated 

mixture is modified by incorporating a pressure-dependent compressibility of pore fluid in the 

undrained condition. 

The proposed model is validated against laboratory and field impact tests on saturated sand 

and silt. The simulated results compare well with the experimental data in terms of the peak 

pressure, arrival time as well as the residual excess pore pressure or range of liquefaction. 

Furthermore, the growth of irrecoverable compaction obtained from the volumetric strain 

histories can explain well the build-up of residual excess pore pressure, and the process is 

consistent with the mechanism of blast-induced liquefaction. Therefore, the developed model is 

reliable in capturing the blast wave propagation and resulting liquefaction of natural granular 

soils, and the applicability of viscoplastic cap models for simulating blast-induced liquefaction is 

verified in a rigorous scheme in the study. 

Finally, given the similarity of GSDs of natural soils in the adopted liquefaction tests with 

those of tailings backfills, the proposed model is then extended to reproduce the liquefaction in 

typical tailings backfills caused by field explosion. Fairly good agreement is also found between 

simulation and experimental data. The validation results thus verify that the model can also be 

applied to capture the blast-induced liquefaction of man-made granular porous media, such as 

fresh HB and PB, and in saturated tailings impoundments as is a primary concern in underground 

mining. 
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Chapter 5.   
Practical Engineering Application of the 

Developed Multiphysics Models 
 

5.1 Introduction 

As discussed in Chapter 2, the blast operations in underground mining could pose 

significant risk to the stability of a backfill system in the field, including the backfill structure 

itself as well as its retaining structure. Thus, a reliable assessment of the response of field 

cemented tailings backfill (CTB) mass under mine blasting is essential to ensure mine safety and 

profitability. Therefore, in this chapter, the developed fundamental multiphysics models for CTB 

in Chapter 4 will be utilized to numerically investigate critical geotechnical responses of field 

CTB masses subjected to blast load. Practical engineering issues that are relevant for both 

understanding and designing CTB structures in such dynamic condition will be examined, which 

include the blast wave propagation in hydrating fill mass (Section 5.2), as well as blast-induced 

liquefaction susceptibility (Section 5.3) and stress redistribution (Section 5.4) of early-age fill 

mass. The different blast responses of field backfills are studied and evaluated in terms of their 

varied backfilling condition (including varied cement content, initial backfill temperature, curing 

time, backfilling rate, and drainage condition), stope geometry (including varied stope size and 

distance between barricade and stope) as well as blast operation (including varied proximity of 

detonation and number of blasts). The results and findings of these studies would provide useful 

insight for balancing the influence of different design parameters on the stability as well 

economy of backfill systems, thus contribute to the optimal backfill design. 
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5.2 Technical Paper 5: Modelling blast wave propagation in a subsurface 
geotechnical structure made of an evolutive porous material 
 

Published in Mechanics of Materials 108, 2017, 21-39. 

Gongda Lu, Mamadou Fall 

Abstract:  

In this study, a coupled thermo-hydro-mechanical-chemical (THMC)-viscoplastic cap model is 

employed to investigate the characteristics of blast wave propagation in backfill mass that is 

undergoing cementation under different curing conditions. The THMC model for cemented 

backfill (CB) is adopted to evaluate its behaviour and the changes in the material properties 

during the curing process, with rigorous evaluation of the coupled THMC factors. The THMC 

model is then coupled with a modified viscoplastic cap model to capture the nonlinear and rate-

dependent behaviours of CB under blast loading. All of the material properties of CB required 

for the modified viscoplastic cap model are obtained from the THMC model. To validate the 

model, experiments carried out in high columns and impact testing on hydrating cemented 

backfill, as well as blast wave propagation experiments on soil and cemented backfill are 

adopted and simulated. A good agreement is found between the experimental and simulated 

results. Finally, by applying the coupled THMC-viscoplastic cap model, the effects of curing 

time, cement content, stope (mine cavity) size, initial backfill temperature, and filling rate on 

blast wave propagation in backfill mass are investigated. The obtained results provide new 

insight into blast wave propagation in fill mass under field curing conditions. 

 

KEY WORDS: Geotechnical materials; Paste backfill; Tailings; Blast; THMC; Constitutive 

model; Concrete 
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5.2.1 Introduction 

Cemented (tailings) backfill (CB) is a granular man-made soil that undergoes cementation. 

CB consists of a mixture of dewatered mine tailings (fine aggregates), binder additives (e.g. 

Portland cement, fly ash, slag, etc.), and water. It is extensively used to fill underground mined 

out voids (stopes), since it can provide a safe subsurface environment for mine workers, enable 

the disposal of mine waste in a more eco-friendly way, and at the same time, enhance ore 

recovery (Grice, 1998; Klein and Simon, 2006; Ghirian and Fall, 2014; Doherty, 2015). Despite 

that most research works have focused on the quasi-static mechanical behaviour of CB (Kesimal 

et al., 2005; Klein and Simon, 2006; Yilmaz et al., 2009; Helinski et al. 2010; Abdul-Hussain 

and Fall, 2012; Ghirian and Fall, 2013; Walske 2014; etc.), an understanding of blast wave 

propagation in backfilled stopes is also important, because production blasting is now routinely 

used in modern mining operations. 

CB starts to change once it is placed in the field, and the changes are not only due to the 

chemical (C) process of cement hydration, but also thermal (T), hydraulic (H), and mechanical 

(M) processes as well as their mutual interactions (Ghirian and Fall, 2013, 2014). When 

subjected to mine blasting after a period of curing, the CB will experience large deformation and 

high strain rates, which is beyond the scope of conventional soil mechanics or soil dynamics. 

Therefore, the complexity of coupled THMC processes affect the material properties, and also,  

the characterization of nonlinear transient problems of blast loading is difficult, which means that 

current studies on blast wave propagation in hydrating CB structures are extremely limited. For 

example, empirical scaling laws have been proposed for the attenuation of peak particle 

acceleration and velocity in field CB mass (Aref, 1988; Mohanty et al., 1995; Le Roux, 2004; 

van Gool, 2007). Since the material properties of CB are constantly changing, on the one hand, 

the regression results in previous studies are only applicable to the backfilled stopes tested, and 

thus it becomes problematic when they are extended to different cases. On the other hand, it is 

not rational to use those empirical equations with field blast tests for CB in all curing conditions. 

van Gool (2007) and Emad et al. (2014) simulated blast wave propagation in CB structures with 

numerical models. However, the time-dependent backfill properties have not been considered, 

and the Mohr–Coulomb yield criterion is adopted, but its inadequacy for high pressure loading 

conditions (such as blasting) has been well acknowledged (Bloom, 2006). Furthermore, they 
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have not incorporated the nonlinear volume-pressure relationship and the effects of a high strain 

rate. 

Recently, a THMC model has been developed by Cui and Fall (2015) to capture the changes 

of CB properties with time under the coupled influence of the environment and intrinsic 

ingredients of the backfill. Meanwhile, a chemo-viscoplastic cap model is also developed by Lu 

and Fall (2016) to rationally describe the blast response of CB, which includes an equation of 

state (EOS) to account for the effects of high pressure, a realistic failure model to delineate the 

yield behaviour, as well as a strength model to incorporate the effects of a high strain rate. Those 

two models were then integrated, which resulted in a coupled THMC-viscoplastic cap model (Lu 

et al., 2016), and all of the material properties required to simulate the blast response of CB are 

inputted from the THMC model into viscoplastic cap model with rigorous consideration for the 

multiphysics interactions. Thus, the transient behaviour of hydrating CB under blast loading can 

be evaluated with any curing time of concern. Therefore, the coupled THMC-viscoplastic cap 

model will be adopted in this study to investigate the characteristics of blast wave propagation in 

cemented tailings backfill structures that are undergoing cementation. 

The remainder of the paper is organized as follows: the consideration and formulation of the 

coupled THMC-viscoplastic cap model for simulating the blast response of hydrating CB is 

presented in Section 5.2.2. Then, typical examples of validation of the model against laboratory 

and field experiments are provided in Section 5.2.3. Subsequently, in Section 5.2.4, the model is 

employed to simulate blast wave propagation in subsurface CB structures in various curing 

conditions, and the results are discussed. Finally, concluding remarks are presented in Section 

5.2.5. 

 

5.2.2 Formulation of coupled THMC-viscoplastic cap model for cemented backfill 

5.2.2.1 Modelling approach 

The coupled THMC model developed by Cui and Fall (2015) that determines the changes in 

cemented tailings backfill is adopted in this study, which has been proven to properly account for 

the interactions among multiple physical processes. The modified viscoplastic cap model 

developed by Lu and Fall (2016) is also adopted in this study as the constitutive law to 

characterize the behaviour of CB under blast loading. This model has been proven effective for 
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where ξ  denotes the degree of binder hydration, and uξ  the ultimate degree of hydration; τ  

represents the hydration time parameter (hours), et  denotes the equivalent age of CB at the 

reference temperature rT , β  is the hydration shape parameter, cT  is the temperature of the CB, 

/w c  is the water/cement ratio, FAX  and slagX  refer to the fractions of the corresponding 

compounds with respect to the total binder content in mass, aE  is the activation energy (J/mol), 

and aR  is the natural gas constant (8.314 J/mol/K). The solid skeleton is assumed to be 

chemically inert, and in this study, the only chemical process that can occur is the hydration of 

the binder additives. 

It should be noted that the heat exchange between CB and curing environment (surrounding 

rock) starts in the form of heat conduction once it is placed in the field, and this process will 

cause the variation of temperature distribution within CB. Consequently, due to the effect of 

temperature on rate of binder hydration (Equation 5.1), CB in the field will exhibit 

heterogeneous properties throughout the space (Nasir and Fall, 2010). Therefore, the effect of 

heterogeneity induced by the thermal interaction between CB and curing environment should be 

considered to realistically characterize the blast response of and wave propagation in subsurface 

CB structures. 

 
5.2.2.2.2 Model of mechanical equilibrium 

For the representative elementary volume (REV) of a three-phase system, the momentum 

conservation of CB can be written as: 

 ( ) ( )1 1
0s w aS S

t t
φ ρ φ ρ φ ρ∂  − + + − ∂   ∇ ⋅ + = ∂ ∂ 

σ g   (5.2) 
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where φ  is the porosity, iρ  denotes the density, subscript i  refers to an individual phase (air, 

water or solid) , S is the degree of saturation of water, and σ  is the total stress tensor which is 

expressed based on the effective stress principle as: 

 aP= ′ − ijσ σ δ   (5.3) 

The Biot’s coefficient a accounts for the compressibility of the solid particles, and is 

defined as: 

 1 b sa K K= −   (5.4) 

where bK  and sK  are the bulk modulus of the porous skeleton and solid grains, respectively. Due 

to the binder hydration process, bK  will change with time, and can be estimated by using (Cui 

and Fall, 2016): 

 0

0

( )
A

u u

E
E
ξ ξ ξ

ξ ξ
 −

=  − 
  (5.5) 

 3 5
1 2 4)( ) 0.5exp( exp( )B BB B Bν ξ ξ ξ ξ= +   (5.6) 

with 

 
3(1 2 )b

EK
v

=
−

  (5.7) 

where ( )E ξ  is the Young’s modulus at a given degree of hydration ξ ; Eu refers to the ultimate 

Young’s modulus; 0ξ denotes the reference degree of hydration below which no significant 

growth in elastic constants occurs; and A is a material constant. B1, B2, B3, B4 and B5 are the 

fitting parameters to capture the variation in the Poisson’s ratio v. 

By separating the effects of pore gas and pore water pressure (Pa and Pw), the effective 

stress principle can be extended to unsaturated conditions, and the average pore pressure P can 

be expressed as (Chen et al., 2009): 

 ( )1w aP SP S P= + −   (5.8) 

The effective stress is then obtained as: 

 ( ) e e= =′ e p T cσ D ε D ε - ε - ε - ε   (5.9) 

where De  is a fourth-order tangent elastic modulus tensor, and ε is the total strain tensor that 

consists of elastic, ε e
, plastic, pε , thermal, 

Tε , and chemical, 
cε components under the 
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principle of superposition. The components pε , 
Tε , 

cε  can be determined based on the plastic 

model, coefficient of thermal expansion Tα , and coefficient of chemical shrinkage chβ  for CB, 

respectively, which are elucidated in Cui and Fall (2015, 2016). 

 

5.2.2.2.3 Fluid flow model 

In this study, solid, water, and dry air in CB are treated as three independent overlapping 

continua within the context of the theory of mixtures. Water is the liquid phase, while dry air is 

the gaseous phase and also considered as the ideal gas. They migrate into the interconnected 

voids of solids and fill the space. Then, the mass conservation in a CB system can be 

characterized as (Cui and Fall, 2015): 
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where vε is the total volumetric strain, and sv  and riv are the phase velocity with respect to the 

Eulerian coordinate system, and the relative apparent velocity of fluids to a porous medium, 

respectively.  

hydrm&  denotes the rate of moisture consumption by the binder hydration process, and can be 

estimated by using (Cui and Fall, 2015): 
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  (5.12) 

where hc initialm − is the mass of the cement used in the recipe, and ix  is the fraction of the 

corresponding compound with respect to the total cement content in mass. 

The term riv  can be characterized with Darcy’s law, which is defined as: 

 ( ) i i
i i

i

r r gk P
µ

ρ− ∇ −=v k   (5.13) 

where k  is the intrinsic permeability tensor of the medium, the intrinsic permeability 
0 i ik K gµ ρ= , K refers to the saturated hydraulic conductivity, iµ  denotes the fluid dynamic 
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viscosity, rik  is the relative permeability of each fluid phase, and iP  is the pore fluid pressure. 

Based on Ghirian and Fall (2013), K can be written in terms of ξ  as: 

 ( )2
1expT

CK K C ξ=   (5.14) 

where TK  is the saturated hydraulic conductivity of the tailings used, with fitting constants 1C =-

8.173 and 2C =4.035 (Ghirian and Fall, 2013). 

The relative permeability rik can be evaluated by the well-known model of van Genuchten 

(1980): 
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with 
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1
1

1

1
eff m

m
c

S
aP −

=
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  (5.16) 

Abdul-Hussain and Fall (2011) investigated the time-dependent changes of the fitting 

parameters due to the hydration of CB when applying the van Genuchten (1980) model, and m 

and a are expressed as: 

 
2

5

1 3

4

f

f

m f f
a f e ξ

ξ = +


=
  (5.17) 

where the fitting constants, 1f =0.0415, 2f =4.231, 3f =0.4073, 4f =0.2103 kPa-1 and 5f =-6.921 

are calibrated from the measured data in Abdul-Hussain and Fall (2011) and Ghirian and Fall 

(2013). Then, the volumetric moisture content θ  can be calculated as: 

 ( )r eff s rSθ θ θ θ= + −   (5.18) 

where sθ  and rθ  are the saturated and residual moisture contents, respectively, and rθ  is related 

to ξ  with (Abdul-Hussain and Fall, 2011): 

 1 2exp( )r R Rθ ξ= ⋅ − ⋅   (5.19) 

where 1R  and 2R  are dimensionless and equal to 1.314 and 7.538, respectively. 

The temperature-dependence of the fluid density and dynamic viscosity can be defined by 

using the following expressions (Cui and Fall, 2015): 
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where T is the absolute temperature,  0µ =1.716×10-5 Pa·s, T0=273 K, 0c = 111 K, and Ma is the 

molar mass of air. 

 
5.2.2.2.4 Heat transfer model 

Local thermal equilibrium is imposed on the three-phase system. Since the temperature in 

CB is relatively low, the phase change of water is not considered. Therefore, only two 

mechanisms of heat transfer in CB are considered, namely, heat conduction and convection. 

Under the isothermal assumption, the energy conservation for CB can be expressed as: 

 ( ) ( )1 1s s w w a a cv cd hydr
TC S C S C Q Q Q
t

φ ρ φ ρ φ ρ
∂

 − + + −  + + =  ∂
  (5.21) 

where Ci denotes the specific heat capacity of an individual phase, cvQ  and cdQ  the amount of 

convection and conduction heat transfer respectively, and  hydrQ  is the heat released by exothermic 

binder hydration. 

Heat convection due to the migration of water and dry air is expressed as: 

 ( )rw ra
cv w w a aC TCQ ρ ρ+= ∇⋅v v   (5.22) 

The heat conduction can be evaluated with Fourier’s law by using: 

 cd effQ k T= − ∇   (5.23) 

where the effective thermal conductivity effk  of the CB is expressed as (Cui and Fall, 2015): 

 ( )eff dry eff sat dryk k S k k= + −   (5.24) 

and dryk  and satk  denote the thermal conductivity of the CB in the saturated and dry states, 

respectively. satk  can be evaluated by using (Ghirian and Fall, 2013): 

 1
sat tailings wk k kφ φ−=   (5.25) 
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where tailingsk  and wk  denote the thermal conductivity of the tailings and water, respectively. An 

analogous expression for dryk can be expressed as (Cui and Fall, 2015): 

 1
dry tailings ak k kφ φ−=   (5.26) 

where ak  is the thermal conductivity of air. 

Heat production from exothermic binder hydration can be calculated with the model in 

Schindler and Folliard (2005), which is: 
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where TH  is the total heat of hydration that can be generated by the binder hydration, cemH  

denotes the heat source from the hydration of cement, and bC  is the apparent binder density with 

respect to the total volume of the CB. 

 

5.2.2.3 Formulation of viscoplastic cap model for cemented backfill under blast loading 

5.2.2.3.1 Perzyna viscoplastic formulation 

A Perzyna viscoplastic formulation is used to capture the rate-dependence of the material 

behaviour. In the Perzyna (1966) model, the total strain rate vector ε& comprises an elastic eε& and 

a viscoplastic (inelastic) component vpε& : 

 e vp= +ε ε ε& & &   (5.28) 

The non-viscous elastic strain rate is defined as 

 1e −=ε D σ& &   (5.29) 

where σ&  is the stress rate tensor, and the elements in the stiffness matrix D can be obtained by 

using Equations (5.5)-(5.7). 

The viscoplastic strain rate is defined by: 

 ( )vp ffη φ
∂

=
∂

ε
σ

&   (5.30) 
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where η  is a fluidity parameter;  is the Macaulay bracket defined as ( )/ 2x x x= + , f is 

the yield function and will be elucidated in the next subsection, and ( )fφ  is a dimensionless 

scaling function expressed as: 

 
0

( )
N

ff
f

φ
 

=  
 

  (5.31) 

where N is the exponent and f0 is a constant with the same unit as f. The associated flow rule is 

conventionally used in the Perzyna model to capture the rate-dependent behaviour of materials 

under impact and blast loading, and the direction of vpε&  is in the outward normal direction of the 

yield surface f. 

According to Lu and Fall (2016), N and f0 can be assumed to be constant, while η will 

change as the binder hydration progresses and is expressed as: 

 1 3.51( )(s ) 48.2 ( 0.224) 0.002cfη ξ − −= ⋅ + +   (5.32) 

where fc is the unconfined compressive strength (UCS) of CB related to the binder hydration and 

will be explained in the next subsection. 

 

5.2.2.3.2 Modified viscoplastic cap model 

A viscoplastic cap model is adopted in this study to capture the yield behaviour of CB. 

Compared to a conventional Drucker-Prager or Mohr-Coulomb criterion model, this model not 

only avoids the problem of incorrect prediction of strength under extremely high pressure, but is 

also free from unrealistic dilation. Besides, its calibration process is significantly easier than 

bounding surface plasticity since it contains far fewer model parameters (Lu and Fall, 2016). 

Traditional cap models suffer from the numerical complexity caused by singularities, which 

are located at the intersection of the failure envelope with a positive slope and hardening cap 

with a horizontal slope. In order to address such singularities with relative simplicity, and also 

effectively control the volumetric dilation/compaction behaviour, a new transition approach has 

been proposed in Lu and Fall (2016), which expresses the failure envelope as: 

2
1 1 2 2 1 12

( ) [ ( , ) ( , )] / ( ) [ ( , ) ( , )] /( , , ) 2 ( )
( , ) ( , )

k X L R k X L RF I J J I I k
L L

ξ κ ξ κ ξ ξ κ ξ κ ξ
ξ ξ

κ ξ κ ξ
− − − −

= − + ⋅ −  (5.33) 
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where κ is the hardening parameter, ( , )L κ ξ  and ( , )X κ ξ  are the abscissa of the intersection of the 

cap with the failure envelope and the hydrostatic line, I1 axis, respectively, R is the ratio of the 

major axis to the minor axis of the cap, and ( )k ξ  is a Drucker-Prager parameter expressed as: 

 ( ) ( )
( )

( ) ( ) ( )
( )

2sin 6 cos
,  =

3 3 sin 3 3 sin
c

k
ϕ ξ ξ ϕ ξ

α ξ
ϕ ξ ξ

ξ
ϕ

=
+ +      

  (5.34) 

where  ( )c ξ  and ( )ϕ ξ are the cohesion and internal friction angle related to the degree of 

binder hydration by (Cui and Fall, 2016): 

 ( ) ( )2 2
311 ,M NNMc Nξ ϕ ξ ξξ ξ== +   (5.35) 

where 1M  and 2M , and 1N , 2N  and 3N  are constants obtained by least-squares approximation. 

Then, the hardening cap can be expressed as: 

 [ ] [ ]{ }1/22 2
2 1 2 2 1

1( , , , ) ( , ) ( , ) ( , )F I J J X L I L
R

κ ξ κ ξ κ ξ κ ξ= − − − −   (5.36) 

The isotropic hardening of the cap is induced by the plastic volumetric strain, p
kkε , and the 

hardening law can be defined by: 

 0( , ) (1 / ) ln 1 ( )
p

kkX D X
W
ε

κ ξ ξ
 

= − ⋅ − + 
 

  (5.37) 

where W denotes the maximum plastic volumetric strain of CB, and represents the volumetric air 

contents of CB, i.e. (1 )W Sφ= − (Chen and Baladi, 1985). Therefore, the maximum plastic 

volumetric strain will change with time with the progression of binder hydration, and can be 

obtained from the previous THMC model in Cui and Fall (2015). D is a constant shape 

parameter of the volume-pressure curve, and 0( )X ξ  is the vertex of the cap before CB is 

subjected to impact loading, which can be estimated by using (Lu and Fall, 2016): 

 0( ) (MPa) 52.9ln(0.03 0.236) 75.5cX fξ = + +   (5.38) 

and the UCS of CB can be estimated with a Mohr-Coulomb criterion: 

 
( )2 ( ) tan[45 ]
2cf c ϕ ξ

ξ= +o   (5.39) 

Then, the intersection of the cap and failure envelope can be obtained by imposing 

continuity on the yield envelope: 
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

  (5.41) 

Thus, all of the time-dependent parameters of CB in the yield envelope have been defined in 

terms of ξ . Finally, the modified cap envelope 1 2( , , , )f I J κ ξ  as a combination of 

1 1 2( , , )F I J ξ  and 2 1 2( , , , )F I J κ ξ  will replace the yield function f in Equations (5.30) and (5.31), 

and the accumulation of inelastic volumetric strain calculated by the viscous flow rule will 

determine the isotropic hardening of the cap envelope in the stress space. 

A detailed discussion on the mechanisms of how the cap model can control dilation and 

capture the volumetric hysteresis in hydrostatic loading/unloading can be found in Lu and Fall 

(2016). 

 

5.2.2.3.3 Nonlinear pressure-volume relationship (EOS) 

Under intensive loading conditions (e.g. blasting), the volume-pressure response of a 

material is typically nonlinear (Henrych, 1979). Therefore, a variable bulk modulus model will 

be employed in this study to capture this nonlinearity of CB, and is derived from a Mie- 

Grüneisen equation of state (EOS) (An et al., 2011) defined as (Lu and Fall, 2016): 

( )K ξ =
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0 0 0 0 0 22
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v
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s
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γ α µµ ξ µ µ α
µ ξ µ µ

− +
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 ++ − + + + + − + 

 (5.42) 

where 0ρ is the material density, which can be determined by tracking the loss of water via 

evaporation or drainage, and calculating the volume change of the CB in the curing process; 

0( )C ξ  is the P-wave velocity of CB at an ambient pressure and temperature, and its value can be 

determined so that the ( )K ξ  at μ=0 as obtained by Equation (5.42) equals to that provided by 

Equations (5.5)–(5.7); 0γ  is the Grüneisen parameter, Ev is the internal energy per unit initial 

volume; 0α is the first order volume correction to 0γ and often set to 0; μ=(V0/V) – 1 captures the 

volumetric deformation with V and V0 as the current and initial volumes of an element; and ( )s ξ  
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is the slope of the shock velocity vs. the particle velocity curve, which is related to the UCS by 

(Lu and Fall, 2016): 

 ( )(1) 2.06exp( 4.38 0.779) 1.5cs fξ = − + +   (5.43) 

Besides, to accommodate large deformations of CB under high pressure, an arbitrary 

Lagrangian-Eulerian (ALE) formulation is used in the proposed model for blast loading 

(COMSOL, 2009). 

 

5.2.3 Model validation 

5.2.3.1 Introduction 

Four case studies are presented in this section to validate the coupled THMC-viscoplastic 

cap model. The first case study is the simulation of tests carried out on hydrating cemented paste 

backfill (CPB, a common type of CB) in high columns, in order to demonstrate the effectiveness 

of the THMC component of the coupled model to predict the properties of CPB that change with 

time. Then, to verify the modification of the parameters that depend on the THMC processes in 

the proposed viscoplastic cap model, a set of split Hopkinson pressure bar (SHPB) tests 

performed on hydrating CPB in laboratory are simulated. Subsequently, since not all backfills 

contain cement, e.g., uncemented mine tailings backfill, and CB that is still uncemented or 

weakly cemented at the early ages, and they are similar to soil that is made up of solid particles, 

water, and air without binder hydration, a laboratory explosion test on soil is simulated to 

demonstrate the applicability of the proposed model to blast wave propagation in uncemented 

backfills. Finally, the monitored peak particle velocity (PPV) data of a stope production blast in 

CPB are used to demonstrate the validity of the proposed model in capturing wave propagation 

in hydrating backfill under field conditions. 

 

5.2.3.2 Simulation of experiments on hydrating CPB in high columns  

The experiments carried out in high columns by Ghirian and Fall (2013, 2014) on CPB are 

adopted and numerically simulated in this section. To investigate the coupled THMC processes 

of CPB during curing, they performed a variety of laboratory tests on hydrating CPB in 

insulated-undrained high columns. The columns were filled with 3 layers of backfill which were 

allowed to cure for 24 h between each lift of 0.5 m in height (delayed placement), and 
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monitoring points were placed at the middle of each lift. More details of the experimental 

program can be found in Ghirian and Fall (2013, 2014). 

The cylinder CPB columns were simulated by using axisymmetric elements with 1.5 cm in 

size, and the configuration of the model is illustrated in Figure 5.2. The delayed placement of the 

lifts in the backfill was simulated layer by layer. The initial values and boundary conditions for 

the numerical simulation are listed in Table 5.1. 

 

Table 5.1 Input parameters, boundary conditions and initial values of simulated curing processes 
 Case Study 1 Case Study 2 Case Study 4 

Cement content 4.5% 7% 10% 5% 
w/c ratio 7.6 5.55 3.88 5 

Size of specimen 0.1 m in radius, 0.5 m in 
height for each of 3 layers 

0.07 m in height, 0.011 m 
in radius 

6 m in height, 8 
m in radius 

Insulation materials    
Category Thermal insulating foam* CPVC* Rock** 

Thermal conductivity (W/(m K)) 0.024 0.1 3.6 
Heat capacity (J/(kg K)) 1400 1050 800 

Density (kg/m3) 30 1760 2000 
Mechanical module    

Top surface Free Free Free 
Lateral sides Roller Roller Roller 
Bottom side Fixed Fixed Fixed 

Volume force Gravity Gravity Gravity 
Hydraulic module    

Top surface Mass flux No flux No flux 
Lateral sides No flux No flux No flux 
Bottom side No flux No flux No flux 

Volume force Gravity Gravity Gravity 
Initial value Hydraulic head=0 Hydraulic head=0 Hydraulic head=0 

Thermal module    
Top side (°C) 20.75 25 20 

Lateral sides (°C) 20.75 25 20 
Bottom side (°C) 20.75 25 20 

Initial temperature (°C) 20.75 25 20 
* :  Properties adopted from Wypych (2012);  
** : Properties adopted from Chen et al. (2009). 
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The initial moisture content of the CPB was 28%, and fresh CPB was placed into PVC 

pipes with an internal radius of 11 mm, external radius of 12.5 mm and height of 70 mm. At 

specific curing times, the specimens were extracted from the CPVC pipes, and trimmed into 

cylinders that were 11 mm in radius and 10 mm in height. Then they were subjected to SHPB 

testing with a strain rate of 300 s-1, 500 s-1, and 750 -1, respectively. More details of the testing 

can be found in Huang (2009). 

Before simulating the response of the hydrating CPB under impact with the viscoplastic cap 

model, its material properties were determined with the THMC model beforehand. Some of the 

quasi-static data for the tested material with 5% cement can be found in Klein and Simon (2006), 

and the fitting constants in Equation (5.5) can be determined with Eu = 282.3 MPa, 0ξ =  0.09, 

and A = 36.3 (Lu and Fall, 2016); B1 = -0.2, B2 = -15000, B3 = 7, B4 = -10.98 and B5 = 0.7 from 

Equation (5.6) (Cui and Fall, 2016); ( )ϕ ξ  is assumed to be a constant and equal to 38o, and the 

fitting constants in Equation (5.35) are M1 = 0.234 MPa and M2 = 30.3 (Lu and Fall, 2016). Other 

input parameters, boundary conditions and initial values used for the numerical simulation of the 

curing process are listed in Table 5.1. 

Then, for the simulation of the SHPB tests, the time-dependent properties of CPB at the 

center of the specimen obtained by the THMC model were used in the viscoplastic cap model, i.e. 

heterogeneity due to spatially varying properties is ignored in this case, since the sample is 

sufficiently small. To simplify the modeling process, a typical loading history pattern in the 

SHPB tests on CPB (Huang, 2009; Huang et al., 2011) was used, which was also used in Lu and 

Fall (2016). Only a quarter of the specimens were modeled with axisymmetric elements of 0.5 

mm in size. Axial velocity increments were applied at the top of the specimen while the bottom 

was fixed, and the sample was not laterally confined based on the experiment configuration. 

Since the UCS and elastic modulus data are only available for CPB with 5% cement, 

empirical approaches were employed to estimate the two parameters of CPB with a cement 

content other than 5%. The UCS was determined by increasing that of CPB with 5% cement by 

the ratio of the increment in the cement content, since the strength of cementitious materials is 

generally proportional to the cement content (e.g., Yilmaz et al. 2004; Fall et al., 2008; Chian et 

al., 2011; Cihangir et al. 2012). Then, the changes in the average Young’s modulus can be 

captured with (Fall et al., 2005): 

 ( )i
cE h f=   (5.44) 
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0.9 188 
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The good agreement between the simulated and experimental results shown in Figure 5.6 

(coefficient of determination, R2=0.9) indicates that the proposed model can capture well the 

rate-dependent behaviour of CPB under impact loading. 

Therefore, as can be concluded from the previous case studies, the coupled THMC-

viscoplastic cap model is competent enough to capture the transient mechanical response of 

hydrating CPB under blast loading. 

 

5.2.3.4 Simulation of wave propagation in uncemented backfill  

To demonstrate the capability of the model to simulate blast wave propagation in 

uncemented backfills (similar to the case of CB at the early ages, when there is still no 

cementation or the cementation is weak), explosive testing on soil documented in Bergeron et al. 

(1998) was adopted and numerically simulated. Their work was also applied in Tong and Tuan 

(2007) to validate their viscoplastic cap model. 

In the explosive test, a cylindrical tank, made of a steel pipe with a thickness of 1.27 cm, 

internal diameter of 89.9 cm and height of 68.9 cm, was filled with sandy soil. Two C4 explosive 

charges, with a diameter of 6.4 cm, thickness of 2 cm, and weight of 100 grams, were placed in 

the center of the tank with a depth of burial (DOB) of 0 and 3 cm, respectively, while DOB= 0 

cm is only used for the simulation in this study. Three carbon resistor gages were installed at 

different depths in the soil to measure the shock wave speed and pressure.  

The problem was simulated with 2D axisymmetry. The confinement by the steel tank was 

simulated as a fixed boundary constraint, and the mesh size was 1 cm. As COMSOL 

Multiphysics has no built-in equation of state for explosives, a simplified pressure-time history 

of the explosives was used. It was assumed that the pressure-time history of the detonation, 

based on the results of Bergeron et al. (1998), is a triangular pulse and reaches its peak at 0.05 

ms and drops back to zero at 0.4 ms. The peak value of the pulse was obtained from the 

simulated pressure-distance relationship in Tong and Tuan (2007), and the simplified pulse with 

a peak of 32.6 MPa that corresponds to 7 cm from the charge was applied to the proposed model 

as the pressure boundary condition. The material properties used are based on the work of Tong 

and Tuan (2007) and shown in Table 5.3. The simulated attenuation of the peak pressure and 

pressure-time history of the monitored point at 11.2 cm below the charge is compared with the 

experimental data in Figures 5.7 and 5.8. 
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    As can be observed, there is good agreement between the simulated results and the test data. 

Specifically, the attenuation of blast wave has been reasonably captured by the model as is 

shown in Figure 5.7, compared with simulation of the same test by Tong and Tuan (2007). 

Besides, Figure 5.8 indicates that the model is also able to represent the propagation of shock 

wave in the soil, and both the peak value as well as the arrival time of the wave obtained from 

simulation are consistent with test data. 

Therefore, the proposed model is capable of evaluating the propagation and attenuation of blast 

waves in uncemented materials like soil and tailings. 

 
5.2.3.5 Simulation of wave propagation in field cemented backfill mass 

The monitoring of production blasts was carried out for a stope in Cannington Mine, 

Australia, which had been mined and backfilled with CPB. Based on the material properties 

provided in van Gool (2007), the backfill contained 76% solid and 4% cement, and had a quasi-

static UCS of 0.69 MPa before the blast loading. The cement content (the mass of cement over 

the mass of total solids) was calculated to be 5% and w/c was 5. This field test can be simplified 

and modeled as the detonation of a single borehole in the middle of a CPB structure with a height 

of 6 m, and the configuration of the model based on the setup in van Gool (2007) is shown in 

Figure 5.9. 

The properties of CPB were determined in the same way as outlined in Section 5.2.3.3 for 

the SHPB testing in Huang et al. (2011). The boundary conditions and initial values used for the 

simulation of the curing process with the THMC model are listed in Table 5.1. Since information 

on the curing time of CPB in the production blasts is not available, the UCS of the CPB was used 

as an indicator for the curing time. After the considered curing time, the backfill would then be 

subjected to blast loading and modelled with the viscoplastic cap model. However, as the 

structure is large in scale, the heterogeneity induced by spatially varying properties due to the 

heat generated by the cement hydration in the fill mass, and the thermal exchange between 

backfill and environment cannot be neglected. Therefore, a stored solution of the curing process 

was set as the initial condition for the next stage of blasting, and the CPB properties that are 

dependent on hydration were no longer constant in the structure. Surrounding rocks were not 

included in the blasting phase. 
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5.2.4 Numerical investigation of blast wave propagation in cementing tailings backfill 
structures 

5.2.4.1 Model configuration 

After validation of the coupled THMC-viscoplastic cap model for hydrating cemented 

backfill, the model is employed to investigate the influence of curing conditions on the blast 

wave propagation in CB structures. The curing time, binder content, stope size, initial 

temperature and filling rate are adopted as the variant parameters in the numerical investigation, 

and the details of each simulation case are listed in Table 5.4, while the configuration of the 

model is presented in Figure 5.12. 

 

Table 5.4 Conditions of CB structure in each simulation 
Case 
No. 

Binder content 
(w/c ratio) 

Stope size 
(m) 

Initial 
temperature (oC) 

Rate of 
backfilling (m/d) 

Curing time 
subjected to blasting (d) 

1 5% (7.8)  5×10 20 5 14 
2 5% (7.8) 5×10 20 5 28 
3 5% (7.8) 5×10 20 5 60 
4 2% (19.4) 5×10 20 5 28 
5 10% (3.9) 5×10 20 5 28 
6 5% (7.8) 5×20 20 5 28 
7 5% (7.8) 5×10 2 5 28 
8 5% (7.8) 5×10 35 5 28 
9 5% (7.8) 5×10 20 2.5 28 
10 5% (7.8) 5×10 20 10 28 
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detonation of explosive columns (see Figure 5.12), which are more common in production blasts 

(van Gool, 2007). Although delay intervals between detonations of explosives are commonly 

used to reduce ground vibration and enhance fragmentation, no delay sequence of detonation is 

used in this study for simplification purposes, and the pulse profile is the same as that provided 

in Figure 5.10. The mesh elements were 2.5 cm in size, and a low-reflecting boundary was 

applied at the far end of the model to avoid the effects of wave reflection. The bottom of the CPB 

structure was set as a roller boundary condition and the top was set as a free boundary condition. 

To investigate the attenuation of PPV and peak pressure in the direction of wave 

propagation, monitoring points were placed at the mid-height of the structure (H=10 m for Case 

6 and H=5 m for the others), and the interval is 0.1 m within 0.5 m of the boundary load and 0.5 

m further out. Moreover, to understand the variation of PPV and peak pressure due to the 

heterogeneous properties of CB, monitoring points were also placed at the mid-width in the 

vertical direction with an interval of 2 m for Case 6 and 1 m for the others. Besides, to more 

easily interpret the simulated results, the PPV at the monitored points was normalized to the 

maximum PPV at the incident boundary, and accordingly, the peak pressure was normalized to 

the maximum peak pressure obtained at the incident boundary among all of the cases. The results 

of the numerical simulation for PPV and peak pressure in both directions are presented and 

discussed in the next section.  

 

5.2.4.2 Discussion 

5.2.4.2.1 Effect of curing time 

The variations of the peak pressure and PPV in the CB structure with different curing times 

are presented in Figure 5.13. As shown in the figure, CB cured for a longer period of time shows 

a higher peak pressure and PPV than the early age CB at all monitored locations. This is 

primarily because CB has a higher degree of cement hydration as the curing time is increased, 

and thus more hydration products are generated (Yilmaz et al. 2015; Fall et al., 2010; Cihangir et 

al. 2012; Walske 2014). This reduces the pore space between the tailings particles and causes 

significant refinement of the microstructure of CB, which in turn, contributes to the improvement 

of the mechanical properties (e.g., increase in stiffness) (Klein and Simon, 2006; Yilmaz et al. 

2009). This argument with respect to the improvement of the mechanical properties, particularly 

increase in stiffness as the curing time is increased, is supported by the results of the simulation 
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of the changes in the bulk modulus and its distribution in the CB structure as presented in Figure 

5.14 for Cases 1 (CB structure after 14 days of curing) and 2 (CB structure after 28 days of 

curing). 

As can be observed, the shorter curing time (or lower degree of hydration) means that the 

bulk modulus in Case 1 is significantly lower than that in Case 2. As well, the bulk modulus in 

the first layer of filling (0-5 m) is lower than that in the second layer (5-10 m) of CB structures 

after curing for 14 and 28 days. The distribution of the bulk modulus within the CB structure 

during blast loading for both cases is presented in Figure 5.15. At 5 ms after the blast impact, the 

pulse has propagated further in the CB structure with a longer curing time (Case 2) than in the 

CB structure with a shorter curing time (Case 1), since the former has higher stiffness, and thus a 

faster wave speed. Meanwhile, during the blast compaction, the stiffness of the material is 

increased due to the rearrangement of the solid particles and described with the variable bulk 

modulus derived from the Mie-Grüneisen EOS (Equation 5.42). 
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The cement content is an important factor that affects the stability and cost of CB, and it is 

always desired in practice to maintain a balance between the two of them. The effects of cement 

content on the propagation of blast waves in CB are provided in Figure 5.16. As expected, a 

higher cement content is associated with a higher peak pressure and PPV at the same location of 

the CB structure when other curing conditions are the same. This is mainly because a higher 

cement content will lead to the generation of more hydration products (e.g., Yilmaz et al. 2015; 

Tariq and Yanful 2013; Walske 2014), and thus improve the mechanical properties (e.g., Klein 

and Simon 2006; Fall et al., 2008, 2010). As an indicator, the variation in the bulk modulus of 

the backfill in a CB structure with 10% cement (Case 5) is illustrated in Figure 5.17(b), which is 

significantly higher than that of the CB structure with 2% cement (Case 4) as shown in Figure 

5.17(a). 
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temperature of the CB material has a significant impact on the distribution and changes of peak 

pressure and PPV in the CB mass. It can be observed that a higher initial temperature is 

associated with higher peak pressure and PPV because a higher initial temperature speeds up 

cement hydration, thereby refining the pore structure of the CB and increasing its mechanical 

properties (e.g., bulk modulus). The impact of the initial temperature on the bulk modulus of 

backfill is graphically shown in the simulation results presented in Figure 5.21. Figures 5.21(a), 

5.21(b) and 5.21(c) illustrate the distribution of the bulk modulus in CB structures with an initial 

temperature of 2oC (Case 7), 20oC (Case 2) and 35oC (Case 8), respectively. From these figures, 

it can be observed that CB with higher initial temperatures shows higher bulk modulus values. 

Figures 5.20(b) and 20(d) also show that for the cases in which the initial temperature of CB is 

higher than or equal to the initial temperature of the surrounding rock, the highest peak pressure 

and PPV values are observed in the middle of the CB mass (from the bottom to the top). This is 

because the highest temperatures are found in the middle of these CB structures (because the 

middle is less affected by the thermal interactions with the surrounding rocks), as indicated in 

previous studies on heat development in CB structures; see Nasir and Fall (2009) and Wu et al. 

(2012, 2013). This higher temperature results in the improvement of the mechanical properties of 

CB, and thus increases the values of the peak pressure and PPV, as previously explained. This is 

in perfect agreement with the results of the numerical simulations of the distribution of bulk 

modulus in the CB structures with an initial temperature of 20oC (Figure 5.21(b)) and 35oC 

(Figure 5.21(c)), respectively. These figures show that CB structures exhibit the highest bulk 

modulus values in the middle. 

The distribution of the bulk modulus in the backfill for Case 7 (initial temperature of 2oC) is 

quite different from the other cases. First, the initial temperature of the CB is much lower than 

the temperature of the ambient rocks, which significantly inhibits the cement hydration process. 

Specifically, in the exterior of the structure, the backfill has a higher degree of hydration due to 

the relatively warmer surrounding rocks. In contrast, in the interior where heat transfer with the 

environment is limited, the hydration process is slow due to the low initial temperature, and the 

backfill is less mature and has a lower bulk modulus as illustrated in Figure 5.21(a). Therefore, 

according to Figures 5.20(b) and 5.20(d), the PPV and peak pressure are much lower in Case 7 

and the differences with respect to Case 2 (initial temperature of 20oC) and Case 8 (initial 

temperature of 35oC) are the greatest in this core region. 
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The results of this study provide useful information on the design of cemented backfill 

structures in mines that carry out production blasting, thereby helping to reduce the potential 

negative impacts of backfill structure failures due to blasting. 
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5.3 Technical Paper 6: Simulation of blast induced liquefaction susceptibility 
of subsurface fill mass 
 

(Submitted) 

Gongda Lu, Mamadou Fall 

Abstract: 

Tailings backfill, a subsurface fill mass, is extensively utilized worldwide in underground mines 

to fill mined-out cavities for purposes of ground control and tailings disposal. When it is just 

placed, the early-age backfill that commonly contains excessive water exhibits no or marginal 

inter-particle bonds, and it is subjected to the risk of liquefaction induced by mine blast routines. 

In this study, a modified total-stress viscoplastic cap model is developed to investigate the blast-

induced liquefaction susceptibility of early-age fill mass under varied practical backfilling and 

mining operation conditions. The developed model can well represent the strain-rate and fluid-

compressibility dependence of nonlinear material behaviour under such dynamic condition, and 

also reasonably capture the excess pore pressure development due to irrecoverable volume 

compaction. The model is validated against a series of blast and impact tests on saturated natural 

soils (sand, silt) and tailings fill masses, and good agreement is found between the experimental 

and simulated results. Subsequently, the model is applied to investigate the effects of drainage 

condition, distance of detonation, stope size, delay of blasting, location of retaining structure, and 

blast sequence on the liquefaction susceptibility of early-age fill mass after mine blasting. The 

results obtained from the study will provide practical insight into the blast liquefaction potential 

of backfill mass in field conditions. 

 

KEY WORDS: tailings; backfill; liquefaction; blast; viscoplastic cap model; mine 
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5.3.1 Introduction 

To mitigate the risks imposed by acid mine drainage and impoundment breach associated 

with surface disposal of mine tailings, cemented and uncemented tailings backfills, which are 

subsurface fill mass, are extensively utilized in underground mines today. Moreover, by 

recycling tailings to subsurface mined-out voids (stopes), the fill mass could improve the 

stability of the rock mass and facilitate full ore recovery, while minimize potential contamination 

of the mine waste to the environment (Klein and Simon, 2006; Bussière, 2007; Fahey et al., 2009; 

Yilmaz et al., 2009; etc.). 

For its transportation to underground openings, the fresh backfill is conventionally prepared 

with excessive water to meet desired consistency. Once placed in openings, it is then retained by 

structures (called barricades) constructed at the base of stopes. As a result, the fill mass placed in 

the stope commonly remains saturated and exhibit marginal inter-particle bonds at early ages, 

even it is mixed with cement. This is because the effect of cement hydration that would generate 

hydration products, consume water (self-desiccation), and lead to strength gain of cementitious 

materials is not significant at early ages. Moreover, the mixing water or tailings (particularly 

from hard rock mine tailings) used in the preparation of the backfill mixtures can contain a high 

amount of sulphate, which would strongly inhibit and significantly delay the binder hydration 

process (Fall and Benzaazoua, 2005). Furthermore, field measurements have also shown that 

saturated cemented backfills could behave in an undrained manner for a long time when fine 

tailings are used (Fahey et al., 2009). Therefore, the early-age fill mass that consists of granular 

tailings, which has grain sizes of silt to sand can be vulnerable to liquefaction. Liquefaction of 

backfill mass would result in additional loads on barricades and even breach of these retention 

structures, thus lead to severe safety consequences and loss of production (Le Roux, 2004; Pépin 

et al., 2012). Moreover, it has also been reported that the retention structures could even fail 

hours after the dynamic loading during the redistribution and dissipation of excess pore pressure 

(Ishihara, 1984; Ferdosi et al., 2015). 

In recent years, seismically induced liquefaction of saturated tailings or tailings backfills 

has been extensively investigated (e.g., Wijewickreme et al., 2005; Al-Tarhouni et al., 2011; 

James et al., 2011; Suazo et al., 2016), and their post-liquefaction behaviour has also been 

studied by Pépin et al. (2012). Meanwhile, it has also been well acknowledged for decades that 

liquefaction of granular soils can also be induced by blast loadings (Fragaszy and Voss, 1986; 
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Charlie et al., 2013). However, research on the blast-induced liquefaction of tailings mass is 

extremely limited. In fact, it has been only examined in the CANLEX program (Al-Qasimi et al., 

2005), where excess pore pressures of a tailings deposit caused by explosive detonations were 

investigated, while the post-liquefaction behaviour has not been studied. Therefore, as mine 

blasts become routinely used in mining exploitations, the risk of liquefaction of early-age fill 

mass induced by blast loading should also be thoroughly examined to ensure mine safety and 

profitability. 

Considering the costs and safety concerns of field explosion experiments whose results are 

also commonly site-specific (e.g., Al-Qasimi et al., 2005; Charlie et al., 2013), a numerical tool 

for assessing the blast-induced liquefaction of fill mass would be favorable. To date, a few soil 

models have been developed to simulate the liquefaction caused by explosive loadings (e.g., 

Awad, 1990; Lee, 2006; Wang et al., 2008). However, they are subjected to various limitations, 

such as the use of Mohr-Coulomb type of criteria that could result in unrealistic dilation, and 

neglecting effects of strain rate and pore water on the material response during blast loading. 

Recently, a viscoplastic cap model has been put forward by Lu and Fall (2017a) to capture 

liquefaction of granular porous media due to blast loads. This model can well represent the 

strain-rate and fluid-compressibility dependence of nonlinear material behaviour under such 

dynamic condition, and also reasonably capture the excess pore pressure development due to 

irrecoverable volume compaction. Thus, the modified viscoplastic cap model is applied in the 

study to investigate the blast-induced liquefaction susceptibility of early-age fill mass. 

Specifically, the model formulation is briefly presented at first, and it is validated against a series 

of blast-induced liquefaction tests on natural soils and tailings fill masses. Then, based on 

satisfactory validation of the model against test data, it is employed to examine the liquefaction 

susceptibility of early-age tailings backfill mass after blast loading in various practical 

engineering conditions in the mine fields, and factors affecting its risk of liquefaction is 

scrutinized and discussed. 

 

5.3.2 Model formulation 

5.3.2.1 Modelling approach 

In the course of a blast event, there is insufficient time for relative movement of pore fluid 

and soil skeleton (Wang et al., 2008). Therefore, the blast response of saturated soils is undrained, 
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and the entrapped pore water with large stiffness will deform simultaneously with the soil 

skeleton at the same volumetric strain due to the volume compatibility under undrained 

conditions (Naylor, 1974; Griffiths, 1985; Fragaszy and Voss, 1986; Griffiths and Li, 1989; 

Puebla et al., 1997). According to Fragaszy and Voss (1986), liquefaction induced by blast 

loading is attributed to the volumetric hysteresis in the stress-strain path of soils. Specifically, 

since the soil skeleton is inelastic upon loading and elastic at unloading while pore water is 

always elastic, the irrecoverable volumetric deformation of soil after the loading cycle in the 

undrained condition would lead to the generation of excess pore water pressure. 

To date, Lee (2006) and Wang et al. (2008) have utilized mathematical models to 

characterize liquefaction of soils induced by explosive loadings. However, these models 

employed Drucker-Prager type of yield criteria, thus they would result in unrealistic dilation 

(Bloom, 2006) and has been shown to underestimate pore pressure caused by blasting (Lee, 

2006). To reasonably capture the irrecoverable volume compaction or hysteresis, cap models 

have been adopted to simulate the response of soils under blast loading, such as in Baladi and 

Rohani (1979), Awad (1990), Ghassemi et al. (2010) and An et al. (2011). Nevertheless, 

unsaturated soils have been studied in An et al. (2011), while the effects of strain rate and pore 

fluid compressibility on the undrained behaviour of saturated soils during the impact have not 

been considered in the other studies. Therefore, there is no model at present that captures the 

blast-induced liquefaction of soils in a rigorous scheme, and the applicability of cap models for 

the issue needs to be further examined despite its theoretical feasibility. 

In this study, a modified viscoplastic cap model is developed to reproduce the behaviour of 

saturated granular soils under blast loading, and the volumetric constraints imposed by pore 

water is also incorporated to capture the pore pressure response in the undrained dynamic 

condition. The viscoplastic flow is adopted in the study, because experimental studies have 

revealed that both the blast response of natural soils and tailings backfills have exhibited strain-

rate dependence (e.g., Yamamuro and Lade, 1993; Bolton et al., 1994; Huang et al., 2011). The 

model formulation is briefly presented in the following sections. 

 

5.3.2.2 Constitutive law 

A modified Perzyna type of viscoplastic cap model is developed in the study to simulate the 

response of saturated fill mass under blast loading. By extending the inviscid cap model to 
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Perzyna type of viscoplasticity (Perzyna, 1966), this type of models have been widely and 

successfully used for modelling the response of geomaterials (including soils, concrete and 

tailings backfills) under high pressure and varied strain rates (e.g., Katona 1985; Simo et al., 

1986; Tong and Tuan, 2007; An et al., 2011; Aráoz and Luccioni, 2015; Lu and Fall, 2016, 

2017b). 

In viscoplastic models, the total strain rate vector ε& is decomposed into an elastic part eε&  

and a viscoplastic (inelastic) part vpε& as 

 e vp= +ε ε ε& & &   (5.45) 

The elastic strain rate is independent of viscosity, and it can be expressed as 

 1e −=ε D σ& &   (5.46) 

where σ&  is the stress rate tensor, and D the elastic stiffness matrix. 

The viscoplastic strain rate in Perzyna’s model is generally expressed as: 

 ( )vp ffη φ
∂

=
∂

ε
σ

&   (5.47) 

where η  is a fluidity parameter;  is the Macaulay bracket; f is the yield function which is 

characterized by a cap envelope that will be introduced below; and ( )fφ  is a dimensionless 

scaling function, which is conventionally defined as (e.g., Katona, 1984; Tong and Tuan, 2007): 

 
0

( )
N
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f

φ
 

=  
 

  (5.48) 

where N and f0 are model constants. The associated flow rule is generally employed in Perzyna 

type of viscoplastic models for simulating behaviours of geomaterials under dynamic loadings 

(e.g., Katona, 1984; Tong and Tuan, 2007), and it is also adopted in the study. 

A modified smooth surface cap model is used as the yield envelope f in the study, and the 

shear yield envelope of this cap model is characterized by Lu and Fall (2016, 2017b): 

 2
1 1 2 2 1 12

[ ( ) ( )] / [ ( ) ( )] /( , ) 2
( ) ( )

k X L R k X L RF I J J I I k
L L
κ κ κ κ

κ κ
− − − −

= − + ⋅ −   (5.49) 

where ( )L κ  and ( )X κ  is the abscissa of the joint of the elliptical cap with the shear envelope and 

the hydrostatic loading line (I1 axis), respectively; R is the ratio of the major to the minor axis of 

the elliptical cap; and k is the Drucker-Prager criterion parameter which can be related to the 

Mohr-Coulomb model as: 
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  (5.50) 

where c  and ϕ  are the cohesion and internal friction angle. 

Then, the hardening cap envelope is defined by following expression (Chen and Baladi, 

1985): 

 [ ] [ ]{ }1/22 2
2 1 2 2 1

1( , , ) ( ) ( ) ( )F I J J X L I L
R

κ κ κ κ= − − − −   (5.51) 

where the movement of ( )X κ  due to irrecoverable volume compaction ( in
kkε ) can be expressed by 

a logarithmic hardening law as (Chen and Baladi, 1985): 

 0( ) (1/ ) ln 1
in
kkX D X

W
ε

κ
 

= − ⋅ − + 
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  (5.52) 

where in
kkε  is calculated based on Equation (5.47), constant W is the maximum inelastic 

volumetric strain that the material can develop, D denotes the shape parameter of the volume-

pressure relation, and X0 is the initial vertex of the cap. Then, ( )L κ  can be obtained by enforcing 

continuity of the entire yield envelope: 
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and 

 0

0

( )
otherwise
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κ κ κ

κ
κ
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= 


  (5.54) 

where 0κ  is the onset of the hardening cap. The process of irrecoverable volume compaction 

captured by cap models is illustrated in Figure 5.24, where kkε  and e
kkε  is total and elastic 

volumetric strain, respectively. 
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Figure 5.24 Volumetric hysteresis represented by cap models (Modified after Murray, 2007) 

 

5.3.2.3 Undrained response 

The soil skeleton and pore water will deform concurrently during the undrained blast 

loading. According to Naylor (1974) and Griffiths and Li (1989), the pore pressure change of 

saturated soils in the undrained condition can be determined as 

 f
w a kkdP K dε=   (5.55) 

where f
kkε  is the volumetric strain of pore fluid, and it equals to volumetric strain of soil skeleton 

( kkε ) as discussed in Section 5.3.2.1; Ka is the apparent bulk modulus of the pore fluid, which 

can be obtained as (Naylor, 1974): 

 
1 1
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K K K

−
= +   (5.56) 

where n is the porosity, Kw and Kp is the bulk modulus of pore water and solid particles, 

respectively. 

Then, the undrained behaviour of the saturated mixture can be obtained by adding the 

apparent pore fluid bulk modulus to the effective elastic matrix of the skeleton (Naylor, 1974; 

Griffiths, 1985), and it can be expressed in this study as 
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where Ks is the bulk modulus of soil skeleton. Thus, the undrained bulk modulus of the saturated 

mixture is obtained as Km, and the associated Poisson’s ratio in the undrained condition vm is also 

modified as (Naylor, 1974; Griffiths, 1985): 

 (1 2 )(1 ) /
2(1 2 )(1 ) /

a
m

a

v v Ev Kv
v v E K

− + +
=

− + +
  (5.58) 

where E and v are effective elastic constants of soil skeleton. 

Meanwhile, as the volumetric behaviour of soil skeleton and pore water is nonlinear under 

blast loading (Henrych, 1979), the variable-bulk-modulus approach is employed in this study. 

The stiffness of soil skeleton and pore water can be determined by using the Mie-Grüneisen 

equation of state as (An et al., 2011): 
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 (5.59) 

where i = s or w, 0iρ   is the material density; Ci0 is the p-wave velocity of the material; si is the 

slope of the shock velocity against the particle velocity curve; 0iγ  is the Grüneisen parameter, v
iE  

is the internal energy per unit initial volume; 0iα  is the first order volume correction to 0iγ  and 

often set to 0; and / (1 )kk kkµ ε ε= −  . 

 

5.3.3 Model Validation 

5.3.3.1 Introduction 

It has been well acknowledged that the grain size distribution (GSD) has a significant 

influence on the liquefaction susceptibility of granular soils (Ishihara, 1993). Given that tailings 

backfills generally have a range of GSD from sand to silt due to different sources of rocks and 

processing techniques, laboratory and field blast-induced liquefaction tests on various natural 

sand and silt are first reproduced to demonstrate the validity of the model in this GSD spectrum. 

Then, simulation of an explosion test in a saturated tailings mass deposit is carried out to validate 

the capability of the model in capturing the mechanical response and particularly liquefaction of 

tailings backfills under blast loading. 

 

5.3.3.2 Case Study 1: Laboratory ramp loading on saturated sand 
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The ramp loading tests carried out by Fragaszy and Voss (1986) on saturated Eniwetok sand 

are adopted and simulated. The experiments were conducted in a triaxial cell and drainage of 

water during the test was precluded. The saturated sand with a height of 110 mm and a diameter 

of 35.6 mm was subjected to ramp loading in the form of confining pressure with an oil pump, 

and the initial effective stress and pore pressure was 1.03 MPa and 0.69 MPa, respectively. The 

ramp loading on saturated sand is simulated by using 2D symmetry in the study. The loading 

pattern of the test is adopted from Wang et al. (2008) for simulation of the same experiment, and 

the pressure is increased to its peak within 0.1 ms and it is maintained for 5 ms, then the pressure 

is reduced to its initial value within 0.1 ms. Two sets of experiments in Fragaszy and Voss (1986) 

are reproduced, and the peak pressure is 34.48 MPa (Case 1) and 20.69 MPa (Case 2), 

respectively. The model parameters used in the simulation are determined from experimental 

data in Fragaszy and Voss (1986) and those used in Wang et al. (2008), and they are listed in 

Tables 5.5 and 5.6. The simulated time histories of strain and pressure of a monitored point in the 

middle of the specimen in both cases are illustrated in Figures 5.25 to 5.26. 

 

Table 5.5 Material properties used in the model for ramp loading tests on saturated sand 
Density 
(kg/m3) 

η  
(μsec-1) N f0 

(Pa) α  k 
(MPa) R D  

(MPa-1) W X0 
(MPa) 

1959 4×10-5 1 1×106 0.25 0 8 1×10-3 0.0027 5 
 

Table 5.6 Material properties used for undrained response of saturated sand in ramp loading tests 

n 0sρ  
(kg/m3) 

0wρ  
( kg/m3) 

Cs0 
(m/s) 

Cw0 
(m/s) ss sw 0sγ  0wγ  v Kp 

(GPa) 
0.47 1490 1000  260 1460 1.64 2 0.11 0.6 0.33 54 
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simulation and laboratory testing. Therefore, the modified viscoplastic cap model developed in 

the study can represent well the deformation mechanism of saturated soils under impact loading, 

and the pore pressure response in the undrained condition can also be reasonably captured. 

 

Table 5.7 Comparison between simulated and experimental results for ramp loading tests on 

saturated sand 

Test 
Peak pore water  

pressure change (MPa) 
Residual pore water 

pressure (MPa) PPR 

Tested Simulated Tested Simulated Tested Simulated 
Case 1  31.10 31.90 1.72 1.70 1 0.97 
Case 2  16.38 18.40 1.30 1.29 0.59 0.58 

 

5.3.3.3 Case Study 2: Laboratory shock loading on saturated sand and silt 

A series of shock loading tests were performed on saturated Monterey sand and Bonny silt 

to examine the soil liquefaction by Charlie et al. (1985) and Bolton et al. (1994), and this 

experimental program is adopted to validate the model. During the test, soil samples with a 

height of 152.5 mm and a diameter of 68 mm were placed in a laterally fixed container. Then, 

axial shock compression was applied from the top of the sample with different amplitudes. The 

shock loading tests are simulated by using 2D symmetry, and the low-reflecting boundary is 

applied at the bottom of the model to avoid wave reflection. The shock loading pattern used in 

the simulation is determined from the monitored pressure time histories in the experimental tests, 

and it is a triangular pulse which rises to its peak and then reduces back to initial value both in 

half a millisecond. Two shock loading tests on sand and one test on silt in the experimental 

program are simulated in the study, and their peak pressures are listed in Table 5.8. The model 

parameters used in the simulation are obtained from experimental data in Bolton et al. (1994) and 

those used in Wang et al. (2008) for simulations of the tests, and they are listed in Tables 5.8 and 

5.9. The simulated time histories of strain and pressure of a monitored point in the middle of the 

specimen are illustrated in Figures 5.27-5.29. 
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Table 5.

Test 

Case 1 (sand)
Case 2 (sand) 
Case 3 (silt)

f0 (Pa)
1×106

1×106

1×106

Table 5.9 Material properties used for undrained response of saturated sand and silt in shock tests

Cases 1
Case 3 (silt)

 

Figure 5.27

 

 

.8 Material properties used in the model for shock tests on saturated sand and 

 Initial effective 
stress (MPa)

Case 1 (sand) 0.172
Case 2 (sand)  0.172
Case 3 (silt) 0.172

(Pa) α
6 0.25
6 0.25
6 0.225

Material properties used for undrained response of saturated sand and silt in shock tests

Test 

Cases 1-2 (sand) 
Case 3 (silt) 

27 Simulated loading histories of Case 1 (sand): (a) strain

Material properties used in the model for shock tests on saturated sand and 

Initial effective 
stress (MPa) 

Initial pore water 
pressure (MPa)

0.172 
0.172 
0.172 

α  
0.25 
0.25 

0.225 

Material properties used for undrained response of saturated sand and silt in shock tests

n 0sρ  
(kg/m3)

0.41 1563 
0.48 1367 

(a) 

Simulated loading histories of Case 1 (sand): (a) strain
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Material properties used in the model for shock tests on saturated sand and 

Initial pore water 
pressure (MPa) 

0.35 
0.35 
0.35 

k(MPa) 
0 
0 
0 

Material properties used for undrained response of saturated sand and silt in shock tests

) 
0wρ  

(kg/m3) 
C

(m/s)
 1000 310
 1000 221

 

Simulated loading histories of Case 1 (sand): (a) strain
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Material properties used in the model for shock tests on saturated sand and 

 
Peak pressure 

(MPa) 
5.04  
7.39 
2.66 

R 
8 
8 
8 

 

Material properties used for undrained response of saturated sand and silt in shock tests

Cs0 
(m/s) 

Cw0 
(m/s) 

310 1460 1.64
221 1460 1.64

 

Simulated loading histories of Case 1 (sand): (a) strain

Material properties used in the model for shock tests on saturated sand and 

Peak pressure Density  
(kg/m3) 

1970  
1970  
1848 

D (MPa-1) 
4×10-3 
4×10-3 
4×10-3 

Material properties used for undrained response of saturated sand and silt in shock tests

ss sw 0sγ  

1.64 2 0.11
1.64 2 0.11

Simulated loading histories of Case 1 (sand): (a) strain-time; (b) pressure

Material properties used in the model for shock tests on saturated sand and 

 
 

η  
(μsec-1) 
3.5×10-6 
5.2×10-6 
1.3×10-5 

 W 
 0.0011 
 0.0011 
 0.0011 

Material properties used for undrained response of saturated sand and silt in shock tests

0sγ  0wγ  v 

0.11 0.6 0.33 
0.11 0.6 0.33 

(b) 

time; (b) pressure

Material properties used in the model for shock tests on saturated sand and silt 

N 

1 
1 
1 

X0(MPa) 
1 
1 
1 

Material properties used for undrained response of saturated sand and silt in shock tests

Kp 
(GPa) 

 54 
 54 

time; (b) pressure-time 

Material properties used for undrained response of saturated sand and silt in shock tests 
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5.31 Cross section of the test site
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where k  is the intrinsic permeability tensor of the medium,

and wµ  stands for the fluid dynamic viscosity. 
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and KT represents hydraulic conductivity of the barricade and fill mass, respectively.
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be related to the hydraulic conductivity wK  by w w w wk K gµ ρ= . To evaluate the variation of krw, 

the following constitutive relations from the van Genuchten (1980) model is adopted: 
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where Pa is assumed to be atmospheric pressure, and model constants m and a for the fill mass 

are 0.386 and 2.58×10-3 cm-1 based on experimental data on tailings with similar physical 

properties found in Aubertin et al. (1997). The hydraulic conductivity of tailings backfill ( TK ) is 

5×10-5
 cm/s according to the work of Puebla et al. (1997) on the same material. The mechanical 

behaviour of the fill mass before and after blasting is characterized by Mohr-Coulomb model in 

accordance with Fahey et al. (2009) and it is coupled with the fluid flow in the process, the 

mechanical properties are determined from Tables 5.13-5.14. 

In the numerical analysis, the initial pore pressure and effective stress distribution after 

continuous filling at the same rate (12.5 m/d) is obtained at first from its coupled stress-flow 

response, and drainage is allowed during the placement of saturated fill mass except for Case 3. 

Then, the shock wave is applied on the model boundary, and its time-varying pattern is same as 

Figure 5.32. As production blasts in mines are generally conducted in multiple lifts, an explosive 

column with a length of 10 m and a linear charge density of 6.22 kg/m (van Gool, 2007) is 

considered in the study, and its center is assumed to coincide with the mid-height of the stope. 

To determine the amplitude of shock wave that propagates through rock and arrives at the stope 

boundary, the following equation is adopted (Holmberg and Persson, 1979; Ahmed and Ansell, 

2014): 

 1[ / ( ) ]b a
p cV A R f Q −=   (5.65) 

where constants A, a, and b are 2.94 m/s, 1.32 and 0.66, respectively, based on PPV monitoring 

in the rock of Cannington mine in Australia (van Gool, 2007); and f1 is a factor that accounts for 

the effect of long explosive charges defined as 1 [arctan( / 2 )] / ( / 2 )c c c cf L R L R= , and Lc is the 

charge length. By considering the positional relationship between locations on the stope wall and 

the charge, normal components of shock waves with amplitudes obtained by Equation (5.65) are 

applied on the model boundary. 
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 A low-reflecting boundary is applied at the far end of the model to avoid wave reflection, 

and the bottom of the fill mass is set as a roller, while the top is set as a free boundary. After the 

passage of blast wave, the pore pressure of backfill is the sum of initial pore pressure before 

blasting and excess pore pressure caused by the shock wave. Then, the dissipation of pore 

pressure in the stope due to drainage is monitored, and the variation of liquefaction susceptibility 

of the fill mass is evaluated in the process in terms of PPR, defined as residual excess pore 

pressure over initial vertical effective stress before blasting in accordance with Pépin et al. (2012) 

and Al-Qasimi et al. (2005). As the location of barricade varies in practice, a monitoring point 

(M) is set at the joint of the stope and drawpoint with 2 m above the floor. The change of pore 

pressure due to water consumption by cement hydration during this early age is not considered as 

discussed earlier. This is a conservative assumption with respect to liquefaction potential of the 

tailings backfill structure. The results obtained from the numerical analysis on liquefaction 

susceptibility of the fill mass in different backfilling and field conditions are presented and 

discussed in the following sections. 

 

5.3.4.2 Effect of drainage conditions 

Drainage conditions of fill mass will significantly affect the rate of pore pressure dissipation. 

Therefore, the influence of drainage (through barricades) on the liquefaction susceptibility of 

backfill mass is examined in the study. Note that the inclusion of drainage will affect both the 
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peak stress and excess pore pressure induced by the blast wave. Therefore, although shortening 

the flow path can mitigate the liquefaction susceptibility of fill mass by reducing the PPR as well 

as time required to dissipate excess pore pressure, it may be indeed at the cost of decreasing the 

stability of the retaining structure. To determine the optimal location of the retaining structure, 

more studies on its interaction with dynamic loads are required. 

 

5.3.4.6 Effect of blast sequences 

Multiple explosive columns are conventional used for extraction of separated remnant ore 

pillars in mines, and thus the fill mass is subjected to multiple blast sequences. The effect of blast 

loading sequences is examined in the study. Specifically, one, two and three blasts (Case 1, 10 

and 11, respectively) with the same peak pressure and time-varying pattern are applied on the 

model with 2.5 ms delay between each impact. 

The distribution of PPR for Cases 1 (1 blast sequence), 10 (2 blast sequences) and 11 (3 

blast sequences) after 1.5 hour of drainage time is presented in Figure 5.52. It is shown that the 

range of liquefaction increases significantly with additional blast impacts in the stope after the 

blast. With the same initial condition, the differences are solely attributed to the extra excess 

pore pressure induced by more number of blasts. In fact, field tests have also shown that multiple 

blasts could cause liquefaction at lower cumulative PPV than single detonation, and the PPV 

required for liquefaction decreases with increasing number of detonations (Al-Qasimi et al., 2005, 

Bretz, 1990). However, Figure 5.52 shows that the liquefied zones are limited to the upper part 

of the studied backfill mass as evidenced by the results presented in Figure 5.53. This figure 

illustrates the comparison of the variation of PPR at the monitoring point M for Cases 1, 10 and 

11. It can be observed that regardless of the number of loading sequences the PPR value is 

smaller than 1, which suggests that no liquefaction has occurred at this point. It is also observed 

that the peak PPR increases with the number of impacts. Besides, it takes the longest time for 

PPR of the point in Case 11 (3 blasts) to vanish due to the excessive supply of excess pore 

pressure. 
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5.3.5 Conclusions 

A modified total-stress viscoplastic cap model is developed and utilized in this study to 

investigate the effects of different backfilling and field conditions on the blast-induced 

liquefaction susceptibility of early-age fill mass in the field. The results of model validation 

against laboratory and field blast tests indicate that the model can capture the mechanical 

response and excess pore pressure development of granular soils such as tailings backfills under 

blast loading reasonably well. 

The model application on field backfill mass indicates that, in most of the studied cases, the 

zones affected by blast induced liquefaction are limited to the upper parts of the backfill mass. 

The results also suggest that drainage condition, proximity of detonation, stope size, location of 

barricade and blast sequence all influence its liquefaction susceptibility upon blasting. 

Specifically, enhanced drainage and avoidance of nearby and consecutive detonations would 

significantly reduce the risk of liquefaction of fill mass. However, the stope size, as well as the 

barricade location is affected by other practical factors such as mine productivity and stability of 

retaining structures, and a cost-effective backfilling practice should balance over all these 

influencing factors. Therefore, although the results of this study provide useful insight into the 

blast-induced liquefaction susceptibility of fill mass in varied practical conditions, more research 

work is required to facilitate the optimal backfill design in the dynamic (blast) loading conditions. 
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5.4 Technical Paper 7: Modelling post-blasting stress and pore pressure 
distribution in hydrating fill mass at early age 
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Gongda Lu, Mamadou Fall 

Abstract 

Cemented paste backfill (CPB) is a widely used porous medium to fill mined-out cavities in the 

subsurface due to its superior environmental and operational benefits. The stability of a retaining 

structure (barricade) is a crucial design factor in backfill operations as CPB is under pressure 

imposed by material conditions at the early ages. Although field monitoring has demonstrated 

the impacts of mine blast operations on the backfill pressure that acts on the retaining structure, 

current studies on stress distribution in backfilled stopes have not considered the effect of such 

dynamic loadings. Therefore, to analyze the redistribution of stress in backfill due to mine blasts, 

a total-stress viscoplastic cap model is used in this study to assess the dynamic response and 

generation of excess pore pressure of early-age backfill during blast loading. Then, a 

multiphysics model for CPB is utilized to assess the variations in the stress state after the blast 

impact in backfilled stopes during the binder hydration process of the material. The two adopted 

models are then validated against a series of laboratory and field experiments. Then, they are 

integrated and applied to investigate the effect of drainage condition, stope size, barricade 

location, proximity of detonation, blast sequence, initial backfill temperature and cement content 

on the redistribution of stress after blast loading in backfilled stopes. The insights obtained from 

the results of the study will increase understanding of the stability of retaining structures for 

backfills in the practical engineering conditions of mine fields. 

 

KEY WORDS: cemented paste backfill, tailings, THMC, blasting, viscoplastic cap model, stress, 
pore pressure 
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5.4.1 Introduction 

The creation of cavities (stopes) in underground mining often necessitates the use of 

backfilling to improve the stability of the local rock mass and enhance ore recovery. To date, 

cemented paste backfill (CPB) has emerged as one the most extensively utilized material 

worldwide for this purpose. CPB is an evolutive porous medium or man-made soil that consists 

of dewatered mine tailings (fine aggregates), binder agents (e.g. cement, slag and fly ash), and 

water. It is mixed in backfill plants, and then delivered by pumping or through gravity in pipe 

networks to fill mined-out voids in the subsurface (Klein and Simon, 2006; Fahey et al., 2009).  

CPB is commonly prepared with a large amount of water to provide the required 

consistency that would facilitate its transport. Then, it is retained by containment barricades that 

are built in the stope drawpoints. However, the stability of the retaining structures under 

horizontal stress imposed by early-age fill mass is a major concern in backfill design (Thompson 

et al., 2012). A number of barricade failures due to excessive backfill loads have been reported to 

date (see for e.g., Yumlu and Guresci, 2007; Helinski et al., 2010). In this regard, a number of 

analytical and numerical studies have been conducted to analyze the stress distribution in 

backfilled stopes (e.g. Fahey et al., 2009; Helinski et al., 2010). In spite of the insights obtained, 

these studies have only addressed quasi-static conditions. However, access and production 

blastings have been integrated in current underground mining as part of the routine, and the 

excess pore pressure of early-age backfill generated by dynamic loading increases the stress that 

is exerted onto the barricade. The extra load which is attributed to mine blasts has not yet been 

considered in current backfill design or analyses. In fact, sudden increases in backfill pressure 

that act on retaining structures due to adjacent blasting operations have been recently monitored 

and confirmed in the field (e.g. Thompson et al., 2009; 2012). Meanwhile, it is also reported that 

the retention structures for backfills could fail even hours after dynamic loading during excess 

pore pressure dissipation (Ishihara, 1984; Ferdosi et al., 2015). Therefore, ignoring the stress and 

pore pressure redistribution in backfilled stopes due to mine blasting could result in inappropriate 

backfill designs or optimistic analyses, and thus increase the risk of barricade failure that could 

result in safety consequences and ore dilution. 

In order to analyze blast-induced stress redistribution in early-age backfill, two types of 

material behaviours need to be characterized. First, the blast response and generation of excess 

pore pressure of the saturated backfill during dynamic loadings must be captured in a numerical 
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model. Secondly, the variations in stress, pore pressure and material properties after impact 

during the course of binder hydration need to be determined. 

To date, there are only a few numerical tools available that capture the generation of excess 

pore pressure in saturated porous media due to blast loading (e.g. Awad, 1990; Lee, 2006; Wang 

et al., 2008). However, they have different types of limitations, such as using an open yield 

surface in the stress space that could result in unrealistic dilation, and neglecting the effects of 

pore water and strain rate on the dynamic response of the material. Therefore, a total-stress 

viscoplastic cap model (Lu and Fall, 2017a) is adopted in this study. This model takes into 

consideration the strain-rate and pore-fluid dependence of material behaviour, and can also 

reasonably capture the irrecoverable compaction that is associated with the generation of excess 

pore pressure. 

Due to the hydration of the binder in the CPB as well as its interaction with the curing 

environment, the properties of CPB and stress distribution in backfilled stopes constantly change 

with time under the influence of coupled thermal (T), hydraulic (H), mechanical (M) and 

chemical (C, binder hydration) processes. Due to the complex interactions of the THMC factors, 

very few models are currently available to fully characterize CPB behaviour under quasi-static 

condition. For example, coupled HMC models for the hydration process of CPB have been 

developed by Helinski et al. (2007, 2010) and Doherty (2015). However, only the multiphysics 

model in Cui and Fall (2015) incorporates all of the THMC processes during the hydration of 

CPB, and thus their model is applied in this study. 

In the remainder of this paper, the formulation of the total-stress viscoplastic cap (Lu and 

Fall, 2017a) and THMC (Cui and Fall, 2015) models which are applied in this study are briefly 

outlined, and then validated against a series of laboratory and field experiments. Then, these two 

models are applied to investigate the redistribution of stress and pore pressure in backfilled 

stopes after blast loading under various practical engineering conditions, and the influence of 

other factors, including the stope geometry, blast operation, and intrinsic properties of backfill, is 

examined and discussed. 

 

5.4.2 Model formulation 

5.4.2.1 Modelling approach 
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where uξ  is the ultimate degree of hydration; τ  and β denote the hydration time and shape 

parameters, et  represents the equivalent age of CPB at the reference temperature rT , /w c  is the 

water-to-cement ratio, FAX  and slagX  refer to the fractions of the corresponding compounds, aE  is 

the activation energy, aR  is a natural gas constant, and T  is the temperature of the CPB. 

 
5.4.2.2.2 Mechanical equilibrium model 

For a representative elementary volume of a three-phase CPB system, the momentum 

conservation can be expressed as: 

 ( ) ( )1 1
0s w aS S

t t
φ ρ φ ρ φ ρ∂  − + + − ∂   ∇ ⋅ + = ∂ ∂ 

σ g   (5.67) 

where φ  is the porosity, iρ  denotes the density, subscript i  refers to an individual phase (air, 

water or solid), and S is the degree of saturation (water). σ  is a total stress tensor and related to 

the effective stress as B Pα′= − ijσ σ δ . The Biot’s coefficient Bα  is used to account for the 

compressibility of the solid particles which is defined as 1B psK Kα = − , and sK  and pK  are the 

bulk modulus of the porous skeleton and solid particles, respectively. The average pore pressure 

P  is defined as ( )1w aP SP S P= + −  , where aP  and wP  are the pore gas and pore water pressures. 

During the hydration of the binder, sK will change with time, and can be estimated by using 

the following expressions (Cui and Fall, 2016; Lu et al., 2017): 

 0

0

( )
A

u u

E
E
ξ ξ ξ

ξ ξ
 −

=  − 
  (5.68) 

 1 2 3( ) ^ ( )v B B Bξ ξ= +   (5.69) 

where ( )E ξ  is the elastic modulus of the CPB at a given degree of hydration, uE =282.3 MPa 

and refers to its ultimate value, 0ξ is 0.09 which denotes the reference degree of hydration 
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below which the stiffness gain is insignificant, and A  is a material constant and equals to 36.3. 

The parameters 1B =-0.226, 2B =6, and 3B =0.3 which are fitting constants to capture the 

variations in the Poisson’s ratio ( )ν ξ  of the porous skeleton. Finally, sK can be obtained as 

( ) / 3[1 2 ( )]sK E vξ ξ= − , 

The effective stress ′σ  in CPB can be obtained as: 

 ( ) = =′ e p T cσ Dε D ε - ε - ε - ε   (5.70) 

where D  is the elastic stiffness matrix, and ε is the total strain tensor which consists of elastic 

( eε ), plastic ( pε ), thermal ( Tε ), and chemical ( cε ) strains. Determination of these strain 

components during the curing process of CPB are elucidated in Cui and Fall (2015, 2016). 

 
5.4.2.2.3 Fluid flow model 

The solid, water, and air in CPB are assumed to be three independent overlapping continua, 

so that fluid can move within the interconnected voids of the solid. Then, the mass conservation 

of a CPB system can be characterized as: 
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1w s

hydr
s s

rwv w
w w w

SS S S S
t

m S
t t t

φρ ε ρ
φ φρ ρ φ φ ρ

ρ
ρ ρ

   ∂ ∂ ∂∂
+ + + − = −∇ ⋅  ∂ ∂ ∂ ∂  

−


− v&   (5.71) 

 ( ) ( ) ( ) ( )1
1 1 1 raa v

a a
s

hydr
s

a
s

SS S S
ttt

S
t

mρ ε
φ φρ ρ

φ ρ φ
ρ ρ

φ ρ
 ∂ ∂ ∂∂

− − + − = −∇ ⋅ − ∂ ∂ ∂
−


+ −

∂ 
v&   (5.72) 

where vε  is the total volumetric strain, and sv  and riv denote the solid velocity with respect to the 

Eulerian coordinate, and the relative apparent velocity of fluids, respectively. hydrm&  is the rate of 

water consumption due to binder hydration, and can be defined as (Cui and Fall, 2015): 
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  (5.73) 

where hc initialm − is the mass of the cement in the backfill system, and ix  is the fraction of the 

corresponding compound. 

The fluid flow riv  can be defined by using Darcy’s law as: 

 ( ) i i
i i

i

r r gk P
µ

ρ− ∇ −=v k   (5.74) 
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where k  is the intrinsic permeability tensor of the medium, the intrinsic permeability  

0 i ik K gµ ρ= , K refers to the saturated hydraulic conductivity of the CPB, iµ  is the fluid 

dynamic viscosity, and rik  represents the relative permeability. The value of K would decrease as 

binder hydration progresses, and can be determined in terms of ξ  as: 

 ( )2
1expT

CK K C ξ=   (5.75) 

where KT is the saturated hydraulic conductivity of the tailings used, and fitting constants 1C =-

8.173 and 2C =4.035 (Cui and Fall, 2015). 

The relative permeability rik can be obtained through the model in van Genuchten (1980): 
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with 
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where the changes with time of the fitting parameters due to the hydration of the CPB can be 

detemined with (Cui and Fall, 2015): 
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where 1f =0.0415, 2f =4.231, 3f =0.4073, 4f =0.2103 kPa-1 and 5f =-6.921 are the fitting 

constants determined based on experimental data.  

Finally, the temperature-dependence of the fluid properties can be defined by using the 

following expressions (Cui and Fall, 2015): 
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where 0µ =1.716×10-5 Pa·s, T0=273 K, 0c = 111 K, and Ma is the molar mass of air. 
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5.4.2.2.4 Heat transfer model 

A local thermal equilibrium is imposed on the three-phase CPB system. The law of  

conservation energy for CPB can be expressed as: 

 ( ) ( )1 1s s w w a a cv cd hydr
TC S C S C Q Q Q
t

φ ρ φ ρ φ ρ
∂

 − + + −  + + =  ∂
  (5.80) 

where iC  is the specific heat capacity, and the convection of heat due to fluid movement ( cvQ ) 

can be determined as: 

 ( )rw ra
cv w w a aC TCQ ρ ρ+= ∇⋅v v   (5.81) 

The heat conduction ( cdQ ) can be evaluated by using Fourier’s law as: 

 cd effQ k T= − ∇   (5.82) 

where effk is the effective thermal conductivity of CPB which can be defined as (Cui and Fall, 

2015): 

 ( )eff dry eff sat dryk k S k k= + −   (5.83) 

with 

 1 1,sat tailings w dry tailings ak k k k k kφ φ φ φ− −= =   (5.84) 

where tailingsk , wk  and ak denote the thermal conductivity of the tailings, water and air, respectively. 

Finally, the heat released from exothermic binder hydration ( hydrQ ) can be determined by 

using (Schindler and Folliard, 2005): 
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where TH  and cemH  denote the amount of heat generated by the hydration of all binders and 

cement, respectively, and bC  denotes the apparent binder density. 

 

5.4.2.3 Formulation of total-stress viscoplastic cap model 

5.4.2.3.1 Introduction 
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Due to insufficient time for relative movement between the pore fluid and skeleton to occur 

during blast loading, and that the dynamic response of saturated granular media is undrained, 

interstitial water with high stiffness will be compressed simultaneously with the skeleton at the 

same magnitude because of volume compatibility (Naylor, 1974; Griffiths, 1985; Puebla et al., 

1997). Consequently, the irrecoverable volumetric deformation of the material (hysteresis) after 

a blast load cycle would lead to the generation of excess pore water pressure (Fragaszy and Voss, 

1986). To account for this phenomenon, a total-stress viscoplastic cap model (Lu and Fall, 2017a) 

is adopted in this study to simulate the response of saturated CPB under blast loading. This 

model incorporates the impedance of pore water flow under the undrained condition, and can 

also realistically simulate the irrecoverable volume compaction that is associated with 

liquefaction. The formulation of the total-stress model is briefly discussed in this section. 

 
5.4.2.3.2 Constitutive law 

A modified viscoplastic cap model based on the Perzyna model is adopted in this study to 

characterize the response of CPB under blast loading, and has been widely and successfully 

applied to capture the behaviour of various types of geomaterials (including soils, concrete and 

tailings backfill) under high pressure and a wide spectrum of strain rates (e.g., Katona, 1984; 

Tong and Tuan, 2007; Lu and Fall, 2016, 2017b). 

The total strain rate vector ε& in viscoplastic models is conventionally decomposed into an 

elastic part eε&  and a viscoplastic component vpε& as: 

 e vp= +ε ε ε& & &   (5.86) 

The elastic strain rate is related to stress rate tensor σ&  as 

 1e −=ε D σ& &   (5.87) 

The viscoplastic strain rate in the Perzyna model is generally defined as: 

 ( )vp ffη φ
∂

=
∂

ε
σ

&   (5.88) 

where η  is a fluidity parameter;  is a Macaulay bracket; f  is the yield criterion which is 

defined by the cap envelope provided below; and ( )fφ  is a dimensionless scaling function 

defined as (Katona, 1984; Tong and Tuan, 2007): 
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  (5.89) 

where N  and 0f  are model constants. 

The smooth surface cap model proposed in Lu and Fall (2016, 2017b) is used as the yield 

envelope f , and the shear yield envelope of the model is characterized by 

 2
1 1 2 2 1 12

[ ( ) ( )] / [ ( ) ( )] /( , ) 2
( ) ( )

k X L R k X L RF I J J I I k
L L
κ κ κ κ

κ κ
− − − −

= − + ⋅ −   (5.90) 

where ( )L κ  and ( )X κ  is the abscissa of the intersection of the cap with the shear envelope and the 

I1 axis, respectively; R  is the ratio of the major to the minor axis of the elliptical cap; and k  is a 

the Drucker-Prager parameter defined by: 
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2sin 6 cos,   =

3 3 sin 3 3 sin
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α
ϕ ϕ

=
+ +

  (5.91) 

where c  and ϕ  are the cohesion and internal friction angle, respectively. 

The elliptical cap envelope is defined by the following expression in Chen and Baladi 

(1985): 

 [ ] [ ]{ }1/22 2
2 1 2 2 1

1( , , ) ( ) ( ) ( )F I J J X L I L
R

κ κ κ κ= − − − −   (5.92) 

where the translation of point ( )X κ  due to irrecoverable volumetric strain ( in
vε ) can be 

characterized by using an isotropic hardening law as: 

 0( ) (1/ ) ln 1
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  (5.93) 

where W  is the maximum amount of inelastic volumetric strain, D  denotes the shape parameter 

of the volume-pressure relationship, and 0X  is the initial vertex of the cap. Subsequently, ( )L κ  

can be obtained by imposing a continuity condition on the entire envelope: 
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  (5.94) 
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  (5.95) 

where 0κ  is the onset of the hardening cap. 
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5.4.2.3.3 Undrained response 

Since the soil skeleton and pore water will be compressed simultaneously during undrained 

blast loading at the same magnitude, the changes in the pore pressure of the saturated mixture 

can be determined by using (Naylor, 1974; Puebla et al., 1997): 

 w a vdP K dε=   (5.96) 

where aK  is the apparent bulk modulus of the pore fluid, which can be obtained by using 

(Naylor, 1974): 

 
1 1

a w p

n n
K K K

−
= +   (5.97) 

where wK  is the bulk modulus of the pore water. Subsequently, the undrained response of the 

saturated mixture can be determined by combining the pore fluid stiffness with the effective 

elastic matrix of the skeleton (Naylor, 1974; Griffiths, 1985), which can be expressed in this 

study as: 

 ( )e e ev
s w s v a v s a v m ve

v

ddP dP dP K d K d K K d K d
d

ε
ε ε ε ε

ε
= + = + = + =   (5.98) 

where e
vε  is the elastic volumetric strain, and mK  is the undrained bulk modulus of the saturated 

mixture. Meanwhile, the associated Poisson’s ratio mv  also needs to be modified for an 

undrained condition as (Naylor, 1974; Griffiths, 1985): 
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  (5.99) 

where E  and v  are effective elastic constants of the soil skeleton. 

Finally, to account for the nonlinear volume-pressure relationship between the soil skeleton 

and pore water under high pressure, their bulk moduli are determined with the Mie-Grüneisen 

equation of state as follows (An et al., 2011): 

 
2 2 20 0 0 0 0
0 0 02

2

2
0 0

02

2 ( 1) ( )[1 (1 ) ][1 ] (1 )
2 2 1 (1 ) 2

(1 )

( )
(1 )

i i i i i i
i i i i i

i
i

i

vi i
i i

sC C
sK

s

E

γ α µ µ γ α µ γ
ρ µ µ ρ µ α µ

µ µ µ
µ µ

γ α µ
α

µ

− +
+ − − + + + − −

+ − +
=

+ −

 +
+ + + 

  (5.100) 



284 
 

where 0iC  is the p-wave velocity; is  is the slope of the shock velocity against the particle 

velocity curve; 0iγ  is a Grüneisen parameter, v
iE  is the internal energy per unit initial volume; 0iα  

is the first order volume correction to 0iγ ; and / (1 )v vµ ε ε= −  . 

 

5.4.3 Model validation 

5.4.3.1 Case Study 1: High column experiments on hydrating CPB 

Ghirian and Fall (2013, 2014) conducted experiments with high columns to investigate the 

coupled THMC behaviours of CPB during the curing process, and the test results are adopted 

here as the first case study to validate the THMC model for hydrating backfill. The CPB was 

placed in columns with a diameter of 20 cm, and three filling sequences were carried out. Each 

time, a lift of 50 cm in height was added with a one-day delay between each lift, and then the 

column was dismantled after 3 days. Extensive measurements and testing were performed and 

samples were taken at different locations of the columns during the curing of the CPB. The input 

parameters, boundary conditions and initial values used for simulation of the curing process with 

the THMC model are listed in Table 5.16. 

 

Table 5.16 Input parameters, boundary conditions and initial values for curing of CPB 
 Case Study 1 Case Study 4 

Cement content (%) 4.5 6.5 
w/c 7.6 3.54 

Insulation material Foam Rock 
Thermal conductivity (W/(m·K)) 0.024 3.6 

Heat capacity (J/(kg·K)) 1400 800 
Density (kg/m3) 30 2000 

Mechanical boundary Roller, except free at top Roller, except free at top 
Hydraulic boundary No flow No flow, except drainage at barricade 

Thermal boundary (°C) 20.5 20 
Initial temperature (°C) 20.5 20 

 

The cylinder columns of CPB were modelled by using symmetry elements, and the delay in 

the placement of each lift of the CPB was simulated layer by layer. A comparison between the 

simulated and measured temperature at 25 cm (bottom), 75 cm (middle) and 125 cm (top) from 

the bottom of the CPB column during the curing process is presented in Figure 5.55. The figure 

shows that the backfill temperature is increased due to exothermic hydration at the early ages, 

and would decrease due to room temperature (approximately 20.5°C). It can be observed that the 
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It can be thus concluded that the THMC model applied in this study is reliable enough to 

capture the thermal, hydraulic as well as mechanical processes of CPB during its curing period. 

More case studies that are applied to validate the predictive capability of the THMC model can 

be found in Cui and Fall (2015). 

 

5.4.3.2 Case Study 2: Laboratory shock loading tests on saturated sand and silt 

As the second case study, laboratory tests of soil liquefaction under shock loading carried 

out on saturated Monterey sand and Bonny silt (Charlie et al., 1985; Bolton et al., 1994) were 

applied to validate the total-stress viscoplastic model. The tested soils have a grain size 

distribution (GSD) that well represents the GSD spectrum of typical tailings backfill (Lu and Fall, 

2017a). 

Soil samples with a height of 152.5 mm and diameter of 68 mm were laterally fixed in a 

container during the testing, and dynamic axial compression was then applied onto the top of the 

sample. The shockwaves were modelled as triangular pulses that peak and then reduced back to 

their initial value both in half a millisecond based on the experimental data. The model 

parameters used in the total-stress viscoplastic model were obtained from experimental data in 

Bolton et al. (1994) and those adopted in Wang et al. (2008) for simulations of the same tests, 

and are provided in Tables 5.17 and 5.18. The simulated variations in volumetric strain and 

pressure with time at a monitored point in the middle of the tested specimens are presented in 

Figures 5.58 to 5.60. 

 

Table 5.17 Material properties used in model of shock tests on sand and silt 

Test Initial effective 
stress (MPa) 

Initial pore water 
pressure (MPa) 

Peak pressure 
(MPa) 

Density  
(kg/m3) 

η  
(μsec-1) N 

Case 1 (sand) 0.172 0.35 5.04  1970  3.5×10-6 1 
Case 2 (sand)  0.172 0.35 7.39 1970  5.2×10-6 1 
Case 3 (silt) 0.172 0.35 2.66 1848 1.3×10-5 1 

f0 (Pa) α  k(MPa) R D (MPa-1) W X0(MPa) 
1×106 0.25 0 8 4×10-3 0.0011 1 
1×106 0.25 0 8 4×10-3 0.0011 1 
1×106 0.225 0 8 4×10-3 0.0011 1 

 

 

 



 

 

 

Table 5.18

Cases 
Case 

 

Figure 5.58

 

Figure 5.59
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Test 

Cases 1-2 (sand) 
Case 3 (silt) 

58 Simulated loading histories of Case 1 (sand): (a) strain

59 Simulated loading histories of Case 

Material properties used for undrained response of sand and silt in shock tests

n 0sρ  
(kg/m3)

0.41 1563 
0.48 1367 

(a) 

Simulated loading histories of Case 1 (sand): (a) strain

(a) 

Simulated loading histories of Case 
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) 
0wρ  

(kg/m3) 
C
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The field explosion test was simulated by using 2D symmetry. Low-reflecting boundary 

conditions were applied at the bottom and far side boundaries of the model, and a constant load 

was applied on the top to represent the overburden from unsaturated tailings. The parameters of 

the total-stress viscoplastic model used in the simulation were determined from studies on tested 

tailings by Puebla et al. (1997) and Al-Qasimi et al. (2005), which are listed in Tables 5.20 and 

5.21. 

 

Table 5.20 Material properties used in model for field explosion test on tailings 
Density 
(kg/m3) 

η  
(μsec-1) N f0 

(Pa) α  k 
(MPa) R D  

(MPa-1) W X0 
(MPa) 

1950 1.5×10-5 1 1×106 0.18 0 8 1×10-2 0.001 1 

 

Table 5.21 Material properties used for undrained response of tailings in field explosion test 

n 0sρ  
( kg/m3) 

0wρ  
( kg/m3) 

Cs0 
(m/s) 

Cw0 
(m/s) ss sw 0sγ  0wγ  v Kp 

(GPa) 
0.43 1493 1000  219 1460 1.64 2 0.11 0.6 0.3 54 

 

The simulated attenuation of the peak particle velocity (PPV) and peak pore water pressure 

against scaled distance is compared with the test data in Figure 5.64. It is shown that the 

simulated results are in agreement with those of the field measurements in terms of both the 

magnitude and trends of variation. Furthermore, the field tests also indicate that the tailings 

deposit is liquefied within 6.6 m from the explosion at the depth of burial of the charge (6 m) in 

the study (Al-Qasimi et al., 2005). The simulated range of the liquefaction after blasting is 

presented in Figure 5.65(a), which shows that the deposit is liquefied within 6.3 m from the 

detonation at the examined depth. The simulated attenuation of the PPR against the scaled 

distance at this depth is illustrated in Figure 5.65(b), in which it is shown that the simulation also 

agrees well with the empirical law developed for the test site. Therefore, the total-stress 

viscoplastic model can also well capture the blast wave propagation and resulting development 

of excess pore pressure in the saturated fill mass. 
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Mine in Turkey (Thompson et al., 2012) was adopted as the fourth case study. The monitored 

stope was 15 m in height, 8.5 m in width and 14.5 m in length. The tailings backfill used i

stope had a gravimetric water content of 23% and cement content of 6.5%, and was filled at an 

initial rise rate of 0.3 m/h (Veenstra, 2013).
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total stress and pore pressure with time. Therefore, the variations in total stress and pore pressure 

under the influence of mine blasting during the curing process of cemented backfill can be 

reasonably captured by using the THMC and the total-stress viscoplastic cap models. 

 

5.4.4 Analysis of post-blasting stress distribution in hydrating fill mass 

5.4.4.1 Model configuration 

After validation of the model against both laboratory as well as field data, the model was 

applied to various practical engineering applications. Three factors; namely, stope geometry, 

blast operation, and intrinsic properties of backfill that affect the post-blasting stress and pressure 

distribution in the backfill mass, are examined in this study. Details of the scenarios that 

incorporate any combination of these factors are provided in Table 5.22. The configurations of a 

two-dimensional model established to represent the field conditions are shown in Figure 5.68. 

 

Table 5.22 Details of backfilling conditions examined in this study 

Case 
No. 

Drainage 
 condition 
(Kb /K *) 

Stope size 
(W×H, m) 

Distance of 
barricade to 

stope (Db, m) 

Distance 
between charge 

and stope (Dc, m) 

Number  
of 

blastings 

Initial backfill 
temperature 

(T0, oC) 

Cement 
content 

(%)(w/c**) 
1 0.5 10×25 4 30 1 20 5 (4.6) 
2 0.25 10×25 4 30 1 20 5 (4.6) 
3 0.125 10×25 4 30 1 20 5 (4.6) 
4 0.5 10×35 4 30 1 20 5 (4.6) 
5 0.5 10×45 4 30 1 20 5 (4.6) 
6 0.5 10×25 7 30 1 20 5 (4.6) 
7 0.5 10×25 10 30 1 20 5 (4.6) 
8 0.25 10×25 4 20 1 20 5 (4.6) 
9 0.25 10×25 4 40 1 20 5 (4.6) 

10 0.25 10×25 4 30 2 20 5 (4.6) 
11 0.25 10×25 4 30 3 20 5 (4.6) 
12 0.125 10×25 4 30 1 10 5 (4.6) 
13 0.125 10×25 4 30 1 30 5 (4.6) 
14 0.125 10×25 4 30 1 20 2.5 (9.2) 
15 0.125 10×25 4 30 1 20 7.5 (3.1) 

   *: Kb and K represent hydraulic conductivity of barricade and fill mass, respectively. 
 **: w/c denotes water-to-cement ratio. 
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 [ / ( ) ]c cb a
p c c c cV A R f Q −=    (5.102) 

where constants cA , ca , and cb  are 2.94 m/s, 1.32 and 0.66, respectively, in accordance to the 

monitoring of blast-induced PPV in the rocks of the Cannington Silver and Lead  Mine in 

Australia (van Gool, 2007); and cf  is a factor that represents the effect of the length ( cL ) of the 

explosive charges, defined as [arctan( / 2 )] / ( / 2 )c c c c cf L R L R= . By using the positional 

relationship between points on the stope wall and the explosion source, the normal components 

of blast waves with amplitudes determined by Equation (5.102) are applied in the model. A low-

reflecting boundary is used at the far end of the stope to eliminate wave reflection, and the 

bottom of the backfill mass is set as a roller boundary condition, while the top is set as a free 

boundary. The barricade is assumed to be stable during the course of the blast loading. 

After the passage of the blast waves, the excess pore pressure was generated by dynamic 

loading and added to the initial pore pressure of the backfill when filling was completed. Then, 

the dissipation of pore pressure due to both drainage through the barricade and binder hydration 

took place, and this process was characterized by using the THMC model for hydrating backfill. 

A monitoring point (M) was set at the intersection of the stope and drawpoint was 2 m above the 

floor. The results of the numerical analysis of post-blasting stress and pore pressure distribution 

in the backfill mass in various practical engineering conditions are discussed in the following 

sections.  

 

5.4.4.2 Discussion 

5.4.4.2.1 Effect of drainage conditions 

The drainage condition of backfill mass has a significant impact on the rate of the pore 

pressure dissipation, thus affecting the stress distribution after dynamic loadings in a backfilled 

stope. Three different hydraulic conductivities of the barricade material ( bK )with respect to that of the 

backfill ( K ) are considered in this study, i.e. bK =0.5 K  (Case 1), bK =0.25 K  (Case 2), and bK

=0.125 K  (Case 3), which imply that the side length of the barricade varies by an increment of 

two times in each case (Fahey et al., 2009; Helinski et al., 2010). 

To better understand the variations in stress of the fill mass after blast impact, the short-term 

redistribution of the excess pore pressure ( u∆ ) induced by dynamic loading on the backfilled 

stope with time for Case 3 is illustrated in Figure 5.69. The figure shows that the accumulation of 
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reduce the water viscosity and speed up the water flow. However, increased exothermic 

hydration could also reduce the fluid velocity and thus the rate of drainage by decreasing the 

hydraulic conductivity (Equation (5.75)) due to the faster precipitation of hydration products in 

the flow conducting channels (pores). The effects of these coupled mechanisms on the rate of 

drainage of a barricade are illustrated in Figure 5.78. As can be observed, the drainage is still 

relatively faster in Case 13 with a higher 0T  in the first few hours of hydration. Then, due to the 

rapid dissipation of pore pressure and reduction in fluid conducting capability, the rate of 

drainage would decrease even more so at the advanced ages. 

However, despite the complex mechanisms that facilitate and inhibit the dissipation of pore 

pressure at the same time, the monitored pore pressure at stope bottom shows an overall 

decreasing trend as 0T  increases when the backfill considered in this study reaches a more 

advanced age. Meanwhile, hσ also shows a similar trend of variation as that of the pore pressure 

with changes in 0T . 

 

5.4.4.2.7 Effect of cement content 

The amount of cement used in backfill preparation varies in practice to meet the criteria for 

strength at a reasonable cost. This is a crucial design parameter as the use of binder can be 75% 

of the total cost of backfill operations (Grice, 1998). Three different backfill recipes in terms of 

cement content are studied, i.e. 2.5% (52.8 kg/m3, Case 14), 5% (105.7 kg/m3, Case 3), and 7.5% 

(158.5 kg/m3, Case 15), and the simulated variations of the total stress and pore pressure at the 

monitored point are presented in Figure 5.79. 
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systems. Specifically, reducing the blast-induced stress by reducing the stope height or extending 

the drawpoint outwards can be achieved by compromising the liquefaction resistance or drainage 

efficiency of the fill mass. Besides, while increasing the initial backfill temperature can 

contribute to significantly greater stress reduction at a more advanced age, the retaining structure 

may indeed be subjected to higher stress from the material at the early ages if there is a delay in 

the cement hydration. Finally, the increase of cement in a backfill recipe can also lead to more 

rapid stress reduction. However, this would cost more and reduce the effect of the drainage 

facility at the same time. Therefore, all of these influencing factors should be balanced with 

respect to the stability of the backfill and retaining structure as well as the operation cost in a 

rational backfill design. 
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Chapter 6.   
Results Synthesis and Discussion 

 

6.1 Introduction 

The blast response of cemented tailing backfill (CTB) is significantly affected by the 

multiphysics processes to which the material has been subjected, prior to dynamic loading. 

Fundamental models were developed and validated in Chapter 4 of this study, to incorporate and 

characterize the effect of THMC factors on the blast response of CTB during its curing process. 

These models were then applied in Chapter 5 to investigate the effects of various practical 

backfilling conditions and design strategies on the field behaviour of hydrating fill mass under 

blast loading. The features and applicability of the fundamental models developed in this study 

are summarized in this chapter. Additionally, the study findings are synthesized in this chapter, 

to facilitate a better understanding of the blast response of CTB during the multiphysics 

processes of curing, and of how to derive a more rational backfill design. 

 

6.2 Features and applicability of developed models for blast response of CTB 

6.2.1 Coupled chemo-viscoplastic cap model 

The coupled chemo–viscoplastic cap model incorporates the effect of binder hydration on 

the mechanical response of CTB under blast loading. Specifically, with respect to the blast 

response, the modified viscoplastic cap model developed in this study considers the typical rate-

dependence, irrecoverable compaction, strain hardening, full compaction, and nonlinear 

hydrostatic behaviours of porous media upon blast load application. These characteristic 

phenomena among porous media have also recently been observed and identified in the blast 

response of CTB. As for the effect of chemical processes, the model adopts a binder hydration 

model to quantify the evolution of those CTB properties required by the viscoplastic cap model 

during its curing process. Therefore, the coupled chemo–viscoplastic cap model can be used to 

evaluate the blast response of and blast wave propagation in CTB when only the effect of binder 

hydration on the material evolution is considered predominant. 
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6.2.2 Multiphysics-viscoplastic cap model 

In addition to the effect of binder hydration (chemical; C), the dynamic response of CTB is 

also subject to the significant influence of thermal (T), hydraulic (H), and mechanical (M) factors 

inherent in the curing process. Therefore, the coupled chemo–viscoplastic cap model is modified 

by incorporating all the THMC processes inherent in the curing stage with a multiphysics model 

for CTB, resulting in a new multiphysics–viscoplastic cap model. The evolution of CTB 

properties as required by the viscoplastic cap model is captured by the multiphysics model for 

the CTB curing process. Consequently, the blast response of CTB, as captured by the model, is 

fully coupled with the multiphysics processes that the material experienced prior to dynamic 

loading. Thus, the multiphysics–viscoplastic cap model can be used as an integrated tool in 

assessing the blast response of and blast wave propagation in CTB that features ongoing binder 

hydration, under various backfilling and curing conditions. 

 

6.2.3 Total-stress viscoplastic cap model 

The total-stress viscoplastic cap model is developed by incorporating the impedance of pore 

water in saturated granular media during the course of undrained blast loading, based on the 

prototype viscoplastic cap model developed in the study. Use of the total-stress formulation, in 

addition to the previously listed capabilities of the viscoplastic cap model, allows for the rational 

assessment of excess pore pressure generation due to irrecoverable compaction upon blasting. 

Therefore, the total-stress viscoplastic cap developed in this study can be used to evaluate the 

blast-induced liquefaction susceptibility of early-age CTB, which is typically saturated and has 

marginal cementation. 

 

6.3 Effect of multiphysics processes on the blast response of CTB 

The following multiphysics processes during the curing stage of CTB are considered in the 

developed fundamental models of the dynamic behaviours of CTB. The detailed influence of 

these processes on the blast response of CTB is elucidated in the following subsections. 

 

6.3.1 Effect of thermal processes 
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The thermal processes affect the blast response of CTB, mainly in an indirect manner (i.e., 

through the other fields). For early-age CTB, an increase in backfill temperature would 

accelerate binder hydration and fluid flow (by reducing viscosity) and thus promote pore 

pressure dissipation. This would generally lead to a reduced risk of dynamic liquefaction. In 

contrast, for more mature CTB, a higher backfill temperature would lead to faster hydration and 

thus result in more strength gain; this would in turn result in a stiffer dynamic response by CTB. 

This is considered in the study through an increase in elastic constants, friction angle, cohesion, 

and parameter 0( )X ξ , as well as a reduction in ( )η ξ . Besides, it can also contribute to more 

rapid water consumption (via hydration) and water loss (via evaporation), and the water content 

has been shown to have a significant impact on the mechanisms of blast response of porous 

materials; this will be discussed in Section 6.3.2. Finally, thermal strain would modify both heat 

exchange and fluid flow processes, through the porosity-dependent properties of CTB; this 

would in turn further influence its dynamic response. 

 

6.3.2 Effect of hydraulic processes 

The hydraulic processes control the mechanisms of the blast response of CTB at different 

curing ages. Early-age CTB in a saturated condition is subject to blast-induced liquefaction, and 

hydraulic processes such as self-desiccation and drainage could significantly alleviate the risk of 

dynamic liquefaction. For mature CTB, however, the amount of water presence under the 

influence of these hydraulic processes will strongly affect the deformation mechanism and 

pressure attenuation of CTB in the course of blast loading. Specifically, at low saturation levels, 

the water present in the pores is insufficient in modifying stress transmission, and the stress 

waves would still predominantly propagate through the skeleton. This is considered in the study 

through parameter ( )s ξ , as discussed in Section 4.2.3.2.3. Besides, the stress waves would also 

attenuate more drastically under this condition through the irrecoverable closure of large empty 

voids. This is considered in the study through parameter (1 )W Sφ= − , as discussed in Section 

5.2.2.3.2. At higher saturation levels, on the other hand, both pore water and skeleton 

deformations are important, and so stress waves can propagate significantly faster and 

attenuation would also decrease. This is considered in the study through both (1 )W Sφ= −  and 

( )s ξ . 
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6.3.3 Effect of mechanical processes 

The mechanical processes that take place during the curing of CTB also influence its 

behaviour under blast loading, in an indirect way. The deformation of CTB due to thermal 

expansion, chemical shrinkage, and external stresses in the curing process can result in changes 

in the porosity of the material. Variations in the void size of CTB would affect the thermal and 

hydraulic processes of the material through heat conduction and convection, as well as the flow 

of fluids; this in turn imposes an indirect impact on its blast response, as previously discussed. 

 

6.3.4 Effect of chemical processes 

The chemical processes that take place during the curing of CTB strongly affect its blast 

response, due to their direct impacts in all other fields. For early-age CTB, binder hydration will 

dissipate the excess pore pressure generated by dynamic loading, which in turn reduces the 

potential for dynamic liquefaction. In addition, binder hydration is also exothermic, and so it can 

accelerate fluid flow and generally enhance drainage; this would further reduce the risk of 

liquefaction. For more mature CTB, binder hydration would also consume pore water and 

change the rate of fluid flow; it would thus modify its mechanical behaviour under blast loading 

(through water content), as previously discussed. Meanwhile, binder hydration would result in 

strength development in CTB, and thus improve its dynamic performance. 

 

6.4 Effect of backfilling conditions and design strategies on the blast response 
of hydrating fill mass 

Using the fundamental multiphysics models developed and validated in Chapter 4, three 

aspects of those factors that may affect the blast response of hydrating fill mass in the field are 

investigated in Chapter 5. These include backfilling conditions, stope geometry, and blast 

operations. The findings from these multiphysics simulations are synthesized in this section, and 

their implications for field backfill design are also discussed. The favourable (+) and negative (-) 

impacts of various backfilling conditions and design strategies on the stability of backfill systems 

are schematically illustrated in Figures 6.1 and 6.2. 
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Figure 6.1 Effect of different backfilling conditions and design strategies on early-age fill mass 

 

 
Figure 6.2 Effect of different backfilling conditions and design strategies on mature fill mass 

 

6.4.1 Effect of backfilling conditions 

The backfilling conditions considered in this study include the intrinsic properties of 

backfill (i.e., cement content, initial temperature, and curing time) and the backfill operation 

conditions (i.e., filling strategy and drainage condition). Applications of fundamental 

multiphysics models suggest that all these variables affect the blast response of a field CTB mass 

through different mechanisms. 

Cement content
+

Initial backfill 
temperature*

Curing time

Liquefaction 

stability of 

backfill

+/-

+

Drainage
+

Stope height

Distance between 
barricade and stope

+

-

Distance between 
detonation and stope

Number of blast 
sequences

-

-

Stability of 

retaining 

structure for 

backfill

+

+/-

+

+

-

+

-

-

(*: Depends on different stages of backfilling)

Cement content
+

Initial backfill temperature

Curing time
Stiffer backfill 

response

+

+

Backfilling rate
+

Stope height*
+/-

(*: Depends on relative relation between the temperature of 
backfill and rock)



319 
 

(1) Effect of cement content. For early-age fill mass, an increase in cement dosage in the 

backfill recipe can significantly accelerate excess pore pressure dissipation, mainly through more 

consumption of pore water via hydration. It could thus lead to lower post-blasting stress on the 

retaining barricade from the backfill (i.e., barricade pressure), faster dissipation of excess pore 

pressure, and thus faster mitigation of associated dynamic liquefaction. For more mature fill 

mass, an increase in cement content would cause a stiffer backfill response under blast loading, 

due primarily to the generation of more hydration products. 

(2) Effect of initial backfill temperature. For early-age fill mass, a higher initial backfill 

temperature could result in accelerated hydration and thus faster excess pore pressure dissipation, 

which would in turn lead to lower post-blasting barricade pressure and the reduced risk of 

dynamic liquefaction. However, it could also increase stress and pore pressure at the stope 

bottom during the filling process, due to the rapid supply of water from freshly placed backfill 

above, as a result of increased permeability. For more mature fill mass, on the other hand, an 

increase in the initial temperature would lead to a stiffer blast response of the material, which can 

largely be attributed to faster strength gain from boosted hydration. 

(3) Effect of curing time. Extending the duration of curing allows for more water drainage 

and pore water consumption via binder hydration, and thus facilitates greater dissipation of the 

excess pore pressure generated by dynamic loading. Therefore, longer curing times could reduce 

the post-blasting stress on the barricade, as well as the tendency towards liquefaction in early-age 

fill mass. In addition, a longer curing period also permits the generation of more hydration 

products, which would then result in a stiffer dynamic response by the material. 

(4) Effect of backfilling rate. This study shows that the effect of the backfilling rate on the 

blast response of hydrating fill mass becomes more evident as one approaches the top of 

backfilled stopes, where the difference in the time of placement (or the effect of any delay) 

becomes more pronounced. 

(5) Effect of drainage condition. The drainage condition of fill mass is crucial to its stability, 

as enhanced drainage is associated with more rapid (excess) pore pressure dissipation, and thus 

with a lower risk of blast-induced liquefaction and a faster reduction of post-blasting barricade 

pressure. 

 

6.4.2 Effect of stope geometry 
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The stope geometry examined in this study consists of the stope size (i.e., height) and the 

location of the permeable barricade in the mine drift at the stope bottom. These factors affect, in 

different ways, the blast response of fill mass and the stability of its retaining structure. 

(1) Effect of stope size. For early-age fill mass, extending the height of the stope is an 

effective means of mitigating liquefaction, as doing so can increase the effective stress of the fill 

mass at each depth. However the full dissipation of excess pore pressure requires more time, 

given the increased boundary area subjected to mine blasting and a greater supply of water from 

fresh backfill. Moreover, a larger stope height can also significantly increase the stress acting on 

the barricade, which is unfavourable to the stability of the backfill system. For more mature fill 

mass, the backfill would exhibit more distinct behaviours in the core region of a higher backfill 

structure, primarily because the effect of the environment (i.e., rock) temperature is less 

significant there. 

(2) Effect of distance between barricade and stope. A barricade located closer to the stope is 

favourable to the drainage of the fill mass, due to there being a shorter flow path. This would 

cause faster dissipation of (excess) pore pressure and thus lower the risk of dynamic liquefaction. 

However, a shorter distance between the barricade and stope could also result in higher backfill 

stress acting on the retaining structure, as the fill mass would be more horizontally compressed at 

the stope bottom. 

 

6.4.3 Effect of blast operations 

The effects of blast operations are discussed in this study in terms of the distance between 

the charge and the backfilled stope, and the number of blast sequences; these effects have been 

found to have a significant impact on the stability of backfill systems. 

(1) Effect of proximity of detonation. Conducting mine blasts closer to the stope would 

significantly increase the amount of excess pore pressure generated in the fill mass. This would 

in turn increase the risk of liquefaction and post-blasting barricade pressure. 

(2) Effect of the number of blasts. Repetitive mine blasts would result in the accumulation 

of excess pore pressure in the fill mass, and thus also lead to a higher potential for dynamic 

liquefaction and a higher barricade pressure. 
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Chapter 7.   
Conclusions and Recommendations 

 

7.1 Conclusions 

Cemented tailings backfill (CTB) is often exposed to mine blasts during the accessing and 

recovery of ore pillars. Due to limited understanding as well as the lack of a reliable tool for 

rational assessment of its behaviour under blast loading, fundamental multiphysics modelling of 

the blast response of CTB is carried out in this study. The following conclusions can be drawn 

from the study. 

1. The properties as well as quasi-static and dynamic behaviours of CTB are predominately 

controlled by the coupled multiphysics or THMC processes during its curing stage. 

2. A comprehensive literature review has been carried out on available approaches to 

characterizing the blast response of granular media, and advantages and limitations of different 

methods are compared. It also reveals the absence of a model to capture the behaviours of 

hydrating CTB under blast loading, and thus demonstrates the relevance and novelty of 

multiphysics modelling of the study. 

3. A novel coupled chemo-viscoplastic cap model has been first developed to characterize 

the blast response of hydrating CTB. Then, this model is modified by incorporating all the 

THMC factors during the curing process of CTB, and it results in a new multiphysics-

viscoplastic cap model for simulating the evolutive behaviours of CTB under blast loading. 

These series of models have considered typical rate-dependence, irrecoverable compaction, 

strain hardening, full compaction and nonlinear hydrostatic behaviours of porous media upon 

blast load application, which have also been recently observed in the dynamic response by CTB. 

In addition, the coupled models have also rationally incorporated the evolution of CTB 

properties due to THMC processes of the curing stage with a multiphysics model.  Thus, the 

dynamic response of CTB captured by the proposed models is fully coupled with the 

multiphysics processes that the material has experienced prior to blast loading. The good 

agreement between simulation and experimental results suggests that these models can be used 
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as an integrated tool for assessing the blast response of and blast wave propagation in CTB with 

ongoing binder hydration under varied practical backfilling and curing conditions. 

4. A new total-stress viscoplastic cap model has been developed to characterize the blast-

induced liquefaction of early-age CTB in a saturated state. In addition to the ability to capturing 

aforementioned typical nonlinear behaviours of porous media when subjected to blast loading, 

this model has also incorporated the dependence of material behaviour on fluid impedance in 

such undrained dynamic condition. The developed model can reasonably capture the excess pore 

pressure development due to irrecoverable volume compaction in accordance with the 

mechanism of blast-induced liquefaction. The good agreement between simulation results and 

experimental data indicates the model is well capable of capturing the liquefaction of natural and 

man-made granular materials, including tailings backfills, due to blast loading. Thus, the model 

can be used to evaluate liquefaction susceptibility of saturated fill mass at early age in such 

dynamic conditions. 

5. After validation of the developed fundamental models against experimental data, these 

models are applied to practical scenarios to examine the effect of backfilling conditions, stope 

geometry, and blast operations on the blast response of field CTB mass. As far as early-age fill 

mass is concerned, a longer curing period would permit more reduction in the excess pore 

pressure generated by dynamic loading, thus reduce the associated risk of liquefaction, and the 

stress acting on the retaining structure by backfill (barricade pressure) would also drop with time. 

Besides, the enhancement of backfill drainage, and avoidance of close and consecutive blasting 

can effectively decrease the excess pore pressure and the associated liquefaction potential, and 

the barricade pressure can also be reduced. Meanwhile, decreasing the stope height or locating 

the barricade farther to the stope could reduce the barricade pressure, but it would also 

compromise the liquefaction susceptibility of the fill mass. Moreover, despite a higher backfill 

temperature could lead to faster reduction of barricade pressure, excess pore pressure, and thus 

the risk of liquefaction, the retaining structure is indeed subjected to higher stress from the 

material during backfilling. Finally, spending more investments by increasing the cement dosage 

in the backfill recipe can more effectively reduce the barricade pressure and excess pore pressure 

as well the risk of dynamic liquefaction. 

6. As for fill mass at a more advanced age, a longer curing time allows generation of more 

hydration products, while a higher initial backfill temperature would accelerate the hydration 
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process. Both of the two factors would result in better strength development of CTB and thus a 

stiffer dynamic response by the material. Meanwhile, a larger stope size alters the blast response 

of CTB mainly at the core region of the fill mass, by delaying the heat exchange with the curing 

environment. The effect of backfilling rate on dynamic behaviours of CTB is more significant at 

the top of the stope where the difference in the time of placement is more pronounced. Besides, 

the use of more binder in the backfill recipe would also result in a stiffer backfill response under 

blast loading. 

7. The findings of the study have highlighted the importance of optimal backfill design. It 

has also provided useful insight for balancing the influence of different design parameters on 

different aspects of stability (e.g. liquefaction potential and barricade stability) and economy of 

backfill systems. 

 

7.2 Recommendations for future studies 

The following recommendations are made for future works. 

1. The emphasis of the presented study has been placed on the blast response and blast wave 

propagation in cemented tailings backfill. As production and development blasts are detonated in 

ore body or rock mass, it is recommended for a future study to include the rock in the numerical 

model for analyzing the dynamic process. This type of work requires not only a reliable model 

for blast response of rock, but also necessitates a hydration-dependent interface model that can 

characterize the reflection/refraction of stress wave at the interface of rock and hydrating backfill. 

In particular, this effort is imperative because more energy of blast waves can be transmitted 

from the rock to the saturated backfill than its unsaturated counterparts due primarily to the 

contribution of high impedance of pore water. Therefore, the stability of early-age backfill is 

critical due to its high vulnerability to liquefaction, and a rational evaluation of wave 

transmission at the interface is crucial for a reliable assessment of liquefaction susceptibility of 

fill mass. In the meantime, more experimental and field monitoring efforts are required for the 

development of such an integrated model. 

2. Unsaturated backfills are deemed liquefaction resistant in conventional practice. However, 

the air-filled pores of the initially unsaturated backfill could also be closed by the high pressure 

of blast loading, and thus it would become nominally saturated and is subjected to the risk of 

liquefaction. Despite the numerical tools that are available for capturing such a process, more 
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experimental studies should be carried out for the development of a model to characterize the 

blast-induced liquefaction of hydrating backfills in an unsaturated state. 

3. Although a total-stress viscoplastic cap model has been developed in the study to 

simulate the blast-induced liquefaction of early-age tailings backfill, its change of liquefaction 

resistance due to material evolution during the binder hydration process has not been explicitly 

included. This limitation is due to the lack of experimental data for developing such a model. 

While applying the developed model for early-age tailings backfill would be on the safe side, it 

is inevitably conservative. Therefore, in order to develop a model for assessing the evolutive 

liquefaction characteristics of hydrating backfill, shock loading tests with integrated pore 

pressure measurements should carried out on the material that is still saturated and undergoing 

cementation. 

4. The numerical analyses performed in the study have involved the transferring of data 

between quasi-static and dynamic models of cemented tailings backfills. For example, the 

backfill properties obtained from the multiphysics model are transferred to the viscoplastic 

model to capture the response of the material at different curing time during blast loading. 

Conversely, the excess pore water pressure determined from the total-stress viscoplastic model 

needs to be transferred to the multiphysics model for simulating the stress redistribution in the 

fill mass after the blast impact. This is primarily because the current study is dealing with the 

behaviours of tailings backfills at two distinct time scales (i.e. a magnitude of days for quasi-

static curing process and a magnitude of microseconds to milliseconds for blast loading process). 

The data exchanges are inevitably complex and time-consuming from a modelling point of view. 

A unified model that can delineate the backfill behaviours in both quasi-static and dynamic 

conditions should be desirable to simplify the modelling procedures. 

5. This study has focused on the dynamic behaviours and liquefaction of cemented tailings 

backfill due to blast loading. As blast wave attenuates, it gradually becomes of seismic nature at 

the far field of mine blasts. Moreover, the seismic waves can also originate from fault slips or 

rock bursts in underground mines. Therefore, characterizing the mechanical response and 

liquefaction of tailings backfill under cyclic loadings during multiphysics processes of its curing 

stage should also be an important task of future studies. 
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