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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. Specificaly, 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) factorsit 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



to field backfilling operations. These include ssimulation 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

aswell asoptimal design of CTB systemsin such dynamic condition.
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Chapter 1.
| ntroduction

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 dag), 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 a., 2005; Klein and Simon, 2006;
Atlascopco, 2007; Bussiére, 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.



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 dices 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, mechanica 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



(Emad et a., 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
astheir 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 aso 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 Resear ch approaches and methods

1.4.1 Resear ch 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 devel oped.

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.



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 isillustrated 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.
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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 COM SOL
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 COM SOL Multiphysics, along with the establishment of conservation equations
for each physica 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.



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 thisthesis 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 mode! for characterizing the blast-induced liquefaction of early-
age CTB isdeveloped.

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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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 mechanica 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



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 mediainduced by explosive loadings.

Paper 5 isthe 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.
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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; Bussi¢re, 2007; Rankine and Sivakugan, 2007,
Ghirian and Fall, 2013). In past decades, returning mine wastes to subsurface voids emerged as
an aternative 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
systemsis 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. Specificaly, 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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This mining method generaly involves a large stope size, especialy in the vertica
dimension, to promote mining efficiency. Therefore, sublevel open stoping is more feasible for
orebodies with steep dip and regular boundaries as well as stable host rock. The orebody is
divided into separated stopes, and pillars are set between stopes to support the roof and hanging
wall. The ore dlices are blasted in a panel retreating away from working end of the drift in a left-
to-right manner. The successive blasts will use the open space from previous blasts to expand
into (Hustrulid, 1982). Then, the blasted ore of primary stopes is recovered at drawpoints
constructed at the bottom of large open stopes, and subsequently the cavities are backfilled by
uncemented waste rock, sand or tailings. To enable the extraction of the remaining ore pillars of
secondary stopes, cemented tailings backfill can be used if the practice is economically justified

(Atlascopco, 2007). The layout of sublevel open stoping is shown in Figure 2.1.

Long-hole
drilling and
blasting

(Backfilled after ///
being mined out)

Undercut fan
blasting
™~ -~

Figure 2.1 Layout of sublevel open stoping (Adopted from Atlascopco, 2007)

2) Vertical crater retreat

The prerequisites of ore deposits for this mining method is similar to sublevel open stoping,
but vertical crater retreat differs in that the concentrated charges are detonated to excavate the
horizontal ore dices from the bottom to the top of the stope upwards. After the blasted ore
accumulated drawpoints is removed, each stope is then backfilled with cemented backfill to
allow for the extraction of adjacent ore pillars (Hustrulid, 1982; Atlascopco, 2007). The layout of
the vertical crater retreat is shown in Figure 2.2.
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Figure 2.2 Layout of vertical crater retreat (Adopted from Atlascopco, 2007)

3) Cut and fill mining

Cut and fill mining is an ideal method for steeply dipping ore deposits in weak host rock,
and it also excavates the orebody in horizontal slices from the bottom upwards. After the blasted
ore is cleaned out, backfills are placed in the stope. The fill mass can serve both to support the
surrounding walls, and as the platform for mining personnel and equipment to extract the
adjacent ore sices. Therefore, this method alows more selective mining than its alternatives as
high grade ore can be mined separately while low grade one is left behind in the stope, thusit is
preferred for orebodies with irregular geometry and scattered mineralization (Atlascopco, 2007).
The layout of cut and fill mining is shown in Figure 2.3.
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Figure 2.3 Layout of cut and fill mining (Adopted from Atlascopco, 2007)

2.3 Cemented tailings backfill

Mine tailings produced by mineral processing constitute the granular aggregates of
cemented tailings backfill (CTB). Then, binders are added to improve the strength of CTB to
meet design criteria. As cement consumption can account for up to 80% of backfill costs and 20%
of total expenditure for mine operations (Grice, 1998), low cement contents of 3% to 7% are
commonly employed, and blast furnace slag and fly ash are often used as alternative binding
agents in preparing CTB to reduce cement consumption. After adding a sufficient amount of
water, CTB behaves as homogenous slurry, and it is delivered by gravity or pump through pipe
networks to a deposition point and is discharged into mined-out stopes from the top. Permeable
retaining structures called barricades or bulkheads are constructed in the access drives
(drawpoints) at the bottom of the stope to resist the horizontal stress imposed by the fill mass. A
typical backfilled stopeisillustrated in Figure 2.4.
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Figure 2.4 Schematic diagram of mining with backfill (Modified after Cui, 2017)

The design of CTB systems depends on two main factors as a trade-off between efficiency
and safety. Firstly, backfilling process should be as quick as possible without compromising the
containment barricade. Secondly, the backfill should develop sufficient strength to become self-
supporting and facilitate removal of adjacent rock, which requires a turn-around time (downtime)
that allows curing between successive stope development (ore blasting and collection) and
backfilling cycles (Thompson et al., 2012; Witteman, 2013). Therefore, various design strategies
for backfilling are used in mine operations to achieve the balance between stability of CTB
systems and mining productivity.

There are two main types of cemented tailings backfill, namely, cemented paste backfill
(CPB) and cemented hydraulic backfill (CHB), and they differ from each other primarily in the
gradation and fraction of tailings aggregates. CPB is prepared in plants by dewatered full-stream
(unclassified) mine tailings, and the solid content in CPB typically ranges between 75% and 85%
by weight, while CHB is composed of classified tailings with less fine particles and its solid
content lies between 60% and 70%. Generally, CPB would exhibit better mechanical and
operational performance compared to CHB. Therefore, CPB is more popular in open stoping
mining with higher and greater exposures, while CHB requires longer turn-around cycles and is
more practiced for cut and fill mining (Hassani and Archibald, 1998).

Despite its various benefits, the lack of understanding of CTB behaviour has led to
conservative design of backfill systems, including unnecessarily high binder content, long turn-

around time and large barricade resistance (Witteman, 2013). Moreover, current design criteria
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and analytical approaches to CTB and the retaining structures are based on stress equilibrium in

guasi-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 a.,
2014). As aresult, 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 a., 1975; Li and Aubertin, 2009). Due to the insufficient understanding of the materia
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 a., 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. lvanov, 1967; Dowding and Hryciw, 1986; Wang et al. 2004; Emad
et a., 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 (p) of the material. The velocities of the elastic compressive wave (cp)

and shear wave () are expressed as.

r (2.1)

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 p, 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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the shock front, as depicted in Figure 2.5 below. As a result, there are five unknowns that must

be solved by five equations in order to evaluate the wave propagation process (L ee, 2006).

A C B
Behind the shock U dr In front of the shock

P =P P =P
= P = P
P=h u dt ¢
u=u, P u=0
E=E E=FE,

A C B

Figure 2.5 Details of plane shock wave propagating in a solid (From Zukas, 2004)

The first three equations are formulated by the conservation of mass, momentum, and
energy, respectively (Cooper, 1996; Zukas, 2004):
rjdg=r,Us-u,) or VU =V,(U;-u,)
BR-R=ryuyu, (2.2

1
Fg.up :Erousugz)-'-rOUS(E:L_ EO)
where r ,, Po, Vo are the density, pressure, and volume of an element in the initial condition

(before the shock arrives), r,, P1, V1 corresponds to properties behind the shock front (after the

passage of the shock wave), and Us and u, are the velocities of the pressure pulse and the
material.
Eliminating Us and up in the conservation of energy results in the equation known in the

literature as the Rankine-Hugoniot (jump) relation:

leel 10

E-E= ¢ —HR+R)=
281, Tig

The fourth equation required to solve the problem of shock wave propagation is an

(v V,)(R+R) (2.3)

empirical relationship known as the Hugoniot. The Hugoniot is the experimentally determined
curve relating to any two state variables, such as shock velocity, pressure, particle velocity, or

the specific volume of the material, and common combinations are U-u, P-V, and P-u curves.
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These relations form the basis of an equation of state (EOS), which quantifies the material
behaviour for agiven set of initial conditions (Zukas, 2004).

The fifth or final equation required to evaluate the wave propagation can be defined by
applying case-specific constraints to the shock problem, such as boundary conditions,

constitutive laws, and thermodynamic conditions.

2.5.2 Classification of waves by type of stress

Stress waves can be distinguished between normal (pressure) and tangential (shear) waves.
The former cause a change in the mass element volume, thus they are also called longitudinal
waves or P-waves, while the latter cause a change in shape and thus are aso called distortion
wave or S-waves. In addition to the body waves discussed above, waves can also propagate
along the interface of two media, namely surface waves. In geological media, the surface can be
the interface of individual layers, such as rock and soil, or that free surface between the earth and
air. According to Charlie et al. (1996), the longitudinal wave dominates in the vicinity of an
explosion for a buried charge, and this type of compressive wave with high pressure will be the

focus of this study. The different types of stress waves generated by a buried explosion are
illustrated in Figure 2.6.
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Figure 2.6 Genera wave paths from an explosion (From Eller, 2010)

2.5.3 Classification of waves by the magnitude of stress

When a contained explosive charge is detonated, the rapid release of energy from the buried

explosives produces a compression wave radiating away from the explosion source, and it
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produces intense radial compression in the surrounding medium. The compressional stress wave
carries most of the energy (Charlie et al., 1996), and its propagation in porous media is briefly
presented in this section.

The types of waves propagating in a material depend on the relationship between material
strength and the magnitude of the load. The relationship has the general form shown in Figure
2.7(a) for liquids, gases, or water-bearing soil, and in Figure 2.7(b) for solids.

A A
P P
g 4 c
£ g
P, B
Py,
A
0 ;V 0 €a €p £ TE'v
deformation deformation
(a) Relationship for liquids, gases, €etc. (b) Relationship for solids
Figure 2.7 Relationship between pressure and volume deformation (Adopted from Henrych,
1979)

As can be observed in Figure 2.7(a) for fluid-like materials, the slope of pressure increases
with deformation, thus stress waves with higher pressures can propagate faster than lower-
pressure waves (Henrych, 1979).

In Figure 2.7(b) for solids, the deformation changes linearly when the pressure exists in the
range of 0<P<P,, which is referred to as the elastic range. The velocity of a wave propagating
within this range is constant and equal to the velocity of sound. Within the window of P4 < P <
Pg, large displacements of particles occur in the medium. The material is gradually compressed
and ceases to transfer shear stresses, and it starts to behave as a liquid. At point B, the shear
bonds in the material are completely lost, the particles of the original medium are rearranged,
and it changes into a material that sustains only hydrostatic pressure. In this region, the slope of
pressure decreases with a rise in pressure, thus the higher pressure will propagate at a lower

speed than stress waves with lower amplitudes. This range is known as the plastic range. At
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pressure within the range of Pg < 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 thisrange islower 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 caled 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 influenceson CTB

The performance of cemented tailings backfill is significantly influenced by complex
coupled multiphysics, including thermal (T), hydraulic (H), mechanica (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 a., 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).

22



@

[ =]
& 5
EE \
£
1EE
1 _—n
1|8 &
H =
s o
1l 5 &
1Y < 8
O
] Pop, A\
Lrey, %
O Sy, 2]
/1,7,7 €
Lo ‘7[]) \
Co,, 0% Le
Wy, e,
) G Uy,
Heat convection g, e

e

—> Strong coupling =  ===== » Weak coupling

Figure 2.8 Coupled THMC processesin CTB
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2.6.1 Chemical process

The chemical process is the main factor that affects the evolution of CTB. When cement
interacts with water, the hydration of cement contained in CTB initiates. The progression of the
chemical reaction influences CTB properties and behaviour as well as other physics in different
mechanisms:

(1) The effect of C on T. The heat released by exothermic binder hydration will affect the
temperature distribution in the CTB structure, whose effect on CTB will be elucidated in Section
2.6.3 (Schindler, 2004; Schindler and Folliard, 2005);

(2) The effect of C on H. The binder hydration process consumes interstitial water and
generates hydration products which precipitate and refine the flow conducting channels of the
porous material. The process will not only reduce the degree of saturation and modify the
permeability of CTB, but aso induce the development of matric suction (Ghirian and Fall, 2013);

(3) The effect of C on M. The hydration of cement generates three main types of hydration
products, namely calcium slicate hydrate (C-S-H), calcium hydroxide (CH), and calcium
sulphoaluminate (known as ettringite). The hydration products generated by chemical reactions
precipitate and refine the capillary pore space between tailings particles. This would then lead to
significant microstructural evolution and consequently contribute to increases in the stiffness and

23



strength of CTB (Ghirian and Fall, 2013, 2014). However, the mixing water or tailings used in
CTB plants may aso 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 aso 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. Thiswill 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 M echanical 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 aso 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 Coté 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 mediais 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 stresslevelsin 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 alower 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 a., 2004).
Therefore, these multiphysics processes occurring in the service life of CTB and its initia
conditions should be sufficiently considered in order to rationaly 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.

2.8 References

Abdul-Hussain N, Fal M. Thermo-hydro-mechanical behaviour of sodium silicate-cemented
paste tailings in column experiments. Tunnelling and Underground Space Technology 2012;
29:85-93.

Atlas Copco. Mining methods in underground mining. Second edition. 2007.

Benzaazoua M, Belem T. Optimization of sulfurous paste backfill mixtures for increased long-
term strength and durability. Waste Treatment and Environmental Impact in the Mining
Industry 2000; 1(1): 343-352.

Bentz DP, Peltz MA, Winpigler J. Early-age properties of cement-based materials. I1: Influence
of water-to-cement ratio. Journal of Materialsin Civil Engineering 2009; 21: 512-517.

Boumiz A, Vernet C, Tenoudji FC. Mechanical properties of cement pastes and mortars at early
ages evolution with time and degree of hydration.” Advanced Cement Based Materials 1996;
3: 94-106.

Bussiere B. Colloguium 2004: hydrogeotechnical properties of hard rock tailings from metal
mines and emerging geoenvironmental disposal approaches. Canadian Geotechnical Journal
2007; 44(9):1019-1052.

26



Charlie WA, Veyera GE, and Durnford DS, et a. Porewater pressure increases in soil and rock
from underground chemical and nuclear explosions. Engineering Geology 1996; 43(4): 225-
236.

Cooper PW . Explosives engineering. Wiley Inc., New York, N.Y., USA. 1996.

Coté J, Konrad JM. A generalized thermal conductivity model for soils and construction
materials. Canadian Geotechnical Journal 2005; 42: 443-458.

Cui L. Multiphysics modeling and simulation of the behaviour of cemented tailings backfill.
Ph.D. Thesis. University of Ottawa, Ottawa, Canada, 2017.

Cui L, Fall M. A coupled thermo—hydro-mechanical—chemical model for underground cemented
tailings backfill. Tunnelling and Underground Space Technology 2015; 50:396-414.

Doherty JP, Hasan A, Suazo GH, Fourie A. Investigation of some controllable factors that
impact the stress state in cemented paste backfill. Canadian Geotechnical Journal
2015;12:1-12.

Dowding CH, Hryciw RD. A laboratory study of blast densification of saturated sand. Journal of
Geotechnical Engineering 1986; 112(2):187-99.

Eller JM. Predicting pore pressure response in in-situ liquefaction studies using controlled
blasting. PhD thesis. Oregon State University, Corvallis, USA, 2010.

Emad MZ. Dynamic performance of femented rockfill under blast-Induced vibrations. Ph.D.
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.

Fal M, Benzaazoua M. Modeling the effect of sulphate on strength development of paste
backfill and binder mixture optimization. Cement and Concrete Research 2005; 35(2): 301-
314.

Ghirian A, Fal 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 1l: Mechanical, chemical and microstructural
processes and characteristics. Engineering Geology 2014; 170:11-23.

Ghirian A, Fall M. Coupled behaviour of cemented paste backfill at early ages. Geotechnical
Geological Engineering 2015; 33:1141-1166.

Grice T. Underground mining with backfill. Proceedings of the 2nd Annual Summit-Mine
Tailings Disposal Systems Australian 1998, 234-239.

Hassani F, Archibald J. Mine Backfill. Canadian Institute of Mining, Metallurgy, and Petroleum:
Montreal, 1998.

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.

Henrych J. The dynamics of explosion and its use. Elsevier, New York, USA, 1979.

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.

Hustrulid WA. Underground Mining Methods Handbook. Society of Mining Engineers: New
York, 1982.

Ivanov PL. Compaction of noncohesive soils by explosions. US Department of the Interior,
Bureau of Reclamation and Natrual Science Foundation, Washington, DC, 1967.

27



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

Lee WY. Numerical modeling of blast induced liquefaction. PhD thesis. Brigham Young
University, Provo, USA, 2006.

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

Li L, Aubertin M. Horizontal pressure on baerricades for backfilled stopes. Part I: Fully drained
conditions. Canadian Geotechnical Journal 2009; 46: 37-46.

Lin F, Meyer C. Hydration kinetics modeling of Portland cement considering the effects of
curing temperature and applied pressure. Cement and Concrete Research 2009; 39: 255-265.

Mitchell RJ, Smith JD, Libby DJ. Bulkhead pressures due to cemented hydraulic mine backfills.
Canadian Geotechnical Journal 1975; 12:362-371.

Nasir O, Fall M. Coupling binder hydration, temperature and compressive strength development
of underground cemented paste backfill at early ages. Tunnelling and Underground Space
Technology 2010; 25(1):9-20.

Rankine RM, Sivakugan N, 2007. Geotechnical properties of cemented paste backfill from
Cannington Mine, Australia. Geotechnical and Geological Engineering 25, 383-393.

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

Schindler AK, Folliard KJ. Heat of hydration models for cementitious materials. ACI Materia
Journal 2005;102(1):24-33.

Schindler AK. Effect of temperature on hydration of cementitious materials. ACI Materia
Journal 2004; 101(1):72-81.

Suazo G, Fourie A, Doherty J. Experimental investigation of propagation and transmission of
compressional stress waves in cemented paste backfill. Journal of Geotechnical and
Geoenvironmental Engineering 2016. (Available online).

Thompson BD, Bawden WF, Grabinsky MW. In situ measurements of cemented paste backfill at
the Cayeli Mine. Canadian Geotechnical Journal 2012;49: 755-772.

van Gool BS. Effects of blasting on the stability of paste fill stopes at Cannington Mine. Ph.D.
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.

Z€li¢ J, Rusi¢ D, Krstulovi¢ R. A mathematical model for prediction of compressive strength in
cement—silicafume blends. Cement and Concrete Research 2004; 34(12): 2319-2328.

Zhou Q, Beaudoin JJ. Effect of applied hydrostatic stress on the hydration of Portland cement
and C3S. Advanced Cement Research 2003;15: 9-16.

28



Chapter 3.
Literature Review — Technical Paper 1. State-of-
the-Art Modelling of Soil Behaviour under Blast
L oading

(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 d.,
20043, 2004b, 2008, 2011; Lu et a., 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 d.,
1998, 2013; Ashford et al., 2004; Al-Qasimi et al., 2005; Leong et al., 2007; Kumar et a., 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
genera 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 ssimplified
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 a., 2001; Khoei et a., 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). Thisis 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 a., 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; Y amamuro and
Lade, 1993; Bolton et al., 1994; Semblat et al., 1999; Omidvar et a., 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., 20083, 2008b, 2011, 2013; Karins et a., 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 componentsin
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 initia conditions based on
experimenta 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 a., 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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(Henrych, 1979). In addition, due to the high pressure exerted onto soils, their deformation will
no longer be linear, as shown in Figure 3.1. Therefore, EOS for soils under blast loading should
incorporate pressure dependence in the soil compressibility. The available EOS in soil models
for blast loading will be presented and discussed in this section, and various expressions for
variable bulk moduli of soils under compaction are aso included as specia forms of EOS. It
should be noted that although both EOS and bulk modulus characterize the volume-compaction
relationship of a material, the associated algorithms are different. To be more specific, the former
is used with numerical programs known as hydrocodes, and the pressure of each phase is usually
expressed in total volumetric strain (or density); whereas for the | atter, soil stresses are calcul ated

from elastic strain components which is consistent with conventional mechanics.

P P
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2 2
g & P c
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P, ..,
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deformation deformation
(a) Relationship for liquids, gases, etc. (b) Relationship for solids

Figure 3.1 Relationship between pressure and volumetric deformation of materials
(Modified after Henrych, 1979; 0<P<Pa: elastic wave; P <P<P%g: plastic wave; Pg <P<Pc:
unstable shock wave; Pc <P: stable shock wave; and €,,€5,€- are corresponding volumetric
deformations)

3.2.1 Lyakhov model

One of the most frequently adopted EOS (for e.g., the Kandaur conceptua model in
Henrych (1979); Wang and Lu, 2003; Wang et al., 2004a, 2004b, 2005, 2008, 2011; Lu et al.,
2005; Feldgun et al. 2008b, 2011, 2014; An et a. 2011) is the Lyakhov model of soil as a three-
phase medium (Lyakhov, 1974, 1977a, 1977b), which indicates that soil changes its density in
accordance with:
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where p is the soil pressure; po is the atmospheric pressure; I' ', and I's are the density of
the three individual phases and subscript O denotes the initial condition; Cao, Cgo, Cso aNd Ku, Kg, Ks
denote the initial sound speed and isentropic exponent of the components of the three phases; I

is the current density of the soil under pressure p; and @,,d8,,d5 are the volumetric content of

the soil constituents with &,+a,ta,=1. 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 a., 2004a), and the pressure borne by each
phase can be independently solved with the following EOS:

p, = |ogo(rr 9y (3.2)
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where py, pw, Ps IS the pressure of water, gas and solid in soil, respectively, and subscript O
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-Griineisen EOS



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

hydrocodes. For compressed materials, the Mie-Griineisen EOS provides (LSTC, 2007):

oo TCIMIHL (6,1 2)m- (3, /D)
{1 (s- Dm- st/ (m+D]- snf/ (m+17T}

where Cg is the intercept between the shock velocity and particle velocity curves; s, S, and sz are

+(9, ta,mME (3.5)

the coefficients of the slope of the Hugoniot curve; G, is the Griineisen parameter, E is the

internal energy per unit initial volume; 4, is the first order volume correction to ¢, ;and
m=(r /r,)-1=(V,/V)- lwith V asthe 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 s, and s; are taken as zero (Wang et al., 2009), and therefore reduced to:

o= [oCamL+[1- (g /2Im- (3, /2)n}
(1+m- sm)?

where sisthe slope of the shock velocity versus the particle velocity curve.

+(g, ta,ME (3.6)

The Mie-Griineisen 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-Griineisen
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
ANSY SLS-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.
ANSYSLS-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 initia
compaction of a material is defined based on linear elastic response (Segment A;A in Figure 3.2),
which is small and generally disregarded. Then, thisis followed by the elastoplastic compaction
process (Segment ABCD, aso 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 BB; and CC;), and solely determined by the maximum soil density r~ that has been

obtained in the course of active loading. The aforementioned hysteresis will exist until the full
compaction density I' - (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 (CD;), and afull locking pattern (CD;) 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 equationsin Y ankelevsky
et a. (2008), Karinski et al. (2009a, 2009b), and Feldgun et al. (2013) are expressed as.

€
P()=r&——
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where p. and py indicate the pressure upon loading and unloading/reloading respectively; & the

volumetric strain which is determined by 1- r,/r ; 1/b the full locking bulk strain; ¢, (r ") the

current sound velocity; and crc the sound velocity at full compaction.
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Figure 3.2 Genera pressure-density relationship of soils (Modified after Karinski et a., 2009b
and Feldgun et al., 2013)

Shock-Hugoniot equations have also been adopted in both compaction models and modified
compaction models (Laine and Sandvik, 2001; Grujicic et a., 2006, 2008b, 2009, 2010). The
compaction model for dry sand found in Laine and Sandvik (2001) incorporates the essentia
physical basis for soil response under blast shock loading with ease of numerical implementation
(Grujicic et a., 2006). The nonlinear pressure-density relationship in their model is given as

piecewise linear curves with ten pairs of (p,r ) values, and the last pair corresponds to the state

of full compaction. Beyond full compaction, the loading becomes elastic and is expressed as:

p :CIEC(r -r FC) (3.8)
Then, the nonlinear elastic unloading and reloading are governed by the following equation:
p=g(r)x (3.9)

where ¢, isthe bulk sound speed which is also given as apiecewise linear curve.

Since the original compaction model is only applicable to dry sand, Grujijcic et al. (2006)
modified the EOS to include various degrees of saturation. They assumed that the dynamic
response of unsaturated sand can be obtained as a linear combination of the corresponding
dynamic material behaviours for dry and saturated sands, and the Hugoniot curve for saturated

sand was also a piecewise linear curve of (p,r ) values. Thismodel was then extended to sandy

gravel (Grujicic et a., 2008b), clayey sand (Grujicic et a., 2009), and sandy clay (Grujicic et a.,
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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.

3.24 Material Type 147 (FHWA modd) in LS-DYNA

A material model was developed by Lewis (2004) to analyze the blast effect in soils and
incorporated in the hydrocode LS-DY NA, which isnamed *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:

— Ki
C1+K.Dn,, (310)
S S 311
P = Tk D (3.11)
N, =max[0,n(1- S)- e,] (3.12)

where K, K; and Ky are the bulk modulus for soil composites, nonporous soil material and soil
without air voids, respectively; D; and D, 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. n(1- 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 dtiffness 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 thiswill be discussed in detail in Section 3.4.2.2.

3.2.5 Other expressionsfor 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 K =K(I,)orK =K (e,) (e.g., Sandler et al., 1976;

Chen and Baladi, 1985; An et da., 2011; Lu and Fall, 2016, 2017). For example, in Chen and
Baladi (1985), the bulk modulus is defined as:

K=

_Kk [1' Klexp(' K2|1)] (3.13)

1
where K; is the initial bulk modulus, and Kj, K, are the material constants; and |1 is the first
invariant of the stress tensor. More recently, An et al. (2011) derived an expression for bulk
modulus by using a Mie-Griineisen EOS which was also adopted in Lu and Fall (2016, 2017), as

follows:

_ 1 oCi+ - Pym- et +12;'(;‘ ;)n "(80 m)(’m)] r oG- .- an) L8 (314
L+ m- smy? gy o
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 (D) on the bulk modulus of
soil after compaction:
Pl
K =b'exp(gD, ) xp, (—)" (3.15)
0

where b 'and J 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 aso confirms the argument that there is no
single moddl 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 a. (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 genera 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 el ement volume of the soil can be divided into a uniform hydrostatic component p
and a deviatoric component s;. 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.,
20084). Meanwhile, because the response of soils under transient loading is typically undrained
even drainage is properly facilitated (Omidvar et a., 2012), the shear stress resistance provided
by water and air in soilsis 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 a., 20043,
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:
i f={J,-k=0

|
if=43,-al,-k=0

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

(3.16)

material, respectively, and J, 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 aslong as |; 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 a., 1971; Chen
and Baladi, 1985):

f =3, - [A¢ Clexp(- BE,)] =0 (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 a. (2013),, which is expressed as.

Sy(P) =Y, tmp/[1+mp/ (Y - Vo)l (3.18)
where Yj is the shear cohesion, and M, 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 aso
exhibit only elastic behaviour upon isotropic loading, which isinappropriate 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 smulated 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, 20064).

3.3.1.2 Mohr-Coulomb criterion

The Mohr-Coulomb yield criterion aso 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 triaxia stress conditions can be
written as:

:-%Ilsinj +K(q)\/J_2-ccosj =0 (3.19)

where c and] are the cohesion and internal friction angle, respectively; q the Lode angle related
to the stress state including the third invariant of the stress deviators Js, and K(q) the function of

q inthe 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:;

f:-%llsinj +\/J2K(q)2+mzsin2j - ccosj =0

4(1- 1%) cos’q + (2 - 1)? (3:20)

2(1- 1?)cosq + (2! - D[4(1- 1%)cos’q +512 - 41]"?

K@) =

where m and | 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 a. (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 a. (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 vaue 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



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 invariantsin an incremental form:

p=Ké, ad § =2G§ (3.20)

where € 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 ssimplicity 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 conditionsin shear (Chen and Baladi, 1985).

3.3.1.5 Sail 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 hysteresisin 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 specia 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,



2001; Karinski et al., 2009b; Feldgun et a., 2013). However, a more advanced method that
provides more advantages without causing additional mathematical uncertainties is the
application of the plastic cap model (Nelson et al., 1971; Merkle and Dass, 1985; Bloom, 2006;
etc.). The plastic cap model has been already widely adopted, for example, in the work of Awad
(1990), Gu and Lee (2002) and Ghassemi et al. (2010) to smulate soil behaviour during

intensive loading that originates from subsurface explosions or impulsive impact from tamping.
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Figure 3.3 Stress vs strain curve from uniaxial testing (Modified after Nelson et al, 1971)

The plastic cap model with two variants was originally proposed by DiMaggio and Sandler
(1971) and then generalized by Sandler et a. (1976) and Sandler and Rubin (1979). For isotropic
materials, the yield surface characterized by the plastic cap model isin the form of:

f(1,4/3,k) =0 (322)
where K is a hardening parameter and function of the plastic volumetric strain history €, . In

general, the associated flow rule has been used for this type of modelling, and itsyield surfaceis
assumed to consist of two parts. a fixed shear failure envelope which serves to limit the
maximum shear stresses, and a strain-hardening cap to describe loading processes close to the
hydrostatic line (Figure 3.4). Specificaly, the shear failure envelope of the yield surface is
expressed as:

f =h(1,/3,) =43, - F(1,) =0 (3.23)

and the strain-hardening cap surface is denoted by:

45



f =H(I,/3, k) =3, - F(I,k)=0 (3.24)

Drucker-Prager Line -~
-

___________ el e - - - - MisesLine

h(1,.[J,)=0

Hl(lls\/jzﬂﬁ):()_’ <—H2(11,\/J72,K2)=0, K, > K

1:

Figure 3.4 Yield surface of the plastic cap model (Modified after Chen and Baladi, 1985)

By adopting a simplified plastic cap model found in Chen and Baladi (1985) as an example,
and assuming that the shear yield surface has alinear Drucker-Prager form, then the entire failure

envel ope can be characterized by the following equations and it is shown in Figure 3.5:

N

A

h(I,\J7,) =0

L(x) —X ()~ L(K)—»i

).( ()

Figure 3.5 Yield surface for asimplified plastic cap model (Adopted from Chen and Baladi,
1985)
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] h(l,,/3,) =43, -al,- k=0 forl, <L(k)
PR3k =3, - H{[X00- LT - [1- L} =0 forl, = L)

e

f= (3.25)
where R is the ratio of the major to the minor axis of the elliptical cap; X(k) and L(k) is the
abscissa of intersection of the dliptical cap with the hydrostatic loading line (1, axis) and shear
failure envelope h(Il,JTZ), respectively; and X(k) can be expressed by using a logarithmic
hardening law, which was originaly proposed for McCormick Ranch sand (DiMaggio and
Sandler, 1971) and iswritten as:

L
X(K)=- (0 Dingt- 21 (3.26)
& Wy

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 X, is the initial vertex of the hardening cap.
These parameters can be determined from isotropic compression tests. Then, L (k) can be
determined by enforcing continuity of the entire envelope:
K = X(k)- Rx

3.27
1T Ra (3.27)
and
ik k >k
LK) =i ‘0 (3.28)
i k, otherwise

where ko isthe 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 (k)) expands as €} grows; then, when the stress state
satisfies the shear failure criterion, dilation occurs due to the assumption of associated flow, and
the decrease in €, 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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strain rate vector is vertical, so any cap movement that would result from further plastic
volumetric strain is not possible. 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 pressures.

Finally, the incremental volumetric response of the soil in this case can be derived as (Chen

and Baladi, 1985):
dl 3K —
de, T+aKDW-ef) X

v

(3.29)

where K is the apparent bulk modulus of the material. As can be identified, the hysteresis in
soil will be captured by the second term in the denominator of Equation (3.29). Specificaly, at

low pressures, the apparent bulk modulus K will be lower than K because the denominator is
greater than 1; with an increase in pressure, the term ek'i will approach W, and thus the term

W - e® gradually vanishes and K becomes comparable to the elastic bulk modulus K (Chen and

Baladi, 1985). During unloading and reloading, the soil behaviour is elastic where the apparent
bulk modulusis always equal to K. The aforementioned processisillustrated in Figure 3.6. It can
be concluded that in addition to its ability to control dilatancy and describe the strain-hardening
behaviour of geomaterials, the irreversible bulk compaction or the hysteresis effect can be

reasonably captured as well.

Epk

|
: w |

Figure 3.6 Hysteresis effect represented by cap model during compaction

(Modified after Chen and Baladi, 1985 and Murray, 2007. €}, is elastic volumetric strain)
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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 €, 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 experimenta
observations (e.g. Chen and Baladi, 1985). In the meantime, the cap model has also been
integrated with a Mie-Griineisen EOS in the development of Material 145in 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 polynomia pattern CD, 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 a. (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 caled 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 1)
would imply that the cap size and shape are ambiguous, i.e. the ratio of the mgjor 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 aternative 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 initialy
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
(h, 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
formulationsin 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  =e-e;, where e is the current void

ratio and e 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):

f=h-a,-m=0 (3.30)
where the back-stress ratio a, 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; mis the
isotropic hardening variable, and refers to the radius of the circular yield surface in the t-plane of
the stress ratio space. Generally, mis assumed to be constant, and a small value is used in order
to have anarrow 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

a_) are engineered towards the delineation of loading reversalsincluding 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 a; by using:
(3:31)

where a2,a5,a¢ are the values of the back-stress ratio a, when the stress ratio h is at the
bounding (h =M? =a? +m), critical state (h =M¢ =a’+m), and dilatancy (h =M? =a ! +m)

surfaces with subscript ¢ denoting compression (i.e. h >a ), respectively. kf and k;’ are model

parameters.
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Figure 3.7 Surfaces of SANISAND modelsin three-dimensional stress space (Adopted from
Higginset al., 2013)

The plastic flow rulein the SANISAND model is defined as:

6’ =(L)R,
R = RF*% Dd; (3.32
_1 o
K fs. "

where Rj is the direction of the plastic flow which consists of a deviatoric component R}tand a

hydrostatic component (1/ 3)Dd,;» and D is the dilatancy coefficient defined as the ratio of the

volumetric to deviatoric plastic strain rate (D = de /|de|) and expressed as:

D=zA@’-a,) (3.33)
where A isthe dilatancy parameter, z is1whenh >a _ and-1whenh <a .. It can be concluded
that if a _isinside the dilatancy surface, D will be positive and lead to contractive behaviour; if
a, isoutside the dilatancy surface, it will depend on both the distance between a _ and a ¢ and
the loading direction via z to determine the materia contraction/dilation (Manzari and Dafalias,
1997; Taiebat and Dafalias, 2008), while a ! is rotating in the stress-ratio space controlled by
the state parameter y via Equation (3.31) .

L is the loading index and has been expressed in terms of the plastic modulus K, whose

sign differentiates between hardening (+) and softening (-) responses. K, can in turn be obtained
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with a consistency condition f=0 in conjunction with the hardening laws for variablesa _ and

m.

As discussed, the isotropic hardening (through parameter m) option is generally not
activated in applications of the prototype model. As for rotationa 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:
a4, =(L)h@a;-a,) (3.34)
where h is a positive scalar-valued function of the state. Then, the plastic modulus K, can be
determined for this case as:
K, =ph@;-a,) (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 (a, =af ), 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 a . would be directed inwards after

its peak value and converges to af 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 dc on the distance between a , and its image afj 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 h 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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stress ratio that lies inside the yield surface will only result in elastic deformation (Loukidis,
2006; Taiebat and Dafalias, 2008). The said limitations of this prototype model inhibit its
fidelity to problems associated with constant stress ratios or high pressure such as blast loading.
Those limitations aso apply to its extension to the Perzyna type of viscoplasticity (which will
be discussed later) in soil model for explosive loads developed by Higgins et al. (2013).

To address the issues of plastic strains in loose sand and high pressure conditions with
grain crushing, modifications on a prototype SANISAND model was implemented by Taiebat
and Dafalias (2008). Specificaly, an end cap was added to the original conical yield surface,
and the modified expression for the yield surfaceis:

f=(q- pa,)*- mp*@l- (p/ p,y)"f=0 (3.36)
where pg refers to a new isotropic hardening variable and represents the value of p at the tip of
the cap (h =a_); and n is the model parameter. The layout of the surfaces in this modified

SANISAND model is schematically illustrated in the p-g stress space in Figure 3.8.
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P P
Figure 3.8 Surfaces of capped SANISAND model in p-q stress space (Adopted from Xu and
Zhang, 2015)

In addition to the change made to the yield surface, the plastic flow rule has also been
revised to accommodate sand behaviours under high pressure loading. Specifically, Taiebat and
Dafalias (2008) assumed that the plastic volumetric strain rate consists of two parts. The first
part is induced by shearing, and it may be positive or negative controlled by the dilatancy

coefficient D, while the second part is caused by constant stress-ratio loading with an increase
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in p and it is posgitive, 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 pe). A similar decomposition of the plastic deviatoric strain was carried out for

consistency. The deviatoric (é;") and volumetric (&) parts of the plastic flow are defined as:
é” =(L)[zr, +Xh exp(- V)]
é” =(L)[Dr, +exp(-Vry)] (3.37)
e = - a.[=m[l- (p/ p,)"1"
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 K,
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:

& =(Lyhr,@2-a,)=(L)a, (3.38)

Just as dc is dependent on the distance between a . and its image stress point af on the
bounding surface, the isotropic hardening process also relies on the distance d between the
current confining pressure p and its image stress point on the limiting compaction curve (LCC)

P, = P, exp(- 1/ r ) within the framework of bounding surface plasticity (Taiebat and Dafalias,
2008) . LLC is generally alinear curve in a double logarithmic void ratio-effective stress space

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

LCCinthelog e-log p space. The distance d is expressed as:
é a’ u
d=1- &glu(gacc)zg (3.39)

55



~_ Loading
Limiting Compression

--------------------- \< Curve, LCC

Current state |

(p.e)

—
i

Q
'
1
'
1
1
|
1
1
1
|
'
|
|

3
T
1
'
1
1
|
1
1
(

Void ratio, e (log scale)

Unloading
<

P Pr Do
Mean effecitve stress, p (log scale)

Figure 3.9 Typical limiting compression curve (Adopted from Taiebat and Dafalias, 2008)

Then, the isotropic hardening law is defined as:

- (1+ e) Peo exp(- \7ref ) — =
b, =(L £ —=(L) P (3.40)
< >e(rc- (Peo/ o)™ 1 Kp)(@- (sgnd)ld]) )

where Ko and ¢ are the model parameters, and sgnd meansthe sign of d.

The dilatancy coefficient D in the capped SANISAND model is consistent with its
prototype model. The definition of the relationships among the bounding, critical state, and

dilatancy surfaces are modified as:

a;=agexp(-ny)
d

al=afexp(ny )

where n°and n® are the model parameters. Finally, the plastic modulus K, can be obtained as:

(3.41)

_q i
K, =2p(a- 8 P+ P B (342)
cO

cO
Recently, the capped SANISAND model was adopted in Xu and Zhang (2015) to simulate
the response of sand under impulsive loading, and the strain-rate effect was also taken into
account through a phenomenological method (which will be discussed later).
Note the difference in the capability of the SANISAND and traditional cap models in
capturing the volumetric hysteresis during the loading/unloading process. As discussed in
Section 3.3.1.5, if the stress state is located on the cap portion of the yield surface during initia
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compaction, the cap envelope and the associated flow rule will cause volumetric plastic strainin
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 (h <a ).

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
originaly 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 a., 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:

q, =q, 1+ b log,,(8/€,)) (3.43)

where qy is the undrained strength at a given strain rate € ;q, the undrained strength at a

reference strain rate Qé ;and p 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

f=J3,-@l- k)(1+5ln%):0 (3.44)

where @, is the effective strain rate defined by é, = /208,06, /3 ; and &, 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 asimilar strategy.

3.3.2.2 Modified compaction model

To further improve the performance of the origina 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 s* and 10° s* respectively),
which is expressed as:

®logé- logd,., O
=T + (I 1oy - rhigh)élogé oo T

3.45
- logé (345)

low high &

where the densities p, prigh and piow correspond to the strain rate at & ,éhigh and émw,
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 modelsin Grujicic et al. (20083, 2008Db, etc.).

3.3.2.3 Perzyna viscoplastic model

An dternative 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 & can be decomposed into an

elastic part é°and aviscoplastic part ¢ as

é=¢"+¢" (3.46)
The elastic strain rate is independent of the viscosity and can be obtained as:
8°=C'% (3.47)

where st isthe stress rate tensor and C the elastic stiffness matrix.

For the viscoplastic strain rate, the viscoplastic flow ruleis generally expressed as.
i
é"® =h (f (f))— 3.48
of (1)) (3.48)

where h, is a materia constant termed fluidity parameter; ( >the Macaulay bracket; f the yield

function; and f (f) isadimensionless scaling function, commonly expressed in the form of:

LN N
f(f)=2°12 or f(f):expgeig 1 (3.49)
efoﬂ efoﬂ

where N is the exponent and f, the normalizing constant with the same unit as f. Associated flow
rule is generally employed in this type of model, and the direction of ¢ isgiven by fanditisin
the outward normal direction of the yield surface. Therefore, to incorporate the Perzyna type of
viscosity into a plastic formulation, three additional material parameters (h,, N and fo) 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 materias, f (f) 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 hy, — 0, but simply

corresponds to inviscid plasticity when hy,— ¥ .

The Perzyna model has been successfully integrated with the plastic cap model for
capturing the impact response of geological materias, e.g. in Katona (1984), Simo et al. (1986)
and later by Tong and Tuan (2007), An et al. (2011), Araoz 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 dl in conventional plasticity) in bounding
surface plagticity, 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 yearsis
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 h, (fluidity coefficient) is
needed based on the origina plasticity, while extra constants can be introduced to enhance its

flexibility in data fitting. In the Duvaut-Lions viscoplastic model, the viscoplastic stress s ;"is

revised by interpolating between the elastic trial stress si]T and the inviscid stress s ”.P (without

rate effects) as (Murray, 2007):
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sy =(-0)sj +o5y (3.50)
and

_ Dt/h,

g —m (3.51)

where D t isthe time step, and when h,—0, the inviscid stress is obtained so that the solution is

independent of the strain rate. Ash,— ¥ , 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 aso 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 isinevitably 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 (origina 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
l[imitations 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 modelsto 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 a., 2002; Ashford et al., 2004; Al-
Qasimi et a., 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 |oss of the shear strength of a soil mass (Charlie, 1988).

Anayses of blast-induced liquefaction are generaly consistent with that caused by
earthquakes, but there are pronounced differences between the two of them. From a physica
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 genera have relatively low peak accelerations, while blast-induced liquefaction is
caused by compression waves. Meanwhile, the predominant frequency of a blast wave usualy
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 d., 1996; Wang et a., 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 M echanism 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, liguefaction 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.

63



total stress

*
N

pore pressure

Stress
Stress

effective stress

Time Strain

(a) stress-time curve of a saturated soil during  (b) stress-strain curve of saturated soil during
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Figure 3.10 Sketch of the mechanism of blast-induced liquefaction

3.4.2 Application of soil modelsto blast-induced liquefaction

3.4.2.1 Simulation with the three-phase soil model

The most noticeable example of modelling blast-induced liquefaction is the application of
the three-phase soil model by Wang et al. (2008, 2011). In their modelling work, a model for
damage in a pardlel bar system (Krgjcinovic, 1996) was used to cause excess pore water
pressure. One component of pressure in the soil skeleton is borne by the bonds between the solid
particles (p;), and these bonds are represented by a series of elastic brittle filaments. Each
filament is atwo-force structural element endowed only with axial stiffness and strength, and the

bonding pressure p. is determined by (Wang et al., 2004a):

p. =E,(1- D)>DV (352)
and
D=l-exps = (Be)' ] (353)
é h u

where E; is the initial modulus of the bonds, D the damage variable; and B,h the constants

related to the properties of the soil. As a result, the damage of the soil skeleton gradually
accumulates during the passage of blast waves. Thus, its stiffness will be reduced and may
become sufficiently low such that when the soil is unloaded to the initial condition, the skeleton

cannot bear as much asitsinitia pressure, and more pressure will be borne by the liquid phasein
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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 aso 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 {, - €, in the denominator indeed works

in away 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, thiswill lead to unredlistic
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 abilinear model
To reproduce the hysteresis effect and capture liguefaction 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 regardiess of its
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computational ssimplicity (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 moddl 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 a., 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 soilsby An et a. (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 mode 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 a (2008) has realistically captured the
liquefaction induced by dynamic compression and blast loading, the ssimulated 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 gradualy 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 aso 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 afew other properties.

As prevaent 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

o . Application to .
Source Material stiffness Failure model Strength model i . Additional comments
liquefaction
Soil stiffnessis . i Modified Mohr-Coulomb Based on *MAT_147 model in
Lee (2006); Busch et a. . . Modified Mohr- Duvaut-Lions . X
modified to include . . mode! could result in LS-DYNA; underestimate pore
(2016) Coulomb mode! viscoplasticity model o o
pressure dependence unredistic dilation water pressure due to dilation
Modify stiffness and
Soil stiffnessis Capped failure model in Generate hysteresis effect
Xu and Zhang (2015) modified to include ap accordance with with capped SANISAND -
SANISAND model
pressure dependence Prapaharan et al. model
(1989)
Soil stiffnessis . . Inelastic deformation is only due
Original Perzyna Generate hysteresis effect

Higginset a. (2013)

modified to include

pressure dependence

SANISAND model

viscoplasticity model

with SANISAND model

to shearing; insufficient in high

pressure conditions

Yankelevsky et al.
(2008); Karinski et al.

Generate hysteresis effect
with different volume-

Shock-Hugoniot Lundborg model Not included . -
(2009a, 2009b); Feldgun pressure relations for
etal. (2013) loading and unloading
Soil density, composition, bulk
. . Perzyna Generate hysteresis effect modulus and internal energy are
Anetal. (2011) Mie-Griineisen model Cap model . o X o
viscoplasticity model by using cap model updated, and lower limits of
EOS are considered
. Modify the yield . .
The three-phase soil X Cause liquefaction by
Drucker-Prager strength according to . : Based on the conceptual model
model (e.g. Wang et al., Lyakhov model introducing a damage .
model Prapaharan et al. of Kandaur in Henrych (1979)
20043, 2008, 2011) model
(1989)
Generate hysteresis effect
Feldgun et al. (2008b, X with different volume-
Lyakhov model Lundborg model Not included . -
2011) pressure relations for
loading and unloading
Soil stiffnessis
Ghassemi et al. (2010); . . . X Generate hysteresis effect Generalized Biot’s formulation
modified to include Plastic cap model Not included .
Awad (1990) by the cap model for saturated condition
pressure dependence
o Generate hysteresis effect
Grujicic et al. (2006; . . ) o o
Piecewise shock— Piecewiseyield . X with different volume-
2008a; 2008b; 2009; . Implicitly considered i -
2010) Hugoniot curves stress curves pressure relations for
loading and unloading
Generate hysteresis effect
. X . No explicit yield . by assigning different Generalized Biot’s formulation
Kim and Blouin (1984) Bilinear model i Not included i ) .
condition loading and unloading for saturated condition

moduli

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 Modelsfor CTB Response under
Blast L oading

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, anovel 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,
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and the effectiveness and predictive ability of the models are verified by good agreement

between the simulated and measured results.

76



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-Griineisen 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, anong which, the cemented
paste backfill (CPB) is becoming an increasingly popular backfill technique compared to its
aternatives. It is also intensively used in underground mine operations worldwide (Fall et a.,
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 (Bussiére 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,
especialy 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 a., 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 afreestanding wall that requires unconfined
compressive strength (UCYS) 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 purposein
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 a., 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 afew 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
a. (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 a., 2000; Gawin et a., 2006a, 2006b; Li et a., 2015), shrinkage (UIm and Coussy,
1995; Gawin et al., 2006a, 2006b; Pichler et al., 2007; Li et a., 2015), or cracking behaviours
(Zhang et d., 2013; Li et a., 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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Figure 4.1 Schematic diagram of production blast in mining with cemented backfill

Therefore, to assess such a coupled chemo-mechanical process of cemented backfill, the
task of this study should be twofold: first, a model for quasi-static condition of CPB should be
developed to quantify the variation of its material properties against curing time; subsequently, a
dynamic model for CPB should be developed to characterize its response under blast loading at
the time of the curing concerned.

In terms of a mathematical model to describe the quasi-static behaviour of cemented
backfill in the course of curing, Nasir and Fall (2009) proposed a thermo-chemical (TC) model to
predict the temperature evolution in CPB against the hydration process, and then, this model was
extended to quantify the UCS development of CPB (Nasir and Fall, 2010). Wu et a. (2012, 2014)
developed a coupled thermo-hydro-chemical (THC) model to evaluate heat transfer and fluid
migration during the hydration progress of CPB, and Wu et a. (2013) also developed a similar
thermo-mechanical-chemical (TMC) model where the mechanical (M) component was limited to
characterizing the rheological behaviour of CPB. In this study, however, unless otherwise
specified, the chemical process (C) refersto only the effect of binder hydration.

As for a blast model for backfills, considering that CPB is similar to soils in terms of its
phase composition and relatively low levels of diagenetic cementation, therefore, the strategy of
modeling soil response under blast loading seems to be extendable for CPB. Given that the
primary discrepancy between blast events and static or conventional dynamic problems (e.g.
earthquake-related issues) liesin the occurrence of high pressure (or large deformation) and high

strain rate, according to Grujicic et a. (2008a), the holistic formulation to solve such transient
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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, arealistic 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 a. (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 a., 2005; Grujicic et al., 2006, 2008a, 2008b, 2009,
2010; Feldgun et a., 2007, 2008a, 2008b, 2011, 2013, 2014; Y ankelevsky et a., 2008; Karinski
et al., 2009a, 2009b; Ghassemi et al., 2010; Osinov, 2011; An, 2010; An et a., 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 ablast event, compared to the well-devel oped
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 M odelling 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 processin 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 genera
takes a longer time span to induce a pronounced influence on the CPB, is neglected in the course
of blasting. Finaly, 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 a. (2011), Araoz 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 modé

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

é u
X =X, Xexpé- ?—8 a (4.2

geleoy
where X is the degree of binder hydration which represents the fraction of the binder that has
reacted at an equivalent age te, T is the hydration time parameter at the current temperature of

the cement-based material, b is the hydration shape parameter, and x, the ultimate degree of

binder hydration, which depends only on the water-binder ratio (w/c) and has been modified by
Wu et d. (2012, 2014) as

IM, W/ C<6.258
0194+ w/c (4.2)

{ 1 , w/c3 6.258

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 T to the equivalent age t. at the
reference temperature T;, and can be expressed as (Schindler and Folliard, 2005):

LM =8eppre L&
I TAEVER 7341 273+ 5

(4.3)

where R, is a universal gas constant, and E; is the apparent activation energy (Jmol). Since the
effect of temperature is not considered in the current study, the equivalent age t. will be equa to

the chronologic curing aget.
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4.2.3.2 Formulation of the mechanical model for blast loading
4.2.3.2.1. Perzynatype of viscoplastic formulation

It has been reveded 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 a., 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 a., 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 materia
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 a., 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 d., 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 agorithms and

performances. However, from a practical point of view, the former should be easier in terms of



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. Asis the convention in mechanics, it is possible to decompose the total strain rate vector

& into an elastic part £°and a viscoplastic (inelastic) part £°as

£§=§°+§" (4.4)
The elastic strain rate is independent of viscosity and expressed as
¢=D"% (4.5)

where & 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

E(x) _aX - X, ('_5A
Eu gxu_xolﬂ

where E(X) is the elastic modulus at a given degree of binder hydration x ; E,and x, are the

(4.7)

ultimate elastic modulus and degree of hydration, respectively; x, indicates the reference degree

of hydration below which no development of elastic constants occurs; and A is a materia
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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)
n(x) =0.5exp(Bx) + B,x > exp(Bx *) (4.8)
where By, By, B3, Bsand Bs are the fitting parameters. Then, E and v arerelated to K and G as
E E

= , G= 49
31- 2v) 2(1+V) (49)
For the viscoplastic strain rate, the viscoplastic flow rule is generally expressed as:
qf
&% =h(f (f))— 4.10
(t(1)g (410)

where h isafluidity parameter that is amaterial constant; ( ) isthe Macaulay bracket defined as
(x)=x+|x|/2, fistheyield function and will beintroduced in the following subsection, and f(f)

is a dimensionless viscous flow function, which is commonly expressed in one of the two

following forms:

(=g @
€hop (4.12)

N
f(f)=expgefi3 -1 (b)
€e'od
where N is the exponent and fj is the normalizing constant with the same unit as f. The direction
of & 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, f(f) 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 (4.11@) is used in the present study, and the
parametersh , N and f, 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 a., 2008; Araoz and Luccioni, 2015). To simplify the
modeling, N and f, are assumed to be constant in the present study, while h 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 h — 0, while it corresponds to simple inviscid

plasticity whenh — ¥ .

4.2.3.2.2 Modified plastic cap model

Monotonous yield functions that pertain to I, (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, 20083, 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 |, is increasing. Furthermore, if the associated flow rule is used in the
plastic flow scheme, those models will produce excessive and unredlistic 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 a. (1979) and Sandler and Rubin (1979). For isotropic materials,
the yield surface that is characterized by a plastic cap model has the form

f(1;,4/3,,k) =0 (4.12)
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where J, is the second invariant of the stress deviators, and K is a hardening parameter and a

function of the history of the volumetric plastic strain e, . In generdl, its yield surface is

assumed to consist of two parts combined: a fixed ultimate (shear) failure envelope and a strain-
hardening elliptic cap (Chen and Baladi, 1985) (Figure 4.2), while in its later modifications, a

tension cutoff was added.

7
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___________ el e e mmmm == - MisesLine

‘_Fz(ll’\/*/_zskz)s k, >k,

1

Figure 4.2 Yield surface of the plastic cap model (modified after Chen and Baladi, 1985)

Two different forms of shear yield functions have been widely used in cap models. In the
first expression, the fixed shear yield surface approximates the linear Drucker-Prager criterion at
low pressures, and joins smoothly to a von Mises condition at high pressures (Equation (4.134)),
while the second expression simply adopts a linear Drucker-Prager criterion as the shear failure
envelope (Equation (4.13b)).

Fi(133/3;) =3, - [AG- Clexp(- BS,) + D¢,] (3)
Fi(luf3;) =43, - aly- k (b)

wherea and k, and A’, B’, C "and D’ are the material constants to be calibrated. A comparison

(4.13)

has been made on the influence of these two different functions in cap models, and their effect
has been found to be negligible when the pressure is high (Ghassemi et al., 2010).

Notably, traditional cap models suffer from the numerical complexity 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 is horizontal at that point. To alleviate such a
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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 a., 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 I;) 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 /3, 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:

}ﬁﬂinjziﬂ-Yzle(mf+ml+q

Y(l,=0) =k
b L(k) (4.14)

.
I
|
T 2a
I 1
I Y(|1=L(k))=E[X(k)- L(k)]
where L(k) and X(K) is the abscissa of the intersection of the elliptic cap with the shear failure
envelope and the hydrostatic loading line ( 1, axis), respectively. Then, the shear envelope can be

obtained as

k-[X(K)- LK)]/R,, k-[X(k)- LK)/R
Flly3) =3, - <2 (L)(k)z( N/R 2, oK (L)(k)()]

I, - kK (4.15)

where k for the Drucker-Prager criterion can be related to the Mohr-Coulomb criterion by

2snj K= 6CCosj

T B(3+sn ) JB(3+sin] )

(4.16)
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where C and ] isthe cohesion and internal friction angle, respectively.

The hardening cap will be defined by following the conventional :
Fy(1,3,.k) = /3, - %{[X(k)— L) - [, - |_(k)]2}ﬂ2 (4.17)
where X(K) can be expressed with alogarithmic hardening law as
X (k)= - (1/ D) {n - 3v_kpk?+ X, (4.18)
e %]

where W indicates the maximum volumetric plastic strain of the material, D is a shape parameter
of the volume-pressure curve, and Xp is the initial vertex of the hardening cap. These parameters

can be determined from isotropic compression tests. Then, L(k) can be obtained by enforcing

continuity:
K = XK)- RX (4.19)
1+ R
and
Ly =] KK (4.20)
1 k, otherwise

where k, isthe 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 (X(K)) expands as e . 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 e 2 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 1, (DiMaggio and Sandler, 1971), instead of growing without limit.
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According to Chen and Baladi (1985), the hysteresis effect, which is atypical 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 genera, 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 (Y ankelevsky 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
a., 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 a. (2010), An et a. (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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Figure 4.3 Hysteresis effect represented by the cap model

(Modified after Chen and Baladi, 1985 and Murray, 2007, where K is bulk modulus, and e,
and e, aretotal and elastic volumetric strain, respectively)

i) Chemical hardening extension

During the process of binder hydration, the microstructure of the CPB develops and the
strength parameters will increase as macroscopic manifestations. As a result, the yield surface

will evolve in the stress space (hardening due to chemical reaction). The yield function in the

regard will be denoted by f (Il,@,k ,X), which consists of a chemical hardening shear failure

portion Fl(ll,\/J—z,x), and a chemical and strain hardening cap portion FZ(Il,\/J—Z,k,x) . For the

chemical hardening of the shear failure envelopes, the model by Cui and Fall (2015, 2016) is

adopted here to quantitatively recapture the growth of the cohesion and internal friction angle of

CPB with respect to the degree of binder hydration:
fc(x)=MxM:
fobe) =M (421)
i (x) = Nx™ + Nox

and

o (x) = 2Sini (x) )= 6c(x )cosj (x) (4.22)
x) V3g3+sinj (x)§ k(x) V3g3+sinj (x)§

where M, and M,, and N,, N, and N, are the fitting constants. Therefore, the shear failure

surface can be rewritten as
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(T =T - k(x)-[xilzk))-zuk)]/R|12+2vk(x>-[xilzk))- LIOV/R| ) (429)

For the cap portion of the yield function, the chemical hardening due to binder hydration is
augmented to the original strain hardening formulation. | sotropic compression testing (Green and
Swanson, 1973) and numerical applications of the cap models for concrete (Simo et al., 1986;
Murray, 2007; Jiang and Zhao, 2015) are summarized (see Figure 4.4), in order to capture the
evolution of the parameters required to define the chemo-plastic hardening cap envelope with the
hydration process. By following the work in Murray (2007) and Jiang and Zhao (2015), and
given that the curing time is not known, all of the cap parameters were calibrated against the
UCS. Besides, in considering that fresh cemented tailings backfill may behave in a similar
manner as saturated sandy soil when just placed and its strength has not been developed yet, the
parameters of a cap model used for saturated sandy soil (An et a., 2011) have also been used. In
numerical cases where a nonlinear Drucker-Prager criterion has been used (e.g. Equation
(4.133)), the initial linear portion of such envelope is adopted to determine C and j , thus

determining the UCS in accordance with the Mohr-Coulomb criterion.
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Figure 4.4 Variation of cap and Mie-Griineisen equation of state parameters against unconfined

compressive strength of cementitious material (concrete)

As can be concluded from Figure 4.4, no general trend can be identified for R, W, and D,
while an obvious increase is observed for Xowith respect to the UCS. Therefore, in the chemo-
plastic hardening cap, only Xy, i.e. theinitial location of the cap, will be treated to vary with UCS
(or degree of hydration) of the cementitious material, while the other parameters are assumed to

be constant. Thus, the function of the hardening cap can be rewritten as:
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F (135 k X) =43, - %{[X(k,x)- Lk - [1- Lk} @29

Accordingly, the hardening law will be recaptured by

X(k,x)=-(1/D)><Ingel-(\aN—kp"2+ X (X), (4.25)
e %]

Then, the intersection of the cap and the shear envel ope can be obtained by using
K(x) = X(k,x)- Rxk(x)
1+ Rxa (x)

(4.26)

and

0= 100 mermse @20

The remaining task, obvioudly, is to relate the UCS of cementitious materias 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 (f.) can be evaluated with the Mohr-

Coulomb criterion:
= 2c(x) tan[45® + %] (4.28)

Thus, all parameters in the yield function have been directly or indirectly coupled with X .
Finally, the modified cap model f (1,,+/J,,k ) is used asthe yield function f in Equation (4.10),
and the inelastic volumetric strain (e.;*'° ) 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 a.,
2011), Mie-Griineisen type of EOS (An et a., 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 agorithm 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 a. (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-Griineisen EOS, and written as (An et al., 2011):

Oo\ . o 2n(s- 1 , mg,+a,m, . 9%
o oL+ (- )m n”?][ Trm. sm wrm’ ]+r ,Comd- > -a,m e(go am?
m?

(1+m- sm? & @+

wherer , is the material density; Co is the sound speed of CPB at an ambient pressure and

(4.29)

+a, EV
U

temperature; s is the slope of the shock velocity against the particle velocity curve; g, is the
Griineisen parameter, E' is the internal energy per unit initial volume; a , is the first order
volume correction to g,and often set to 0; and x=(Vo/V) — 1 with V and V; as the current and

initial volumes of an element.

Obviousdly, 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 poresin a porous mass (Karinski et al., 2009a), and this correspondsto e}, 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 ssimplistic linear, full locking (an infinite
increase of pressure during compaction approaching a fixed density), and polynomia 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 generaly insignificant (less than 10% in Ghirian and Fall (2013)), ', will
be assumed to be constant in the present study. In order to obtain the evolution of the Griineisen
parametersg, and s with the hydration process, Hugoniot data (Gebbeken et al., 2006; Wang et

al., 2008b) and numerical applications of Mie-Griineisen 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 a., 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 forg, . Furthermore,
since the Griineisen parameter g, is generaly a function of material density (Rice et al., 1958;

Murray and Lewis, 1995), thusit 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 proportiona to the UCS of hydrating cementitious materias, 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 C, can be chosen so that the K value when 4=0 defined by Equation
(4.29) equals to that of the initial value provided by Equations (4.7) — (4.9) (i.e. Cpis hydration-
dependent). Consequently, Equation (4.29) can be rewritten as:

2 %y o 2nms(x)- 1 _ m(g, +a,m 201, %o _
r,CX)[1+(L 2)m 2nf][1+1+m_ S(X)m+ rm? ]+r ,Cx)2m1 ) a,m

i (4.30)
[L+m- s(n]
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4.2.3.2.4 Arbitrary Lagrangian-Eulerian formul ation

Partial differential equations (PDES) that are used to solve multi-physics problems are
generally expressed in either the Eulerian (spatial) coordinate or Lagrangian (materia)
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 pointsin
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 (ANSY S Inc., 2009;
COMSOL AB, 2009). In considering these factors, an arbitrary Lagrangian-Eulerian formulation
(ALE) isused 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 al 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 physica 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 devel oped 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 T =13.69, b = 0.905 (Schindler,
2004), and X, = 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, x,= 0.09, and A= 36.3. Since there was no measurement for the Poisson’srétio,
the original fitting parameters provided in Cui and Fall (2015, 2016) are adopted for Equation
(4.8), with B; = -0.2, B,= -15000, Bz = 7, B4= -10.98 and Bs = 0.7. Due to the unavailability of
knowledge on the cohesion (¢(x)) and internal friction angle (j (x)) in their experiments,j (x)
is assumed to be a constant and equal to 38° based on the experimental evidence which shows its
low sensitivity to the degree of binder hydration (Ghirian and Fall, 2014). Then, c(X) 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 aregression analysis, with M; =
0.234 MPa and M,= 30.3. A previous simulation has been conducted to determine the
relationships between the UCS (fe, in MPa) and the variablesh , X, and s required in the
modeling. The results for this studied CPB can be expressed as

X (x), (MPa) =52.9In(0.03f, + 0.236) + 75.5 (4.31)

with a correlation coefficient of 0.83 for the data shown in Figure 4.4; and
s(x) (1) = 2.06exp(- 4.38f, +0.779) +1.5 (4.32)

with a correlation coefficient of 0.84 for the data shown in Figure 4.4; and
h(x)(s) = 48.2 X f_ +0.224) %% + 0.002 (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 materia
properties versus the degree of binder hydration (direct or indirect), the smulated 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 Materia properties of CPB with 5% cement content.

i h
(:t‘f;’;g ro(kgmd) X, t (hour) b wic (usec) N fo(Pa)  K(MPa)
15d 1840 1 13.69 0.905 7.77 9x10™ 25 2x10° 16.9
30d 1840 1 13.69 0.905 7.77 2x10™ 25 2x10° 445
G(MPa) a k(MPa) R D(MPal) W  X(MPa) Cym/s) 9 S
15.5 0.1966  0.0367 8 8x10° 0.1 0.3 96 1 3.39
40.4 0.1966  0.0764 8 8x10° 0.1 3 155 1 2.23
1 -
0.8
g
o 06 -
<
S
= 04 4
::4
02
O T T T T 1
0 50 100 150 200 250
Time (us)

Figure 4.5 Strain rate-time history exerted on the model
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Figure 4.6 Comparison between tested and simulated peak axial stress for cemented paste
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Figure 4.7 Simulated stress—strain curves for cemented paste backfill at 15th day with 5%
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Figure 4.9 Simulated stress—strain curves for unconfined compressive strength at 30th day with 5%

cement

As can be concluded from Figures 4.6 and 4.8, the model can capture the rate-dependence
of the material strength quite well, and indicates an increasing trend of the UCS against strain
rate within the range of the strain rate studied. According to Figures 4.7 and 4.9, in addition to
the strength increase, the viscoplastic cap model can also account for the apparent stiffness
enhancement due to high strain rates; unfortunately, no experiment data is available to provide a
comparison. It should be emphasized that the softening process is not incorporated in traditional
cap models. However, the softening behaviour has been taken into consideration in the proposed

model. In fact, this phenomenon has also been taken into consideration by Katona (1984) and
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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 aresult 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)

E =h(f,) (4.34)
wheref. isin the KPaand E in the MPain 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 ssmulated stress-strain curves and experimental resultsin
this case can be made and is shown in Figure 4.10. The materia 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 ro(kg/ m) X, t (hour) b wie N (usec?) N fo(Pa) K(MPa)
(curing time)
3%(15d) 1840 1 13.69 0905 1296 2x10° 25 2x10° 8.9
10%(15d) 1840 0.982 13.69 0.905 3.88 1x10° 2.5 2x10°  104.8
3%(30d) 1840 1 13.69 0905 1296 7.5x10" 2.5 2x10° 235
G(MPa) a k(MPa) R D(MPah) W  X(MPa) Comis) 9o s
8.1 0.1966  0.0309 8 8x107 0.1 0.1 70 1 4.12
95 01966  0.1472 8 8x107 0.1 4 238 1 1.62
21.3 01966  0.0471 8 8x10™ 0.1 0.4 113 1 2.97
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Figure 4.10 Comparison between simulated and tested stress—strain curves for unconfined

compressive strength at 15th day

Comparisons between the measured and predicted UCS in all of the previous examples are
shown in Figure 4.11. The case of CPB with w= 3% cured for 30 days under various strain rates
is also provided, and the material properties are aso listed in Table 4.2. From this figure, it can
be concluded that the coupled chemo-viscoplastic cap model is able to adequately characterize
the transient mechanical behaviour of hydrating CPB under shock loading.

w
1

2=0.958

—1:1 line
3% cement after 30 days with 300s™
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3% cement after 30 days with 700 s™!
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Figure 4.11 Comparison between measured and predicted unconfined compressive strength
(UCS) of cemented paste backfill

4.2.4.3 Simulations of high strain rate experiments on other types of cementitious materials
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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 axia velocity
increments at one end of the specimen, while the other end is fixed, and no latera 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 55°, so that the associated cohesion can be determined with the UCS. Xo, sand h can be

determined with Equations (4.31) — (4.33), while other material parameters remain the same asin
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

Fo n N o Eerg v @ kMP) R P W X(MP) Cms G0 s
(kg/m®) (msec™) (MPa) (MPa~)
2100 2 25 02 20 02 0247 3693 8 8102 01 100 2300 1 15
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Figure 4.12 Comparison between tested and simulated stress-strain curves for mortar

4.2.4.4 Simulations of laboratory blast experiments on soils

By considering the fact that not al backfills contain cement, e.g. uncemented mine tailings
backfill, and that they are similar to soil which consists of solid particles, water and air without
the binder hydration process, impact tests performed on clayey sand by Jackson et al. (1980) are
therefore adopted and numerically reproduced in this study. The maximum strain rate in related
dynamic tests can reach as high as 200/s. The tested soil is molded into a thin disk-shaped
specimen, with 12.7 mm in height and a height-to-diameter ratio of 1:7.6, at the bottom of an oil-
filled rigid chamber. An explosive charge is used to load the piston at the top of the chamber, and
the piston, in turn, produces a planar pressure pulse in the oil-filled chamber which uniformly
pressurizes the surface of the membrane-sealed soil specimen. The soil specimen is modelled
with axially symmetric elements, and the interactions between the explosives, piston and oil are
not considered. Instead, the recorded axial stress history (Figure 4.13) adopted from Jackson et al.
(1980) is applied at one end of the soil while the other end isfixed, and it islaterally constrained
according to the experiment setup. Such experiments are also found in Katona (1984) and Tong
and Tuan (2007) in the validation of their viscoplastic cap models. To demonstrate the
consistency and comparability of the proposed model with those of previous efforts, identical
material properties as those outlined in Tong and Tuan (2007) are used, and shown in Table 4.4.
A comparison between the tested and simulated stress-strain curves for the soil obtained by the
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model is shown in Figure 4.14. According to the results, the model in this study is comparable to
previous viscoplastic cap models, and also comparable enough for application to capture the

response of uncemented backfills under blast loading.

Table 4.4 Material properties of soil used in the modeling.

Mo h fo K G a k R D W Xo G g,

(kg/m?) (msec™) N (MPa (GPa) (GPa) (MPa) (MPa™) (MPa)  (m/s) S

1430 0.002 15 1 2.5 15 02735 0154 15 5x10° 0.109 0.3 1322 011 164

Axial stress (MPa)

= = =D4 in Jackson et al. (1980)

——D3 in Jackson et al. (1980)

0 0.1 0.2 0.3 0.4 0.5 0.6
Time (ms)

Figure 4.13 Stress history of the dynamic loading
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Figure 4.14 Comparison between tested and simulated stress—strain curves for a clayey sand
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4.2.5 Discussion on the deter mination of model parameters

The presented coupled chemo-viscoplastic cap model contains a number of parameters, for
characterizing both the hydration process and mechanical behaviour of cemented paste subjected
to blast load. A discussion on the determination of model parameters is outlined below. A
concise summary of incorporated parametersis listed at the end of discussion in Table 4.5, and a

flow chart showing the update of parametersin the model is also presented in Figure 4.15.

Chemical model

: '
! Degree of cement hydration &

Curing > Eqs.(4.1,(42)

a(£)&k(£),Eq.(4.22) |

X(@),, Eq.(431)

s(&), Eq.(4.32)

Mechanical model

Elastic constants

Viscosity model
(N, f, are constant)
FNARON |

Modified cap model
(R. D. TI" are constant)

Mie-Gruneisen EOS
(Py.7, are constant)

____________________________________

Figure 4.15 Parameters update in the proposed coupled chemo-viscoplastic cap model
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Table 4.5 Summary of model parameters

Parameter Physical meaning é:/arl ant/ Method of determination
onstant
w/c Water-binder ratio Variant ~ Known from the recipe of a cemented paste
X, Ultimate degree of binder hydration Variant Equation (4.2)
t (hour) Hydration time parameter Variant Determine by the type of binder used
b 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
h (usec?) Fluidity parameter Variant Equation (4.33)
N Constant in viscous flow rule Constant -
fo (Pa) Constant in viscous flow rule Constant -
a 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 thecap  Constant -
D Shape parameter of P - €, curve Constant -
w Maximum volumetric plastic strain Constant -
Xo(MPa) Initial vertex of the hardening cap Variant Equation (4.31)
ro (kg/m?) Density Constant Wax seal method, etc.
Co(m/s) Sound speed of CPB Variant K («=0) defined by Equation (4.29) should
equal to that provided by Equations (4.7) -
49
9 Griineisen parameter Constant ( - )
S Slope of shock velocity - particle Variant Equation (4.32)

velocity curve

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 X using Equations (4.1) and (4.2). With the characterization of
X , 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 Y oung’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 Y oung’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 fo in the viscous flow scheme are assumed constant in the current
study, and only h 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
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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 X, 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-Griineisen type, density I ,is
assumed invariable for a given cementitious material, and g, is kept constant, while Co should

be determined by ensuring the K value when x=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 parametersh , Xo 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 aready 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 ssmulated 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 materia 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

Published in Journal of Rock Mechanics and Geotechnical Engineering 9, 2017, 551-564.
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-Griineisen 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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chemo-viscoplastic cap model proposed in Lu and Fall (2016) is not sufficient to capture the
blast response of CPB when cured under the influence of complex THMC factors.

THMC model Viscoplastic cap model
. Heat rf:]ease by - Water consumption | 1 E(‘f)» Eq-(4-49) .
1| hydration by hydrati ' z Elastic constants
1| - Heat transfer Y iydration E v($), Eq.(4.50)
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Figure 4.16 Component interactions and parameter update in the coupled THM C-viscoplastic
cap model

Moreover, according to Henrych (1979), dry and water-bearing loose materials have distinct
behaviour under blast loading. This difference in water content is represented by the maximum
volumetric plastic strain (parameter W) in the cap model, which is a measure of the volumetric
gas content of the material (Chen and Baladi, 1985). Therefore, W should be a variant in the

cement hydration process as the interstitial water is gradually consumed. The same appliesto the

material density (r,, used in the Mie-Griineisen EOS) if drainage or evaporation occurs. In

contrast, Wand r , have been assumed to be constant in this prototype of the chemo-viscoplastic

cap model for cemented tailings backfill (Lu and Fall, 2016). This simplification was appropriate
because the CPB samples in Lu and Fall (2016) had been only cured at the early ages, and the
volumetric gas contents and densities of those samples should be almost constant according to
the analogous experiment in Ghirian and Fall (2013). However, this will not be the case if CPB
samples are cured for alonger period of time, and the volumetric gas content and density of CPB
would significantly deviate from younger samples at a more mature stage (Ghirian and Fall,
2013). Furthermore, matric suction develops as cement hydration takes place. Most models for
porous media (including CPB) under blast loading have neglected the influence of suction.
However, thisisimportant for soft cementitious materials, such as CPB. Asthe cement hydration
process can generate up to hundreds of kPa of suction (Ghirian and Fall, 2013) due to self-
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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
guantify 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 r , 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., Cerveraet al., 1999a,1999b; Sercombe et al., 2000; Gawin et al., 2006a, 2006b; Li et
al., 2015), shrinkage (UIm and Coussy, 1995; Pichler et al., 2006; Gawin et al., 2006a, 2006b; Li
et a., 2015), cracking (e.g., Zhang et a., 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 Considerationsfor coupled THM C processesin 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
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(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 a., 2012; Verma et al., 2013; Cui and Fall,
2015; Verma et al., 2015; Gautam et al., 2016; and Vermaet 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 microstructura 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 mechanica deformations through thermal
expansion; and (iii) the temperature of curing will aso 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 stresslevelsin 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 a., 2015).
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4.3.3 M odeling approach

To evauate 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 materia
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 crucia 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 congtitutive 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; Araoz 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 ssmulation.

4.3.4 Formulations of the coupled THM C 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 isnot and is considered as an ideal gas.

(i) The water and gas migrate in the interconnected voids of the solid. Since the
temperature within CPB isrelatively 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:

(4.35)
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where X is the degree of binder hydration, and x, the ultimate degree of hydration; t stands for
the hydration time parameter (hours), b represents the hydration shape parameter, t, is the

equivalent age of CPB at the reference temperature T, (K), T denotes the temperature of the
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CPB (K), t is the chronologic curing age, E, is the activation energy (Jmol), R, represents the
natural gas constant (8.314 Jmol/K), w/c is the water-cement ratio, and X, and x_,, 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):

r 1S, 6, (1-T) )‘ﬂr U "
S—*+fr,—+Sr,e—+ WS 1_——N fSr,v 4.36
qt i TEt re P >( ) (4.36)

. ﬂS é1-f)qr, e, fS, U
f(l-S)2-fr,—+(1-S)r,e——-=+_t-— =-N* (1- S)r v™ 4.37

where r; refersto the density and the subscript i denotes the an individua phase (air, water and
solid), f is the porosity, S=g/f is the degree of saturation of the liquid phase, q is the
volumetric water content, v, and v"' 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, e, indicatesthe total volumetric strain.

mﬁ refers to the rate of water consumption due to binder hydration, and can be estimated
by using (Cui and Fall, 2015):
By = 2M,. e (0187 X 5 +0.158x, ¢ +0.665x , +0.2130 ¢ )

1ae_o aeng(t) éE, e 1 1 wP (4.38)
it g & @&3273” 273+Twp

wherem_ ..., IS the initial cement mass, and x is the mass fraction of the corresponding
compound with respect to the total cement content.

The v" of fluid phases can be characterized by using Darcy’s law, which is expressed as:

v“=—k%l§l(Pi— r.g) (4.39)

where k is the intrinsic permeability tensor of the medium with the intrinsic permeability

ke =Kgam/r.g, Ky represents the (saturated) hydraulic conductivity, m stands for the fluid

dynamic viscosity, k,, denotes the relative permeability with respect to each fluid phase, and P
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refers to the pore fluid pressure. Meanwhile, K_, of CPB will change with time, and it can be

written interms of X as (Ghirian and Fall, 2013):
Ky =K, exp(CIXCZ) (4.40)
whereK; isthe saturated hydraulic conductivity of thetailingsin CPB, and fitting constantsC,

=-8.173 and C,=4.035 based on the experimental results reported in Ghirian and Fall (2013).
Therelative permeability can be evaluated based on the model of van Genuchten (1980):

-}krw(seﬁ)a/ggl- (2- sqm )™ gz
|
|

.T kra(Seﬂ):\/]E(]__ S;/Hr% )2%

(4.41)

with

S, = L (4.42)

i Lot
%1"' [aVG(Pa - Pw)]l' M k’)

By introducing the time evolution of the fitting parameters into the model of van Genuchten
(1980) during the hydration process of CPB, a,; and m,; can be estimated by using (Abdul-
Hussain and Fall, 2011):

N - f, +
- rrl/G flx f3 (443)

where the fitting constants, f,=0.0415, f,=4.231, f,=0.4073, f,=0.2103 kPa'and f, =-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 g can be cal culated by using:

q=9,+S40,-a) (4.44)
where g, and g, represent the saturated and residual water contents, respectively. Meanwhile,
the evolution of g, due to hydration can be related to X by using (Abdul-Hussain and Fall,
2011):

g = Roexp(- R, x) (4.45)

where R, and R, arethefitting 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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-1.562

m, = 0.6612(T - 229)
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(4.46)
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where m, and m, are dynamic viscosity, and r, and r_, are density of water and air,
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respectively; M, isthe molar mass of air.

4.3.4.4 Model of mechanical equilibrium
The momentum conservation of the system can be written as.
N%aks“ 9+ﬂgl— f)r +fSr, +f (1- S)r g
éft g it

g=0 (4.47)

where o; isthetotal stresstensor, and can be defined based on the effective stress concept as

6; =of- aPs, (4.48)
where the Biot’s coefficient a=1- K/K; with K and K, 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 P=SP, +(1- S)P, (e.g., Khoel and

Mohammadnejad, 2011). Notably, K will evolve in time during the binder hydration process,
and can be estimated by using (Cui and Fall, 2016):

E(X) _ax - X, i_jA
Eu (éxu_ XOé

n(x) =0.5exp(Bx) + BXx™ exp(Bx ®) (4.50)

(4.49)

where E(x) stands for the elastic modulus at a given degree of binder hydration x ; Eyand x,
denote the ultimate elastic modulus and degree of hydration, respectively; x, refers to the

reference degree of hydration below which no development of elastic constants occurs; and A is
amaterial constant. By, B,, Bs, Bsand Bs are the fitting parameters for determining the Poisson’s

ratio v; then, bulk modulus of the backfill can be obtained as K = E(x) /[3(1- 2v(x)] .

The effective stress can be obtained based on Hooke’s law as
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6l= DsE=D(a-sp-sT-sc) (4.51)
where D isthe stiffness tensor, and € is the total strain, which consists of elastic, ¢_, plastic, g,
thermal, ¢, and chemical, ¢_, strains under the theory of superposition. The components,3p ray

g, can be obtained based on the failure model, coefficient of thermal expansion a; , and
coefficient of the chemical shrinkage b, 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
g1-f)r C +fSr,C,+f (1- S)r CH% +Q, +Q, =Quy (4.52)

where C; is the specific heat capacity with i=a, w, and s, Q, and Q, are the amount of heat
transfer by convection and conduction, respectively, and Q,,, 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

Q, = ( r Cv™+r aCav“”‘) NT (4.53)
The conduction of heat can be evaluated with Fourier’s law as
Q, =-k4NT (4.54)
where |%f is the effective thermal conductivity of the CPB, and it can be evaluated by using (Cui
and Fall, 2015)
Kar = Kary /St (K = Kay) (4.55)

where k_ and k. are the thermal conductivity of the CPB in the saturated and a completely dry

dry

condition, respectively. k., can be evaluated by (Coté and Konrad, 2005; Ghirian and Fall, 2013):
ksat = lE;inngsk\fN (456)
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where K and K, represent the thermal conductivity of the tailings and water, respectively.

An analogous expression for kdry can be expressed as
kdry = klt\lfmgs f (457)
wherek, isthe thermal conductivity of air.

The heat released by exothermic binder hydration can be evaluated by using (Schindler,
2004; Schindler and Folliard, 2005)

b P N

&0 abo eE, & 1 1
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+850X,,40

FreeCaO

where H; denotes the total heat available for binder hydration, H_, is the heat from the

hydration of cement, and C, 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 Perzynatype 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 8 is

decomposed into an elastic °and a viscoplastic (inelastic) component &* as

§=8°+¢" (4.59)
The elastic strain rate independently of the viscosity is expressed as
£°=D"% (4.60)

where & 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:

8% =h (f (f))% (4.61)
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whereh is amaterial parameter called fluidity parameter; ( ) is the Macaulay bracket defined
as(x) = (x+|x|)/2, f isthe yield function and will be defined in the following subsection, and

f(f) isadimensionless scaling function which is expressed as

N

eef 0
f(f) :gf_og (4.62)

where N is the exponent and fy 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 &” is given by f
and in the outward normal direction of the yield surface.

To simplify the modeling, N and f, are assumed to be constant, while h is related to the
degree of binder hydration as (Lu and Fall, 2016):
h(x)(s") =48.2X f_ +0.224)**' +0.002 (4.63)

where f. (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 aso
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 ssimplicity, 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 thisillustration.
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Figure 4.17 Comparison between shapes of different cap models

Fi(l4/35.%) =43, -

The cap model adopted in the study defines the shear envelope as

k(x)- [X(k,x)- L(k,x)]/R
L*(k X)

L(k,x)

2 0 KX) - [X(k.X) - L(k,x)]/Rll k) (469)
where K is the strain hardening parameter, L(k,x) and X(k,x) are the abscissa of the

intersection of the elliptic cap with the shear failure envelope and the hydrostatic loading line,
respectively, R is the ratio of the major to the minor axis of the elliptic cap, and k(x) is the
Drucker-Prager parameter defined by

A lx) = 2sinj (x) )=
(x) J3g8+sinj (x)g’ k(x)

6c(x )cosj (x)
3@+ (x)g

(4.65)
where C(X) and | (X) are the cohesion and interna friction angle as functions of the degree of
binder hydration (Cui and Fall, 2016):

c(x)=Mx", j (x)=Nx"™ +Nx

where M, and M,, and N,, N, and N, are thefitting constants.

(4.66)
Then, the hardening cap can be written as.
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F(1,3,.k x) =43, - %{[X(k,x)- Lk ) - [, - L(k,x)]z}l/z (4.67)

The hardening of the cap due to the plastic volumetric strain, e}, can be defined by the

following law:

el d
X (), (4.68)

X (K X) = - (L/ D) Angl-
e 9

where W indicates the maximum plastic volumetric strain of the material, and can be determined

by W =f (1- S) (Chen and Baladi, 1985). D is the shape parameter of the volume-pressure curve,
and X(x), isthe initial vertex of the hardening cap, which can be estimated by using (Lu and
Fall, 2016)

X(X), (MPa) =52.9In(0.03f_ +0.236) + 75.5 (4.69)
and the UCS of the material can be evaluated based on the Mohr-Coulomb criterion:
f, = 2c(x)tan[45’ + J(TX)] (4.70)
Then, the intersection of the cap and the shear envelope can be obtained by considering
continuity:
k(x) = 2K X) - RX(KX) (4.72)
1+ R»xa(x)
and
i k(x) kXx)>k(x
Lkx) = (x) kx)>k(x), 472)

i k(x), otherwise
Thus, all time-evolutive parameters in the yield function have been defined as functions of

x . Finally, the modified cap envelope f (1,,,/J,,k,x) which is a combination of F,(l,/J,,X)

and F, (1,,4/3,.k x) 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 |oading/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-Griineisen EOS (An et al., 2011) expressed as
(Lu and Fall, 2016)

Goy . 8o 2nfs(x)- 1, mg, +a,m %
K(X)_rC(><)o[1+(1 =)m- mz][1+1+m S(X)m (L2 1+1,Cx)om(1- ) - a,m e(go agy?

[1+m- sx)ni® & @+ny

(4.73)

+a,( Ev
a

where r ,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;
C(x),is the sound speed of the CPB at an ambient pressure and temperature, and its value can be
chosen so that the K(x) a x=0 as defined by Equation (4.73) equals to that provided by
Equations (4.49) and (4.50); g, is the Griineisen parameter, E' is the internal energy per unit

initial volume; a, is the first order volume correction to g, and generally set to O;

m=e,/(1- e,); and s(x) is the slope of the shock velocity against the particle velocity curve,
which can be estimated by using (Lu and Fall, 2016)
S(x) (1) = 2.06exp(- 4.38f, +0.779) +1.5 (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 alows 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; ANSY S Inc., 2009).
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4.3.6 Moddl 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 mode! 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
astheinitial 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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Table 4.6 Input parameters, boundary conditions and initial values of simulated curing tests

Case Study 1 Case Study 3
Cement content 4.5% 5% 7% 10%
w/c ratio 7.6 7.77 5.55 3.88
Height of specimen 0.5mforeachof 3layers 007m 0.07m 0.07m
Insulation materials
Category Thermal insulating foam CpPvC
Thermal conductivity (W/(m k)) 0.024 0.1
Heat capacity (J/(kg k)) 1400 1050
Density (kg/m”3) 30 1760
Mechanical module
Top surface Free Free
Lateral sides Roller Roller
Bottom side Fixed Fixed
Volume force Gravity Gravity
Hydraulic module
Top surface Mass flux No flux
Lateral sides No flux No flux
Bottom side No flux No flux
Volume force Gravity Gravity
Initial value Hydraulic head=0 Hydraulic head=0
Thermal module
Top side (°C) 20.75 25
Lateral sides (°C) 20.75 25
Bottom side (°C) 20.75 25
Initial temperature (°C) 20.75 25

I
i10 cm

50 em

)

25 cm

! !
I 5cm i

: b) : )

Axis of symmetry

[

Insulating foam

Backfill

Monitoring
point

Figure 4.18 Configuration of the model for high column test

a) 1% stage of backfilling; b) 2™ stage of backfilling; and c) 3" stage of backfilling

A comparison between the simulated and measured temperature within the CPB column for

both short-term and long-term curing is shown in Figure 4.19. It can be observed that there is
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good agreement between the simulated and measured variation of temperature in terms of both
the peak values and trend of evolution. Note that the fluctuation in the measured temperature is

caused by the variation of room temperature during the test program.
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Figure 4.19 Comparison between simulated and measured temperatures at monitored points

Figure 4.20 shows both the short-term and long-term evolution of pore water pressure (PWP)
in CPB. As can be observed, there is also good agreement between the simulated and
experimenta results. Specifically, at roughly 16 hrs after placement, a negative PWP starts to
develop rapidly in the column, and this is due to the advancement of binder hydration which
consumes the pore water. It is also noticeable that the PWP of the bottom layer jumps back to a
positive value once an upper backfill layer is placed into the column, and this phenomenon
should be attributed to the downward drainage of water from the initially saturated upper layer
due to gravity. After approximately 7 days, the PWP in the column exhibits a much slower rate
of decrease, and the PWP of the three monitoring points evolve asymptotically to approximately
-100 kPa, -150 kPa, and -200 kPa for the for the bottom, middle and top layer, respectively.
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Figure 4.20 Comparison between simulated and measured PWP at monitored points

A series of quasi-static UCS tests were performed on the CPB specimens extracted from the
column after 7, 28, 90 and 150 days of curing. To validate the mechanical component of the
coupled THMC model, a comparison between the ssimulated and experimental stress-strain
curves in the quasi-static UCS tests of CPB is presented in Figure 4.21 below. As can be
observed, there is a good agreement between the simulated and experimental results. Specifically,
the model can reproduce well the chemical and strain softening-hardening behaviour of CPB.
Note that all axial stresses in simulated stress-strain curves of the present study are total stress.
More details on the features of the mechanical behaviours of CPB under quasi-static loading
conditions are discussed in Cui and Fall (2016).

It can be thus concluded that the coupled THMC model in this work is valid and reliable in
estimating the THMC behaviour of CPB in the hydration process. More examples on simulated
properties of CPB in this high column test and more other case studies for the validation of the
coupled THMC model can be found in Cui and Fall (2015).
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Figure 4.21 Comparison between simulated and measured stress-strain curves of hydrating CPB
in quasi-static UCS tests

4.3.6.2 Simulation of SHPB tests on another cementitious material with varied water content
(Case Study 2)
To verify the validity of the inclusion of variable gas contents (affecting parameter W and

I'5) in the prototype viscoplastic cap model, and also to show its ability to capture the strain

rate-dependent behaviour of other types of cementitious materials, SHPB tests performed on
concrete with various degrees of saturation (Ross et al., 1995, 1996) are adopted and reproduced.
In an effort to experimentally determine the effects of moisture coupled with strain rate on
concrete strength, high strain rate tests were conducted on completely saturated, partially
saturated, and completely dry concrete specimens by using SHPB (Ross et al., 1995, 1996). After
the concrete specimens were cured in air for 24 h, they were then submerged into tap water for
30 days. Then, the completely dry and partially saturated specimens were prepared by drying
them in the oven at 230 F (110°C) for 72 h and 7 h, respectively, with successive timed weighing.
Prior to the dynamic tests, quasi-static tests were performed on each type of specimen to
determine the quasi-static compression and tensile strength, and this information was also used to
normalize the dynamic strength and acquire the dynamic increase factor (DIF) which is defined

as the ratio of dynamic to static strength for each type of specimen in the SHPB tests. The tests
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on completely dry and partialy 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 (Lopez 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 E = 4785,/f,

(Neville, 1973; Ross et al., 1996). The density of a fully saturated specimen was assumed to be
2350 kg/m®, and the volumetric gas content (W) and density (I ) of the completely dry and

partially saturated specimens could be obtained by the measured drying curve in the test (Ross et
a., 1995). The parametersh , Xy 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 elementsin the
simulation. To simplify the modeling process, the typical loading history pattern in the SHPB
tests was used (Tedesco et a., 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 smulation are
presented in Table 4.7.

Table 4.7 Material properties of concrete used in the simulation of SHPB test

Drying ucs Tensile o h

method (MPa)  strength (MPa)  ( kg/n) (sect) N fo(Pa) K(GPa) G(GPa)
Oven-7 h 35.12 1.95 2246.6 1.1x10° 25 2x10° 15.75 11.82
Oven-72h  42.88 2.54 2105.6 9.5x10™* 25 2x10° 17.41 13.06

D
a k(MPa) R (MPaY) w Xo(MPa)  Co(ms) Y% S
0.2653 1.6405 8 8x10° 0.103 145 2648 1 15
0.2638 2.1358 8 8x10° 0.244 155 2875 1 15
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Figure 4.22 Comparison between simulated and measured DIFs of concrete in SHPB tests

As can be observed in Figure 4.22, there is a good agreement between the simulated and
measured DIFs of each type of concrete over the range of the strain rates tested. Therefore, by
supplementing the influence of the gas content, the modified viscoplastic cap model presented in
the study is capable of evaluating the rate-dependent behaviour of cementitious materials such as
concrete under the coupled influence of the moisture content and strain rate. Notably, as
suggested in Figure 4.22, the DIF of the dry specimens is generally lower than that of the wetter
ones. This is due to the effect of the moisture content on its strain rate sensitivity. Specifically,
according to Ross et a. (1995, 1996), wetter concrete generally shows more strength increase as
opposed to dry concrete in al ranges of the strain rates tested.

4.3.6.3 Simulation of SHPB tests on hydrating CPB (Case Study 3)

Huang (2009) and Huang et a. (2011) investigated the response of CPB at different curing
times and cement contents under high strain rates with a modified SHPB system. To validate the
developed THMC-viscoplastic cap model, test data of CPB with 5% cement content at different
curing ages (15, 30, 60 days and dry samples) were used and reproduced. It is assumed that those
dry samples were obtained after 180 days of curing. Prior to the simulation of the behaviour of
hydrating CPB under high-rate impact with a viscoplastic cap model, the first step was to obtain
the material properties of the CPB with the coupled THMC model. Some of the quasi-static data
for the material used can be found in Klein and Simon (2006).

The CPB prepared in the test had an initial water content of 28% and cement content of 5%
of the total solid mass, and fresh CPB was poured into PV C pipes with an inner diameter of 22
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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*- 750 s*. The simulated
pore pressure acquired from the THMC model was applied onto the specimen prior to the SHPB
testing asthe 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).
Axia 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 ssimulated 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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Table 4.8 Material properties of CPB with 5% cement content

Curing time Mo h (usec) N  fo(P) KMPa GMPa) a
(kg/m’)
15d 1847.0 1.05x10°° 25 2x10° 16.9 155 0.1966
30d 1848.4 1.4x10" 25 2x10° 445 404  0.1966
60d 1849.5 1.4x10* 25 2x10° 75.0 67.9 0.1966
180d 1851.1 2.6x10° 25 2x10°  109.3 98.6  0.1966
k(MPa) R D (MPal) W Xo(MPa) Co(m/s) Y% s
0.0367 8 8x107 0.078 0.3 96 1 3.39
0.0764 8 8x10? 0.094 22 155 1 2.23
0.1129 8 8x107? 0.123 2.2 202 1 1.80
0.1498 8 8x10” 0.326 5.5 244 1 1.62
4
—1:1 line
® 15 days with 300!
=3 R>=0.917 W 15 days with 500 s
% B 15 days with 700 s™!
~ 30 days with 300 s!
8 30 days with 500 s
i - 30 days with 700 s
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% / A 60 days with 500 s™
=1 a 60 days with 700 s
o dry sample with 300s™
dry sample with 5008
0 dry sample with 750 s
0 1 2 3 4

Predicted UCS(MPa)
Figure 4.23 Comparison between simulated and measured average dynamic UCS of CPB with 5%

cement content

As can be concluded from the good agreement between the simulated and measured results
shown in Figure 4.23, the presented model can capture the time-evolution and rate-dependence
of the material strength quite well, and indicates an increasing trend in the UCS against the strain
rate for agiven curing time within the range of the strain rates studied.

To further validate the proposed model, SHPB tests conducted on CPB with 7% and 10%
cement content (Huang, 2009) were also reproduced. The curing process was also simulated by
using the coupled THMC model with changesin the initial cement content, while other boundary
and initial conditions were the same as those of the previous case with 5% cement content. As
for the time-evolution of the average UCS of the CPB with 7% and 10% cement content, due to

the lack of experimental data, it was estimated by increasing the UCS values of CPB with 5%
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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 Y oung’s modulus can be recaptured by the empirical rule as
(Fall et al., 2005):

E=h(f) (4.75)
where f. isin the KPa and E in the MPa in the equation, and the fitting coefficients h = 0.0324
andi =1.32 (Luand Fal, 2016).

With the ssimulated average strength parameters, elastic constants, volumetric gas content
and pore pressure obtained by the coupled THMC model, it was aso 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 materia
parameters used in the simulation are obtained from the coupled THMC model and listed in
Tables 4.9 and 4.10.

Table 4.9 Materia properties of CPB with 7% cement content

Curingtime I, (kgm®) N (usec?) N fo(Pa) K(MPa) G(MPa) a

15d 1847.7 8.0x10* 25 2x10° 26.4 23.8 0.1966
30d 1849.9 2.3x10™ 25 2x10° 68.6 619  0.1966
60 d 1850.8 7.0x10° 25 2x10° 116.7 1053  0.1966
180 d 1853.0 1.1x10° 25 2x10° 169.5 1529  0.1966
k(MPa) R D (MPaY) W Xy(MPa) Co(mis) Y s
0.0513 8 8x107 0.104 0.9 120 1 2.83
0.1057 8 8x1072 0.125 14 193 1 1.86
0.1579 8 8x102 0.167 34 252 1 1.60
0.2096 8 8x107? 0.464 9.0 303 1 153
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Table 4.10 Material properties of CPB with 10% cement content

Cuingtime  ry(kgm®) h (usec®) N fo(Pa) K(MPa) G(MPa)  a

15d 1847.9 2.5x10™ 25 2x10° 425 383  0.1966
30d 1850.0 3.5x10° 25 2x10° 1117 100.7  0.1966
60d 1851.9 1.5x10° 25 2x10°  187.1 168.8  0.1966
180 d 1854.6 5x10°® 25 2x10° 2723 2456  0.1966
k(MPa) R D (MPa?) W Xo(MPa) Co(m/s) 9 s
0.0732 8 8x10° 0.142 1.7 152 1 2.28
0.1525 8 8x107? 0.169 5.0 246 1 1.62
0.2250 8 8x10? 0.226 6.4 319 1 1.52
0.2997 8 8x107? 0.476 14.0 385 1 1.50
6
—1:1 line
5 R2=0951 m 15 days W%th 300 st
B 15 days with 500 s
4 . B 15 days with 750 s!

30 days with 300 s
30 days with 500 s
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+ dry sample with 300 s

(93]
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N

dry sample with 500 !
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Figure 4.24 Comparison between simulated and measured average dynamic UCS of CPB with 7%

cement content
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Figure 4.25 Comparison between simulated and measured average dynamic UCS of CPB with 10%
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As observed from Figures 4.24 and 4.25, there is also a good agreement between the
simulated and measured average UCS of CPB in the SHPB tests, and thus the capability of the
presented model to represent the time-evolutive and rate-dependent material strength under high-
rate impact is again confirmed.

Stress-strain curves for individual CPB samples with 7% and 10% cement content are
provided in Huang (2009) and Huang et a. (2011). In order to obtain simulated stress-strain
curves and compare them with the experimenta data, it was assumed that CPB specimens at a
given cement content and curing time have an identical DIF at a given strain rate. Then, the
guasi-static UCS of an individual sample can be estimated by comparing the peak of its stress-
strain curve in the SHPB test, with the average dynamic strength of the CPB at a corresponding
cement content, curing time and loading rate. With the use of this method, four ssmulated stress-
strain curves of CPB samples with 7% or 10% cement content at various ages under different
loading rates were obtained and compared with the available data, see Figure 4.26, and the
material properties used in the viscoplastic cap model are presented in Table 4.11.
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Table 4.11 Materia properties of CPB samples used to obtain stress-strain curves

Cement  Curing Strain Mo h fo K
content  time  rate(s?) DIF UCS (MPa) (kgm?)  (usec?) N (Pa) (MPa)
7% 30d 500 2.63 0.49 1849.9 8x10™ 25 2x10° 548
7% 30d 750 2.79 0.55 18499  7x10* 25  2x10° 652
10% 15d 300 3.14 0.85 1847.9 7x10°® 25 2x10° 1147
10% 15d 750 4,12 0.83 1847.9 9x10°® 25 2x10° 111.2
G(MPa) a k(MPa) R D (MPa?) w Xo(MPa) Co(m/s) 9o s
494 0.1966 0.0891 8 8x10? 0.125 0.7 173 1 2.04
58.5 0.1966 0.1019 8 8x107 0.125 0.9 188 1 1.90
104.1 0.1966 0.1567 8 8x107 0.142 5.0 250 1 1.60
100.9 0.1966 0.1529 8 8x107 0.142 5.0 246 1 1.62
4.0 o.
35 é Lem T
10’ . /‘0 ,’—.—.,' ¢ os'
3.0 P
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I~ ./’ | | " . -
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1.0 o 2 mTTx --== 750 s’ with 7% cement after 30d (simulated)
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Figure 4.26 Comparison between simulated and measured stress-strain curves of individual CPB
samplesin SHPB tests

As shown by the good agreement between the simulated and measured results in Figure
4.26, the presented model can reproduce the mechanical behaviour of CPB under high-rate
loading reasonably well. It should be noted that in addition to the strength increase, the
viscoplastic cap model can aso account for the apparent stiffness enhancement due to high strain

rates.

Therefore, as concluded from the previous examples, the coupled THM C-viscoplastic cap
model is able to adequately characterize the transient mechanical response of hydrating CPB

under blast loading.

0.020

0.025
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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 a. (1986), and is
atime-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 aresult 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 THM C-viscoplastic cap model has been developed. The THMC model
isfirst 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 materia 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 ssimulated 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 potentia 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 soilswith 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 |oading.
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,
Veyeraet a. 2002; Ashford et a. 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 a. 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; Ferdos 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 a. 2011). Furthermore, with transient blast loading, the strain-rate effect should be
considered as a crucia 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 generaly 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 a., 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 a. (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 a. 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 a.
(2010) and An et al. (2011). Nevertheless, only unsaturated soils have been studied in An et a.
(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 aso 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 ';?'oléjée Strength model Sou(rjcéfe;)rfr:gtiiress Additional comments
Busch et &l Soil tiffnessis Modified Modified Mohr- Underestimate pore water
(2016); Leé modified to Mohr- Duvaut-Lions Coulomb model pressure due to dilation
(2066) include pressure Coulomb viscoplasticity model could resultin induced by Mohr-Coulomb
dependence model unredlistic dilation type of model
Mie-Griineisen Viscoplasticity of the Has not been applied to
Anetal. (2011) EOS Cap model Perzynatype liquefaction
: Sail stiffnessis
Ghassemi et al. o ) s
2010); Awad ~,_modifiedto Cap model Not included Generalized Biot’s
include pressure a formulation
(1990) dependence
Modify the yield . .
Lyakhov model of strength in R madequacmgf
Wang et al. . Drucker- . Drucker-Prager model;
soil asathree- accordance with o - )
(2008) hase medium Prager model Prapaharan et al uncertainty in capturing strain
P a (1989) ' rate-effect
- . ) Generalized Biot’s
KimandBlouin  gijien model N ?‘(elpgc't Not included nggr S:Itolgdall?: y formulation; suffer the
(1984) YIeiC cing inadequacies of bilinear
condition moduli

model (Bloom, 2006)

The aim of the study is to demonstrate the validity of cap model for smulating blast-
induced liquefaction in saturated granular porous media, such as natural and man-made soils.
Recently, the authors have developed a viscoplastic cap mode to describe the blast response of
porous media (Lu and Fall, 2016, 2017), and it satisfies al 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 M echanism of blast-induced liquefaction

For saturated loose materials, such as sandy and silty soils, the volume reduction caused by
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blast-induced compression is prevented by the impedance of both matrix and pore fluid. Thisis
due to insufficient time for relative movement of soil skeleton and pore water, and drainage is
typicaly precluded in the blast loading process. Meanwhile, the volume compatibility in the
undrained condition also necessitates that the volumetric strain of the pore fluid should be
equivalent to that of soil skeleton (Naylor, 1974; Griffiths, 1985; Fragaszy and Voss, 1986;
Griffiths and Li, 1989; Puebla et al., 1997). In this condition, blast-induced liquefaction could
occur attributed to the inelastic stress-strain behaviour of soil skeleton, whilst the deformation of
pore water is eastic (Fragaszy and Voss, 1981, 1986; Kim and Blouin, 1984; Charlie et a.
1988). To be more specific, with the volumetric hysteresis, it is therefore possible that the
effective stress could drop to initial value after unloading, while the pore pressure is ill
maintained a a certain value greater than its initial condition due to the irrecoverable

compaction. The discussed mechanism isillustrated in Figure 4.27.

total stress
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Time Strain
(a) Stress-time histories of a saturated loose (b) Stress-strain histories of a saturated loose
material under blast loading (Adopted from material under blast loading (Adopted from
Fragaszy and Voss, 1986) Fragaszy and Voss, 1981)
Figure 4.27 Mechanism of blast-induced liquefaction

Whether liquefaction will take place also depends on the initial stress state, magnitude of
the total stress increase, loading and unloading moduli of the material, drainage conditions, etc.
(Fragaszy and Voss, 1986). Meanwhile, according to Fragaszy and Voss (1986), the compressive
wave from an explosion will only significantly contribute to the development of liquefaction
near the explosive source, and other mechanisms, such as contribution from shear waves, may be
dominant further away from source. Therefore, the validity of such a mechanism for blast-
induced liquefaction is restricted to a certain range of pressure in the vicinity of a camouflet, as

beyond this range, the effects of shear stress are no longer negligible and different mechanisms
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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 smulating 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; Araoz 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, COM SOL 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 agorithm with a Backward Euler method.

4.4.3.2 Perzynatype 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 materias during blasting. A three-phase soil model (Wang
et a. 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 caled
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

158



(e.g. Katona, 1984; Simo et al. 1988; Tong and Tuan, 2007; An et a. 2011; Higgins et al. 2013;
Araoz and Luccioni, 2015).

The Perzyna type of viscoplastic formulation (Perzyna, 1966) is adopted in current study to
represent the rate-dependence in the materia behaviour. As is conventional in mechanics, the

total strain rate vector § can be decomposed into an elastic part 4°and a viscoplastic (inelastic)

part & as
d=4°+¢" (4.76)
The elastic strain rate is independent of viscosity and can be obtained as
£°=D"¢ 4.77)

where & isthe stress rate tensor, and D the elastic stiffness matrix.

For the viscoplastic strain rate, the viscoplastic flow rule is generally expressed as:
i
" =h(f (f))— 4.78
(s (4.78)

whereh is a fluidity parameter; < > is the Macaulay bracket; f is the yield function and will be

introduced in the following subsection; and f (f) is a dimensionless scaling function

conventionally defined as (e.g. Katona, 1984; Tong and Tuan, 2007):

N
f() =gefi3 (4.79)

e'od
where N is the exponent and fy 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 smulating materia behaviour under impact and blast loading. The function f (f)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 materia response will be purely elastic when h — 0, and simply corresponds to

inviscid plasticity when h — ¥ .

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), Araoz 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 1; 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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Figure 4.28 Comparison between different cap models

In order to avoid this problem and numerically treat singular corners with relative
simplicity, a new approach is provided in Lu and Fall (2016). Specifically, the shear yield surface

is assumed to have the same intercept with the /5, axis as the Drucker-Prager criterion at the

beginning. Then, the shear yield surface is forced to have a horizontal slope at the intersection
with the hardening cap by using a parabolic expression. Then, the shear yield surface is defined

as:

7 =T - KO LR e X LOIR, (480

where L(k) and X() refer to the abscissa of the intersection of the elliptical cap with the shear

failure envelope and the hydrostatic loading line (I axis), respectively; and Kk is the Drucker-

Prager criterion parameter that can be related to the Mohr-Coulomb criterion by using:
2sinj _ 6bceos) (4.81)

CJ3(3+sinj ) 3(3+sinj )
where ¢ andj arethe cohesion and internal friction angle, respectively.

The isotropic hardening cap is defined by following Chen and Baladi (1985):
1 v2
Folly3.k) =3, - H{[X ) - LT - [1,- L]} (4.82)
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where translation of X(k) can be expressed with alogarithmic hardening law as
-
X (k) =- (L/ D)Angl- 242+ X, (4.83)
é Wy
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 Xo istheinitial vertex of the hardening

cap. These parameters can be acquired from isotropic compression tests. Then, L(k) can be

determined by enforcing continuity of the entire yield envelope:

K = XK) - RXK (4.84)
1+R»=a
and
_L ko kK 4.85
L(k)_}ko otherwise (4.89)

where g, isthe 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 e .

develops. Then, when the stress state lies the shear failure envelope, dilation would occur and the

decrease in e 2 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 generaly 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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some have used different bulk moduli during the loading/unloading processes for soil skeletons
with a bilinear model (e.g. Kim and Blouin, 1984), and others have used different functions to
control the loading/unloading processes (e.g. Laine and Sandvik, 2001; Grujicic et a. 2006,
2008b, 2009, 2010; Wang et a. 2008, 2011; Yankelevsky et al. 2008; Karinski et a. 2009a,
2009b; Feldgun et al. 2013). However, a more stable and effective method to account for
hysteresis behaviour is the use of plastic cap model (Nelson et al. 1971; Merkle and Dass, 1985;
Bloom, 2006). Specifically, if the stress state lies on the cap portion of the yield envelope during
initial compaction, the cap envelope and the associated flow will result in volumetric plastic
strain in compression. Since unloading is purely elastic, there will be irrecoverable bulk
deformation and the hysteresis effect is thus realized (see Figure 4.29).

1
3% | g,
I |
Figure 4.29 Hysteresis effect represented by the cap model

(Modified after Chen and Baladi, 1985 and Murray, 2007; where e,, and e, aretotal and elastic
volumetric strain, respectively)

4.4.3.4 Modified nonlinear pressure-volume relation for saturated porous media in undrained
condition

Under intensive loading conditions such as blasting, the pressure-volume relationship of a
material would be typically nonlinear (Henrych, 1979). The variable-bulk-modulus approach is
adopted in this study to account for such an effect. In fact, this method has been used by Nelson
et al. (1971), Sandler et a. (1976), Chen and Baladi (1985) and Murray and Lewis (1995) among
others, and integrated with a plastic cap model to obtain better data fitting flexibility (Sandler et
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al. 1976). The nonlinearity in stiffness of soil skeleton (Ks) and pore water (K,) is determined in
the study by using the Mie-Griineisen EOS as (An et al., 2011):

2 - Yoy - Rio 2 2m(s-9 , m(g,*+a,em) 2. Yo _
Gt @ Sm- S f T R T S

(L+m- sm)’ g @+my
wherei = sor w, r ,isthe material density; Cio is the p-wave velocity of the material; s is the

2

. (4.86)

u
+a|0L’]E\V
u

slope of the shock velocity against the particle velocity curve; g, is the Griineisen parameter, g*
is the internal energy per unit initial volume;a,, is the first order volume correction to g,,; and

m=e,/1-ey):

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

dP, = K_de,, (4.87)
where K, represents the apparent bulk modulus of the pore fluid, and it can be obtained as
(Naylor, 1974):

(4.88)

where n isthe porosity; and K, 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 (K, can be obtained in the study as

dP =dP. +dP, =K deg, + K de, = (K, + Kaj%)defk =K, deg, (4.89)

kk

Finally, the Poisson’s ratio V., also needs to be modified for the undrained condition as

(Naylor, 1974, Griffiths, 1985):

_(1-2v)A+Vv) +EV/K, (4.90)
" 2(1- 2v)A+V)+E/K,

164



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

scal e 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 triaxia 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 numerica model isillustrated 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 in Fragaszy and Voss (1981, 1986) are adopted herein, and the peak
pressure is 34.48 MPa and 20.69 MPa, respectively. The material properties used in the
simulation are based on the experimental data in Fragaszy and Voss (1981, 1986) and those used
in Wang et al. (2008), see Tables 4.13 and 4.14. The simulated strain and pressure time histories
of the monitored point in both cases are presented in Figures 4.32-4.33, and details of the
simulated results are compared with the experimental data provided in Table 4.15, where PPR is
the pore pressure ratio, defined as the ratio of the residual excess pore pressure over the initial
mean effective stress in accordance with Fragaszy and Voss (1981, 1986).

110 mm «— Pressure

S

Symmetrical axis

Figure 4.30 Configuration of numerical model for ramp loading tests

L,”'l ms L’;til,l ms

Pressure (MPa)

3 8
Time (ms)

Figure 4.31 Load pattern of numerical ssmulation for ramp loading tests
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Table 4.13 Material properties used in the model for ramp loading tests on saturated sand

Initial confinin Initial pore water Peak pressure Densit -1
Test pressure (M Pa? pr&ssfre (MPa) (I\/FI)Pa) (kg/m?})/ h (usec) N
Case 1 1.72 0.69 34.48 1959 4x10°° 1
Case 2 1.72 0.69 20.69 1959 4x10° 1
fo (Pa) a k(MPa) R D (MPa?) w Xo(MPa)
1x10° 0.25 0 8 1x10° 0.0027 5
1x10° 0.25 0 8 1x107 0.0027 5

Table 4.14 Materia properties used for undrained response of saturated sand in ramp loading

tests
r I wo Co Cwo Ky
kogm)  (kgm) (M9 g S S G Ge v ghy

0.47 1490 1000 260 1460 164 2 011 06 033 54
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Figure 4.32 Simulated loading histories of the monitoring point M in Case 1. (a) strain-time; (b)

pressure-time
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Figure 4.33 Simulated loading histories of the monitoring point M in Case 2: (@) strain-time; (b)

pressure-time

Table 4.15 Comparison between simulated and experimental results for ramp loading tests on

saturated sand
Test Peak p.w.p. change (M Pa) Residual p.w.p. (MPa) PPR
Tested Simulated  Tested Simulated  Tested Simulated
Casel 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

As can be observed from Figures 4.32(b)-4.33(b), when the saturated sand is subjected to
sudden blast loading, the majority of the applied load is borne by the water due to its high
resistance in the undrained condition, while that carried by the soil skeleton is negligible. Thisis
in accordance with the deformation mechanism of water-bearing soil subjected to blast loading
found in Henrych (1979). After the passage of blast waves, the pore water pressure is kept at a
higher value than its initial condition because of the irrecoverable strain, which is supported by
the strain-time histories shown in Figures 4.32(a)-4.33(a), and this is consistent with the
mechanism of blast-induced liquefaction discussed in Section 4.4.2.

The details of simulation results are summarized in Table 4.15, and they have shown good
agreement with the experimental data. Therefore, with the proposed strategy to include the
compressibility of the interstitial water, the modified viscoplastic cap model can well capture the
deformation mechanism of saturated soils subjected to blast loading, and the response of the pore
water pressure that corresponds with the volumetric deformation of soil can also be effectively
reproduced.
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4.4.4.3 Simulation of shock loading on saturated sand and silt

A series of shock loading experiments were conducted by Charlie et al. (1985) and Bolton et
a. (1994) on saturated specimens of Monterey sand and Bonny silt to study blast-induced
liquefaction. Their test results are adopted and numerically reproduced in this study to validate
the proposed model.

Shock loading was carried out in alaterally fixed cylinder container, and the soil samplesin
the container had a height of 152.5 mm and a diameter of 68 mm. Axial shock compression was
applied on the top of the sample with various amplitudes. The shock loading can be simplified as
triangular pulse loading in the ssmulation which reaches its peak and then reduces back in half a
millisecond as shown in Figure 4.34 below, and it is determined based on the monitored pressure
time histories in the experimental tests. The porosity of sand and silt is approximately 0.41 and
0.48, respectively, and is determined from their grain and dry densities. The drained compression
test conducted on Monterey sand prior to the shock loading showed that the sand skeleton has a
bulk modulus of 138 MPa (Bolton et a. 1994; Wang et a. 2008), while the information on
Bonny silt is not available. Bonny silt is a wind-blown deposit of clayey silt and is typical of
loess deposits found in central-west US (Charlie et al., 1988), and an empirical bulk modulus of
66.5 MPais used based on Kezdi (1974).

Peak|-————————

Pressure (MPa)

0.52

-
J
Time (ms)

Figure 4.34 Load pattern of numerical simulation for shock loading tests

The configuration of the numerical model is shown in Figure 4.35 and it is simulated by
using 2D symmetry, and only vertical displacement is alowed along the symmetrical axis. 4-
node quadrilateral elements with maximum size of 3 mm are used in generating the mesh. A
monitored point (N) is placed in the middle of the sample. The model is laterally confined so that
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the radia 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 without reflection in the
transient analysis. 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 material properties used in
the simulation are based on the experimental data in Bolton et al. (1994) and Wang et al. (2008),
which are listed in Tables 4.16 and 4.17. The simulated strain and pressure time histories of the
monitored point in all cases are presented in Figures 4.36-4.38.
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Figure 4.35 Configuration of the numerical model for shock loading test

Table 4.16 Material properties used in the model for shock tests on saturated sand and silt

Initial effective Initial porewater  Peak pressure Density h (usec)

Test stress (M Pa) pressure (M Pa) (MPa) (kg/m®) N
Case 1 (sand) 0.172 0.35 5.04 1970 3.5x10° 1
Case 2 (sand) 0.172 0.35 7.39 1970 5.2x10° 1
Case 3 (silt) 0.172 0.35 2.66 1848 1.3x10° 1

fo (Pa) a k(MPa) R D (MPa®) w Xo(MPa)

1x10° 0.25 0 8 4x10° 0.0011 1

1x10° 0.25 0 8 4x10° 0.0011 1

1x10° 0.225 0 8 4x10° 0.0011 1
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Table 4.17 Material properties used for undrained response of saturated sand and silt in shock

tests
r : Co  Cuo K
Test < wo <0 v b
kgm) (gmy (M9 (mg S S R Go Vo ghy
Cases12(sand) 041 1563 1000 310 1460 164 2 011 06 033 54
Case3(sl) 048 1367 1000 221 1460 164 2 011 06 033 54
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Figure 4.36 Simulated loading histories of the monitoring point N in Case 1 (sand): (a) strain-
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Figure 4.37 Simulated loading histories of the monitoring point N in Case 2 (sand): (a) strain-
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Figure 4.38 Simulated loading histories of the monitoring point N in Case 3 (silt): (a) strain-time;

(b) pressure-time

As can be observed from Figures 4.36(b)-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 elastic
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(a) also show that there is irrecoverable volumetric strain
after unloading, and it is responsible for the build-up of residual excess pore water pressure
caused by blast loading. Details of simulated results are summarized and compared with
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 Bolton et al. (1994), and it has shown that

they are also consistent to the experimental results.

Table 4.18 Comparison between simulated and experimental results for shock tests on the
saturated sand and silt

Test Peak p.w.p. change (MPa) Residua p.w.p. (kPa) PPR
Tested Simulated Tested Simulated Tested Simulated
Case 1 (sand) 4.52 4.20 436 437 0.50 0.51
Case 2 (sand) 6.87 6.50 548 547 1.15 1.14
Case 3 (silt) 2.13 181 415 417 0.38 0.39
Case 1A (0.75 ms) / 4.25 / 484 / 0.78
Case 1B (1 ms) / 4.29 / 526 / 1.02

The simulated pore pressure histories of saturated sand in shock loading tests are compared

with experimental data in Figure 4.39, while those for silt are not available. As can be observed,
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there is also good agreement between simulation and experimental results in terms of peak and

residual values of pore pressure.

..... pore water pressure (simulation) ««ee pore water pressure (simulation)
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Figure 4.39 Comparison between simulated and measured pore pressure response of sand in the
shock tests: (a) Case 1; (b) Case 2

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 the pore
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 histories of the
same monitoring point are presented in Figure 4.40, and details obtained from those curves are
listed in Table 4.18.
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Figure 4.40 Simulated pressure histories of the monitoring point N in (a) Case 1A; (b) Case 1B

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
less time for inelastic volumetric strain 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 4.18.
Noticeably, this phenomenon observed from simulation results of the model is consistent to
experimenta 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 increasing loading
rates. In fact, the development of irrecoverable volumetric deformation in soilsis related to pore
crushing and particle rearrangement. At high loading rates, there is not sufficient time for these
irreversible processes to take place, and thus the soil appears less compressible and the pore
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 captured by the developed model reasonably well. In contrast, the effect of strain
rate on pore pressure response presented by the soil model for blast-induced liquefaction in

Wang et al. (2008) is not deterministic, or even opposite to these experimental observations.

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 a. (2013) is adopted. The profile of the field test is shown in Figure
4.41. The saturated sand to be tested was placed in the bottom of the pit in a container, which is
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4.27 m in diameter and 1.83 m in height, and the explosive charge was detonated 1.8 m above
the sand surface in water. The mode is considered to be symmetrical, and only vertical
displacement is allowed along the symmetrical axis. 4-node quadrilateral elements with
maximum size of 1 cm are used in generating the mesh. The field measurements verified that the
reflective stress waves are small, and most of the waves could pass through the saturated sand
and container, and then into the in situ clay. Therefore, a low-reflective boundary is used at the
bottom and the sides of the saturated sand specimen.

GWT

Explosive /
4

Av4

[ ]
1.8 m_T R in situ clay
Specimen ll.g} m

‘ 4.27m |
>

Figure 4.41 Cross section of the test site

The peak particle velocity (Vp, in m/s) of the sand caused by the spherical blast wave
generated by the underwater explosion can be determined with the following equation developed
for thetest site (Charlie et al., 2013):

Vv, =123(R / Q") (4.91)
where Q (m) and R. (kg) are the weight of the explosive charge and the distance to the
detonation, respectively. Then, the loading pattern (time history) of the incident shock wave, see
Figure 4.42, is simulated with the following function modified from Jiang et al. (1995):

V(t) =V, tte ™ (4.92)
where \;, =V, (be/n,)* with peak velocity v determined by Equation (4.91), and v (1) would
take this peak value at t =n_ /b (Sainoki and Mitri, 2016); n. and S are coefficients that define
the shape of the impulse, and they are set as 1 and 6000, respectively, in this example based on
monitored stress wave histories in the test. Finally, the shock impact obtained by combining

Equations (4.91) and (4.92) is exerted on the surface of the saturated sand by considering

different distances to the explosion, and only the perpendicular component of the wave to the
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sand base is applied on the model boundary.
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Figure 4.42 Load pattern of numerical simulation for the field explosion test

The material properties used in the simulation are based on those reported in Charlie et al.
(2013) and the simulation work of Wang et al. (2008) for the same test, and are listed in Tables
4.19 and 4.20. The weight of the explosive charge in the example is 0.76 kg.

Table 4.19 Material properties used in the model for the field explosion test on sand

Density h fo k D Xo
kgmd) sy N P mp) R ompa) W (wpy
2138 18x10° 1  1x10° 025 0 8  4x10*  0.002 1

Table 4.20 Material properties used for undrained response of saturated sand in field explosion

test
r T wo Co Cwo K,
kg  (kgmd (M9 (my S S % G0 v Ghy

0.31 1828 1000 287 1460 164 2 011 06 033 54

The time histories of the simulated pore water pressure are compared with the monitored
data (Bretz, 1990) at points buried 0.22 m and 1.55 m beneath the sand surface on the vertica
centre line in Figure 4.43. As can be observed, both the peak value of pore pressure and the
arrival time of the shock wave obtained from simulation agree well with field data. Therefore,
the proposed model is also able to reproduce the propagation of blast wave in the saturated sand.
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Figure 4.43 Comparison between simulated and monitored pore pressure in the field explosion
test

Meanwhile, based on residual excess pore pressure measurements at 1.7 m below the center
of sand surface, the PPR, defined in terms of initial vertical effective stress, at this location with
0.76 kg explosives in the field test is approximately 0.99 (Charlie et al., 2013). Thus, the depth of
liquefaction in this test is approximately 1.7 m. The simulated PPR by the proposed model for
the field explosion test isillustrated in Figure 4.44, and it has shown that the saturated sand was
liquefied (PPR>=1) within 1.65 m in the vertica direction from the center of sand surface.
Therefore, the developed model is also competent and can be used as a tool to determine the

occurrence of liquefaction in saturated loose materials in the field.
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Figure 4.44 Simulated range of liquefaction after the explosion
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4.4.4.5 Simulation of liquefaction in atailings deposit by field explosion test

Typicad 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
generally contain sufficient water to be susceptible to dynamic (seismic, blast) liquefaction. On
the other hand, the tailings of HB predominantly constitute of sand-size particles, while that of
PB are mainly composed of silt-size particles. HB and PB are prepared with excess water in
order to enable their transport from the backfill plant to the mine cavity. Their high water content
also makes these tailings backfills susceptible to liquefaction caused by mine blast routines,
particularly at early ages, when there is no or weak cementation. The liquefaction of tailings
backfills by mine blasting is a major concern in backfill operation due to its severe consequences
of casualties and production loss, while no reliable tool is available at present to address the
issue.

It has been well acknowledged that the grain size distribution (GSD) has a significant
impact on the liquefaction potential of saturated granular soils. Figure 4.45 is a comparison of
the GSDs of natural sand and silt used in the above validation examples, and typical GSDs of
tailings of HB and PB as well as those from tailings impoundments. From this figure, it can be
observed that the silt used in the liquefaction testing in Bolton et al. (1994) has a roughly similar
GSD as tailings in PB and tailings impoundment in the lower end of the GSD spectrum.
Meanwhile, the GSDs of sand used in Fragaszy and Voss (1981, 1986), Bolton et al. (1994) and
Charlie et a. (2013) represent approximately the upper portion of the GSD of HB in the
spectrum. In other words, the GSDs of natural sand and silt can well represent and include those
of typical tailings of HB and PB and in tailings impoundments. This would suggest that the
proposed model can aso be applied to the blast-induced liquefaction of geotechnical structures
made of those man-made soils. To verify this assumption, the proposed model is validated
against data from the field explosion tests conducted on a tailings deposit in the CANLEX
program (Pathirage, 2000; Al-Qasimi et a. 2005). The GSD of tailingsin the CANLEX program
(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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middle of the GSD range of HB.
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Figure 4.45 Comparison of GSDs of natural sand and silt with those of typical tailings of tailings
backfills (PB, HB) and in impoundments

After a full-scale statically-induced liquefaction experiment in the CANLEX program,
explosive charges were detonated in a flat deposit of mine tailings to determine blast-induced
ground motion and pore pressure response (Al-Qasimi et a. 2005). Accelerometers and pore
pressure transducers were installed at 10 to 50 m distance from detonations. The test site was
hydraulicaly filled with poorly graded, sand size, loose mine tailings with a thickness of 10 m,
and the groundwater was 0.5 m below the leveled ground surface.

The configuration of the model for the field test is shown in Figure 4.46, it is ssmulated by
using 2D symmetry, and 4-node quadrilateral elements with maximum size of 2.5 cm are used.
Low-reflecting boundaries are applied at the bottom and far end of the model, and a constant
stress is applied on the top to represent the overburden from unsaturated tailings. Based on the
setup of the field test and the spectrum of monitored data, the range of model simulation is
determined as 5.5 m to 18 m from the explosion of 1.5 kg charge detonated at a buried depth of 6
m. This model size is determined to avoid extrapolation of measured field data, while the

comparison of site response is possible and the effect of boundary condition is negligible.
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Figure 4.46 Configuration of the model for explosion in the tailings deposit
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The peak particle velocity of incident blast wave that arrives at the model boundary is

obtained in the simulation by the following equation developed for the test site (Al-Qasimi et al.,
2005):
V,=4764[R /1 Q"] ** (4.93)
The time-varying pattern of the incident wave is assumed to be the same as Case Study 3
with peak velocity obtained by Equation (4.93). The positiona relationship between locations
along the model boundary and explosive charge is considered in the ssmulation, and only normal
component of the wave to the boundary is applied on the model. The material properties
employed in the simulation are obtained from studies on the tested tailings by Puebla et al.

(1997), Robertson et al. (2000) and Al-Qasimi et al. (2005), and they are listed in Tables 4.21 and
4.22.

Table 4.21 Material properties used in the model for the field explosion test on tailings

Density h fo k D Xo
kgmd) sy N g mp) R ompa) W (wpy
1950 15x10° 1 1x10° 0.18 0 8 1x102  0.001 1

Table 4.22 Materia properties used for undrained response of tailingsin the field explosion test

l'o I wo Co Cwo g Ko
\
(kgm)  (kgm®) (W) (M) S S 0 G *  (GPa)
043 1493 1000 219 1460 164 2 011 06 03 54

The simulated attenuation of peak particle velocity and peak pore water pressure against
scaled distance is compared with test data in Figures 4.47-4.48. As can be observed, the
magnitudes of simulated results lie in the middle of the spectrum of measured site response, and
their simulated rates of attenuation also agree reasonably well with field data.
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Figure 4.48 Comparison between simulated and measured attenuation of peak water pore
pressure against scaled distance

Meanwhile, the field tests also showed that the tailings deposit was liquefied within 6.6 m
from the detonation of 1.5 kg explosives at the buried depth of 6 m adopted in the study (Al-
Qasimi et al., 2005). The simulation of liquefaction by the model after the blast is illustrated in
Figure 4.49, and it indicates that the deposit is liquefied within 6.3 m from the explosion at the
examined depth. The simulated attenuation of PPR, defined in terms of initial vertical effective
stress (Al-Qasimi et al., 2005), against scaled distance at this depth is presented in Figure 4.50,
and it is also consistent with the empirical law developed for the test site (Al-Qasimi et al.,
2005).
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Therefore, the overall comparability between the measured and ssimulated results verifies
the assumption that the proposed model can also be applied to capture the blast wave
propagation and resulting liquefaction of geotechnical structures made of tailings, such as HB
and PB at the early ages (with no or weak cementation) and in tailings impoundment in saturated

conditions.

4.45 Conclusions

A new viscoplastic cap model with a variable bulk modulus is developed for simulating the
blast-induced liquefaction in natural and man-made granular soils in the study. This model can
account for the effect of high strain rate by taking into consideration the viscosity, capture the

nonlinearity in volumetric deformation with an equation of state, and also characterize 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 liguefaction.
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 arigorous 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 aso 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 M odels

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; Congtitutive

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, dag, 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 a., 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 aso 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 aso,
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 rationa to use those empirical equations with field blast tests for CB in all curing conditions.
van Gool (2007) and Emad et al. (2014) ssimulated 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 moddl 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 redlistic 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 THM C-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 ssimulating the blast response of hydrating CB is
presented in Section 5.2.2. Then, typical examples of validation of the model against |aboratory
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 THM C-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 changesin
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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geomaterials under high pressure, and is also capable of capturing the strain rate effect (Katona,
1984; Simo et al., 1986; Tong and Tuan, 2007; An et al., 2011; Araoz and Luccioni, 2015; etc.).

By integrating the two models, all of the material properties required in the modified
viscoplastic cap model of CB at the curing time of interest are obtained from the THMC model.
The coupling strategy and updated parameters are conceptually illustrated in Figure 5.1 and
elucidated in the subsections below. Details of the multiphysics factors and their interactions can
be found in Cui and Fall (2015). Finally, the developed coupled THM C-viscoplastic cap model is
implemented into a commercial software package, COMSOL Multiphysics (COMSOL AB,
Stockholm, Sweden), for finite element simulation.

THMC model Viscoplastic cap model
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Figure 5.1 Interaction of multiphysics factors and updated parameters in coupled THMC-

viscoplastic cap model

5.2.2.2 Formulation of coupled THMC model for cemented backfill
5.2.2.2.1 Binder hydration model

To quantify the progress of binder hydration in CB, Cui and Fall (2016) and Wu et al. (2012,
2013) used a binder hydration model (chemical model) developed by Schindler (2004) and
Schindler and Folliard (2005) for cementitious materials. This model is also adopted in this study

and written as:
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where x denotes the degree of binder hydration, and x, the ultimate degree of hydration; t
represents the hydration time parameter (hours), t, denotes the equivalent age of CB at the
reference temperature T, , b is the hydration shape parameter, T, is the temperature of the CB,
w/c is the water/cement ratio, X., and X, refer to the fractions of the corresponding
compounds with respect to the total binder content in mass, E, is the activation energy (Jmol),
and R, is the natural gas constant (8.314 Jmol/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:

- oo TEL-f)r +fSr, +f (1- S)r g
N st =0 5.2
Cit o qt 9 (5.2)
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where f is the porosity, r, denotes the density, subscript | refers to an individual phase (air,
water or solid) , Sis the degree of saturation of water, and © is the total stress tensor which is
expressed based on the effective stress principle as:
¢ =6t aPj, (5.3)
The Biot’s coefficient a accounts for the compressibility of the solid particles, and is
defined as:
a=1- K, /K, (5.4)
where K, and K are the bulk modulus of the porous skeleton and solid grains, respectively. Due
to the binder hydration process, K, will change with time, and can be estimated by using (Cui

and Fall, 2016):

E(X) _ax - X, 'C_')A

: 55
Eu (éxu X0 ( )
n(x) =0.5exp(Bx) + Bx™ exp(Bx ™) (5.6)
with
_E
= 3(1- 2v) &7

where E(x) isthe Young’s modulus at a given degree of hydration x ; E, refers to the ultimate
Young’s modulus; x , denotes the reference degree of hydration below which no significant
growth in elastic constants occurs; and A is a material constant. By, By, B3, By and Bs 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 (P, and P,), the effective
stress principle can be extended to unsaturated conditions, and the average pore pressure P can
be expressed as (Chen et ., 2009):

P=%,+(1- S)P, (5.8)

The effective stressis then obtained as:
60=D%, = De(s-sp -€; -sc) (5.9)
where D° is a fourth-order tangent elastic modulus tensor, and € is the total strain tensor that

consists of eladtic, e, plastic, €, thermal, £ and chemical, g, components under the
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principle of superposition. The componentsg , ¢, , £, Can be determined based on the plastic

model, coefficient of thermal expansion a. , and coefficient of chemical shrinkage b, 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 aso 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):

T 1S, ¢ ( )ﬂr 0
fS—“+fr,—+Sr e—~+ —S- 1_—-N fSr v 5.10
o +fr, "t rwéﬂt o Shydr : >( r.v ) ( )
r ﬂs é(l-f)ﬂr fe, fS, U_
f(1- S)—2-fr_—+(1- S)r e——s —- — 1=-N (1- S @ 511

where e, is the total volumetric strain, and v, and v" are the phase velocity with respect to the
Eulerian coordinate system, and the relative apparent velocity of fluids to a porous medium,
respectively.
mw denotes the rate of moisture consumption by the binder hydration process, and can be
estimated by using (Cui and Fall, 2015):
My = 2M, g (0.187%c g +0.158 ¢ +0.665x , +0.2130x; . |

,iae o0& o éE e 1 1 of (5.12)
ST (t.)ep SR £273+T  273+T 4
jéleg éle g eF%e a0

wherem,_ ..., IS the mass of the cement used in the recipe, and x, is the fraction of the

corresponding compound with respect to the total cement content in mass.
Theterm v" can be characterized with Darcy’s law, which is defined as:

v :—k%N(Pi— f.9) (5.13)

where k is the intrinsic permeability tensor of the medium, the intrinsic permeability

k,=Km/r g, K refers to the saturated hydraulic conductivity, m denotes the fluid dynamic
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viscosity, k. is the relative permeability of each fluid phase, and P, is the pore fluid pressure.

Based on Ghirian and Fall (2013), K can be written in terms of x as:

K=K, exp(Clx°2) (5.14)
wherek; isthe saturated hydraulic conductivity of the tailings used, with fitting constantsc, =-
8.173 and ¢, =4.035 (Ghirian and Fall, 2013).

The relative permeability k ; can be evaluated by the well-known model of van Genuchten
(1980):

I
I (5.15)
Ik (s ): h-s, (1- sl’m)
with
Sa =% (5.16)
ooy

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:

(5.17)

where the fitting congtants, f, =0.0415, f,=4.231, f,=0.4073, f, =0.2103 kPa'and f_=-6.921
are calibrated from the measured data in Abdul-Hussain and Fall (2011) and Ghirian and Fall
(2013). Then, the volumetric moisture content g can be calculated as:

q=0, +S4@-a,) (5.18)
where q, and ¢, are the saturated and residual moisture contents, respectively, andq, is related
to x with (Abdul-Hussain and Fall, 2011):

= R exp(- R, %) (5.19)

where R, and R, 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, M =1.716x10” Pa's, To=273 K, ¢,= 111 K, and M,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.
g1-f)rC +fsr,C,+f (1- S)r acag%ww +Qu =Quar (5.21)

where C; denotes the specific heat capacity of an individua phase, Q, and Q, the amount of
convection and conduction heat transfer respectively, and Q,, isthe heat released by exothermic
binder hydration.

Heat convection due to the migration of water and dry air is expressed as.
Q, = ( r Cv™+r aCav"") NT (5.22)
The heat conduction can be evaluated with Fourier’s law by using:
Q, =-kNT (5.23)
where the effective thermal conductivity K4 of the CB is expressed as (Cui and Fall, 2015):

Kt =Ky */Sir (K = Kay) (5.24)

and k,, and k, denote the thermal conductivity of the CB in the saturated and dry states,

dr:

respectively. k_, can beevaluated by using (Ghirian and Fall, 2013):
Ker = Kokt (5.25)

ailings
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where ,  and Kk, denote the thermal conductivity of the tailings and water, respectively. An

analogous expression for k., can be expressed as (Cui and Fall, 2015):

ry

K K (5.26)

dry ajllngs a
wherek, isthethermal conductivity of air.

Heat production from exothermic binder hydration can be calculated with the model in
Schindler and Folliard (2005), whichis;

Q. = @ 0 a&)o»((t)mxpéEaae 1 1 @
b =P et &R &273+T, 273+T o

(5.27)

with
FH, = (Hep XX, +4613X ) +1800%%,,0, %X, ) C,
[
T Heen = 500% s +260X ¢ +866X_ , + 420X . +624Xg, +1186X +850X,,6

where H, is the total heat of hydration that can be generated by the binder hydration, H_
denotes the heat source from the hydration of cement, and c, isthe 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 8 comprises an elastic £°and

aviscoplastic (inelastic) component &*:

§=4°+4" (5.28)
The non-viscous elastic strain rate is defined as
$°=D"% (5.29)

where & 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:

f
=h(f (f)}% (5.30)
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where N is a fluidity parameter; ( ) is the Macaulay bracket defined as(x) = (x+|x|)/2, fis

the yield function and will be elucidated in the next subsection, and f(f) is a dimensionless

scaling function expressed as.

N
eef 0
f(f) =¢ .+ (5.31)
e'og
where N is the exponent and f, is a constant with the same unit as f. The associated flow ruleis

conventionally used in the Perzyna model to capture the rate-dependent behaviour of materials

under impact and blast loading, and the direction of & isin the outward normal direction of the
yield surfacef.
According to Lu and Fal (2016), N and f, can be assumed to be constant, while h will

change as the binder hydration progresses and is expressed as:
h(x)(s*) =48.2X f_+0.224) *** +0.002 (5.32)

where f; 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 conventiona 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 unredlistic 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.

o k) [X(KkX) - LKX)]/R o k() - [X(kX)- LKX)]/R, 533
F(l3,%) =43, T 1242 00 I, - k(x) (5:33)
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where K is the hardening parameter, L(k,x) and X(k,x) are the abscissa of the intersection of the

cap with the failure envelope and the hydrostatic line, 11 axis, respectively, R is the ratio of the

major axisto the minor axis of the cap, and k(x) isaDrucker-Prager parameter expressed as:

where ¢(x) and j (x)are the cohesion and internal friction angle related to the degree of
binder hydration by (Cui and Fall, 2016):

c(x)=Mx", j (x)=Nx" +Nx (5.35)
where M, and m,, and N,, N, and N, are constants obtained by |east-squares approximation.

Then, the hardening cap can be expressed as:
F (13, k%) =3, - é{[X(k,x) - Lk X)) - 1, - L(k,x)]z}ﬂz (5.36)

The isotropic hardening of the cap is induced by the plastic volumetric strain, e}, and the

hardening law can be defined by:

X (k X) = - (1/ D) ¥ngl- i 04y (x), (5.37)
e Wy

where W denotes the maximum plastic volumetric strain of CB, and represents the volumetric air
contents of CB, i.e. W=f (1- S) (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 X(x), is the vertex of the cap before CB is

subjected to impact loading, which can be estimated by using (Lu and Fall, 2016):

X(x), (MPa) =52.9In(0.03f, + 0.236) + 75.5 (5.38)
and the UCS of CB can be estimated with a Mohr-Coulomb criterion:
f. =2c(x)tan[45’ +% (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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X(k,x)- RX(x)
1+ R (x)

k(x) = (5.40)

and

I kK(x) k(x)>k(x),

(5.41)
| k(x), otherwise

L(k,x) =

Thus, al of the time-dependent parameters of CB in the yield envelope have been defined in
teems of x . Finaly, the modified cap envelope f(Il,JTz,k,x) as a combination of

F.(1,,7/3,.%) andF,(1,,4/J,,k x) 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-
Griineisen equation of state (EOS) (An et a., 2011) defined as (Lu and Fall, 2016):

2 9oy, &0 2nfs(x)- 1] , mg, +a,m go
K@) = r Cx)1+(1- )m rr?][1+1+m s )m o ]+r CXx)Zml- - a,m e(go+a m?

[1+m- s(x)mi? & @W+m?

(5.42)

OUEV
1}
where | 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;

C(x), Isthe P-wave velocity of CB at an ambient pressure and temperature, and its value can be
determined so that the K (x) at ©=0 as obtained by Equation (5.42) equals to that provided by
Equations (5.5)-(5.7); g, is the Griineisen parameter, E' is the internal energy per unit initial
volume; a, isthefirst order volume correction to g and often set to 0; = (Vo/V) — 1 captures the

volumetric deformation with V and V; as the current and initial volumes of an element; and s(x)
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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 Fal, 2016):
S(x) (D) = 2.06exp(- 4.38f, +0.779) +1.5 (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 Modd 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 ssmulated. 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. Finaly, 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 cmin
size, and the configuration of the model isillustrated 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 arelisted 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 minradius, 0.5min 0.07minheight,0.011m 6 minheight, 8
height for each of 3 layers in radius min 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/m°) 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
Therma module
Top side (°C) 20.75 25 20
Latera 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 a. (2009).
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Figure 5.2 Configuration of model of high columns
a) 1% stage of backfilling; b) 2™ stage of backfilling; and c) 3" stage of backfilling.

A comparison of the simulated temperature within the CPB column with the monitored data
during the curing process is provided in Figure 5.3. As shown, there is a good agreement
between the ssimulated and measured results, and the fluctuation of the monitored temperature is

due to the change in room temperature during the course of the experiments.
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Figure 5.3 Comparison between simulated and measured temperatures at monitored points

205



The simulated and measured changes in the pore water pressure (PWP) in the CPB are
presented in Figure 5.4. As can be observed, there is a'so good agreement between the simulated
and experimental results, and some key phenomena have been adequately captured by the
THMC model. Specifically, the negative PWP rapidly increases as cement hydration progresses
and consumes the pore water. It can also be observed that the PWP of the bottom layer increases
immediately after a backfill layer is poured into the upper part of the column. This phenomenon
is due to the downward drainage from the fresh and saturated upper layer caused by gravity.
Meanwhile, as the binder additives deplete, the PWP develops at a much slower rate, and
asymptotically changesto fixed values.
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Figure 5.4 Comparison between simulated and measured PWP at monitored points

To validate the mechanical component of the THMC model, the ssimulated stress-strain
curves of the quasi-static UCS tests on hydrating CB samples are compared with the plotted
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experimental data and presented in Figure 5.5 below. The tested samples of 2.5 cm in radius and
10 cm in height were modelled with axisymmetric mesh elements with 2.5 mm in size.

As can be observed, there is good agreement between the simulated and experimental
results, in that the chemical and strain softening—hardening behaviour of CB are well captured by
the proposed model. More details on the mechanical performance of CB under quasi-static
loading can be found in Cui and Fall (2016).

Thus, it can be concluded that the THMC model is valid and reliable in simulating the
behaviours of CB in the course of binder hydration. More examples of changes in CB with
testing carried out in high columns and other field case studies that validate the THMC model are
availablein Cui and Fall (2015).
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Figure 5.5 Simulated vs. measured stress-strain curves of hydrating CPB in quasi-static UCS
tests

5.2.3.3 Simulation of SHPB tests on hydrating CPB

Huang (2009) examined the dynamic performance of CPB at different curing times with
different cement contents by using a modified SHPB instrument, and the experimental results are
adopted in this study to validate the proposed THM C-viscoplastic cap model.
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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*, 500 s*, and 750 ™, 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
guasi-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 E, = 282.3 MPa, x,= 0.09,
and A = 36.3 (Lu and Fall, 2016); B, = -0.2, B,=-15000, B3 = 7, B;=-10.98 and Bs = 0.7 from
Equation (5.6) (Cui and Fall, 2016); j (x) is assumed to be a constant and equal to 38°, and the
fitting constants in Equation (5.35) are M1 = 0.234 MPa and M, = 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 mode, 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 materialsis
generally proportional to the cement content (e.g., Yilmaz et al. 2004; Fall et al., 2008; Chian et
a., 2011; Cihangir et a. 2012). Then, the changes in the average Y oung’s modulus can be
captured with (Fall et a., 2005):

E =h(f,) (5.44)
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wheref;isin kPaand E isin MPain the equation, and the fitting coefficients h = 0.0324 and i =
1.32 for the CPB considered here (Lu and Fall, 2016).

Finally, the simulated stress-strain curves of the CPB samples with 7% and 10% cement at
various curing times under different loading rates are presented and compared with the available
data in Figure 5.6, and the material properties obtained from the THMC model and used in the
viscoplastic cap model are listed in Table 5.2. More examples on the simulation of this SHPB
test can befound in Lu et al. (2016).

Table 5.2 Material properties of CPB samples used to obtain stress-strain curves

Cement Cgri ng Strai rll ry h . N fo K G(MPa)
content time rae(s”)  (kg/m) (usec™) (Pa) (MPa)
7% 30d 500 1849.9 8x10™ 2.5 2x10° 54.8 49.4
7% 30d 750 1849.9 7x10 2.5 2x10° 65.2 585
10% 15d 300 1847.9 7x10°® 25 2x10° 114.7 104.1
10% 15d 750 1847.9 9x10° 25 2x10° 1112 100.9
a MPa R Ea-l) W X(MPa) Comis)  Jo s
0.1966  0.0891 8 8x10? 0.125 0.7 173 1 2.04
0.1966  0.1019 8 8x102 0.125 0.9 188 1 1.90
0.1966  0.1567 8 8x10° 0.142 5.0 250 1 1.60
0.1966  0.1529 8 8x10° 0.142 5.0 246 1 1.62
. &
35 10_: ’;—.’.""—:‘ e
3.0 o ‘
< - . === 300 sl with 10% cement after 15d (simulated)
E 2.5 . ,«:'/ " . = 300 s with 10% cement after 15d (tested)
; 20 ,'/ ’ ---- 750 s with 10% cement after 15d (simulated)
f;) ' _:, S ¢ 750 st with 10% cement after 15d (tested)
E 1.5 '/’ Py vy e -=== 500 sl with 7% cement after 30d (simulated)
'f‘: :', ,:’,,,—’[1 kXXX x * 500 st with 7% cement after 30d (tested)
L0 4" ;il";':,——“;* --== 750 st with 7% cement after 30d (simulated)
0.5 t’[:"( X 4 750 st with 7% cement after 30d (tested)
T x R2=0.90
0.0 »

0.000 0.005 0.010 0.015 0.020 0.025
Axial strain

Figure 5.6 Simulated vs. measured stress-strain curves of individual CPB samplesin SHPB tests
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The good agreement between the simulated and experimental results shown in Figure 5.6
(coefficient of determination, R?=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 smulate 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 numericaly 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
apeak of 32.6 MPathat 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 datain Figures 5.7 and 5.8.
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Table 5.3 Material properties used in viscoplastic cap model for blast experiments on soil

W.(kg) T (kg/m)  h (usec?) N fo(Pa) K (MPa) G(MPa) a
0.1 1636 2x10* 1 1x10° 1065 63.85  0.1846
k (MPa) R D (MPa?) W X (MPa) C,(mis) ) s
0.058 5 9.52x10°  0.2142 0.01 807 0.11 1
80 1
20 4 --#--simulated pressure
= ¢ * monitored pressure
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Figure 5.7 Comparison between simulated and experimental peak pressure data
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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 a. (2011). The boundary conditions and initial values used for the
simulation of the curing process with the THMC model arelisted 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 spatialy varying properties due to the
heat generated by the cement hydration in the fill mass, and the therma 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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Based on a regression analysis of the PPV in the CPB during blasting (van Gool, 2007), a
velocity pulse with a peak of 0.8 m/sthat corresponds to alocation 0.5 m away from the charge
was applied as the model boundary. The profile of the pulse is the same form as that used in the
simulation work by van Gool (2007) and Emad et a. (2014), and shown in Figure 5.10. The
mesh elements have a maximum size of 5 cm, 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 aroller boundary condition and the top as afree boundary condition.

Symmetry axis
H 8 m
1--- Free
R=0.5m
6m
=1 Low-reflecting
| boundary
i Roller
Rock Backfill —>  Boundary load

Figure 5.9 Configuration of numerical model for field blasting test

213



Peak

Velocity (m/s)

\

/ \

| \

| \

I \

| \

\

I \
| \
i N
l AN

S~ ~ —
0.001 0.002 0.003 0.004 0.005
Time (s)

Figure 5.10 Blast pulse profile applied on the model

The simulated attenuation of the PPV in the center line of the backfill structure is compared
with the monitored field data in Figure 5.11 below. As can be observed, the simulated
attenuation of PPV exhibits atypica exponential pattern, and it attenuates drastically in the close
range of the explosion, while the decreasing trend gradually levels off as the blast wave

propagates farther away from the charge. It is shown in Figure 5.11 that both the values of

simulated PPV and its trend of attenuation agree well with monitored data. Therefore, the

proposed model is capable of capturing blast wave propagation in hydrating backfill structuresin

thefield.
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Figure 5.11 Comparison between simulated and monitored attenuation of PPV in cemented

backfill in field under blast loading
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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 smulation

Case Bindercontent  Stopesize Initial Rate of Curing time
No. (w/c ratio) (m) temperature (°C)  backfilling (m/d)  subjected to blasting (d)
1 5% (7.8) 5x10 20 5 14
2 5% (7.8) 5x10 20 5 28
3 5% (7.8) 5x10 20 5 60
4 2% (19.4) 5x10 20 5 28
5 10% (3.9) 5x10 20 5 28
6 5% (7.8) 5x20 20 5 28
7 5% (7.8) 5x10 2 5 28
8 5% (7.8) 5x10 35 5 28
9 5% (7.8) 5x10 20 25 28
10 5% (7.8) 5x10 20 10 28
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Figure 5.12 Configuration of numerical model

In the simulation of the curing processes, the same rock temperature of 20°C was used for
all of the cases, and the delay in the backfilling of each lift in the CB was simulated in a layer-
by-layer manner, i.e., it was completed in two steps for Cases 1-5, 7 and 8, four steps for Cases 6
and 9, and one step for Case 10 (see Table 5.4). The properties of CB are determined in the same
way as that described in Section 5.2.3.3. Other initial values and boundary conditions are the
same as those of Table 5.1 in Section 5.2.3.5 (Case Study 4).

After the curing time of interest was reached, blast loading was applied in the model. Since
the numerical model is relatively large in scale, the heterogeneity due to spatially varying
properties of CB was taken into consideration. Therefore, a stored solution of each curing
process was set as the initial condition for the next stage of blasting, and the material properties
of CB that are dependent on cement hydration were not constant in the structure. Surrounding
rocks were not included.

Boundary loading was also applied in the form of a velocity pulse at the boundary, and the
peak of the pulseis 5 m/s, which corresponds to the standoff distance of 2 m of rock between the
explosives and the backfill structure in van Gool (2007). Instead of using detonation in a single

borehole, the pulse was applied on the left boundary of the backfill structure to represent the
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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 aroller 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 alonger period of time shows
a higher peak pressure and PPV than the early age CB at al 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 a. 2015; Fall et a., 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 mechanica properties, particularly

increase in stiffness as the curing time is increased, is supported by the results of the smulation
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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 casesis 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 materia is
increased due to the rearrangement of the solid particles and described with the variable bulk
modulus derived from the Mie-Griineisen 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) isillustrated 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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5.2.4.2.3 Effect of stope size

As CB is placed into a backfilled stope which could vary in size due to different ore body
shapes and mining methods, it is important to investigate the influence of stope size on the peak
pressure and PPV. The variation of the peak pressure and PPV in CB structures with different
stope sizes(5m x 10 mand 5 m x 20 m (LxH)) are presented in Figure 5.18. The CB structure
with a height of 20 m (Case 6) requires 4 days to fill the stope at arate of 5 m/d. As aresult, the
delay in hydration due to the delay in placement would render the values of the mechanical
properties (e.g., stiffness) of the upper liftsin the CB at the early ages in Case 6 lower than those
in Case 2 (5 m x 10 m) which requires only 2 days to be filled (see bulk modulus in Figure 5.19
as indicator). Thus, the peak pressure and PPV at the top of the larger stope are lower compared
with the smaller stope.

Meanwhile, as can be observed from the distribution of the bulk modulusin Figure 5.19, the
increase in the vertical dimensions of the structure increases the stiffness of the backfill in the
core region. In fact, the observed effect of the stope size on the bulk modulus of the backfill
structure is consistent with its effects on the UCS as demonstrated by Nasir and Fall (2010). This

is because alarger stope means a greater volume of binder available for hydration, and more heat

223



will be generated which result in the precipitation of a larger amount of hydration products
(Cihangir et a. 2012). Meanwhile, the increased dimensions of the structure would al<o reduce
the effects of a colder environment by delaying the heat transfer from the backfill to the
surroundings. Therefore, in the core region, heat is generated at a much faster rate than dissipated
into the environment, and the accumulated heat will in turn accelerate the hydration process in
accordance with the Arrhenius law (Wu et a. 2013). Consequently, in the middle of the structure
with asize of 5 mx20 m or Case 6, the CB will have greater stiffness (Figure 5.19) and strength
(Nasir and Fall, 2010), and its peak pressure and PPV is much higher than the stope that is 5
mx10 m in size, or Case 2. However, the differences become negligible when approaching the

bottom and sides of the structure as the influence of the boundary temperature prevails.
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5.2.4.2.4 Effect of initial temperature

The varying initial temperatures of fresh CB (Fall et a., 2010) mean that it is necessary to
investigate the effects of the initial CPB temperature on the variation of peak pressure and PPV
in the CB. The variations of the peak pressure and PPV in CB structures with different initial
temperatures (2°C, 20 C and 35°C) are presented in Figure 5.20. The figure shows that the initial
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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 initia 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 smulation results presented in Figure 5.21. Figures 5.21(a),
5.21(b) and 5.21(c) illustrate the distribution of the bulk modulusin CB structures with an initial
temperature of 2°C (Case 7), 20°C (Case 2) and 35°C (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 middie of the CB mass (from the bottom to the top). Thisis
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. Thisis
in perfect agreement with the results of the numerical ssmulations of the distribution of bulk
modulus in the CB structures with an initial temperature of 20°C (Figure 5.21(b)) and 35°C
(Figure 5.21(c)), respectively. These figures show that CB structures exhibit the highest bulk
modulus valuesin the middle.

The distribution of the bulk modulus in the backfill for Case 7 (initial temperature of 2°C) 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 low 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 20°C) and Case 8 (initial
temperature of 35°C) are the greatest in this core region.

226



g
(=2}
1

=x=2°C
20°C
e 0.5 E 35°C
5 04 7
o .
8 .
203 F
Tg 02 ‘\‘
£ ~
) o=l
Zo1l T
0 1 1 1 1 |
0 1 2 3 4 5

Distance from the boundary load (m)

(a) Attenuation of peak pressure vs. distance

in CB structure
08 —=noC
20°C
4 R 35°C
0.6 1}
05
04 | %

03 e

Normalized PPV

02 Bl T

01 r

0 '
0 1 2 3 4 5
Distance from the boundary load (m)

(c) Attenuation of PPV vs. distancein CB
structure
Figure 5.20 Variations in peak pressure and

025

e
[
T

o

—

W
T

Normalized peak pressure
(=]
=
T
T

=4

(=3

w
T

-x=2°C 20°C 35°C
0 1 1 1 1

0 2 4 6 8
Distance from the bottom (m)
(b) Variation of peak pressurein vertical

direction in CB structure
035

03 r

o

o

G
T

02 r

Normalized PPV

-x=2°C ——20°C —+-35°C
0 . ‘ .

0 2 4 6 8 10
Distance from the bottom (m)

(d) Variation of PPV in vertical directionin
CB structure
PPV in CB structure with different initial

temperatures

227



A 4.16x107

A 5.72x107 [
%107 10

x107

5.6

5.4

3.8 5.2
5

Pa
4.8

36
Pa

3.4

3

¥ 2.92x107 ¥ 4x107 L 0

12 3 4 5 0 1 2 3 4 5 0o 1 2 3 4 5.
J —_ J L J

€) (b)
Figure 5.21 Comparison of bulk modulus (Pa) of CB structures with initial temperature of (a)

2°C, (b) 20°C, and (c) 35°C before blasting

(©

5.2.4.2.5 Effects of backfilling rate

The backfilling rate may vary from one mine to another, one stope to another and in the
different stages of a mine. Therefore, simulation was conducted at various backfill rates to assess
their influence on the distribution of peak pressure and PPV in the CB mass. The variations in
the peak pressure and PPV in the CB structure with different filling rates (2.5 m/d, 5m/d, and 10
m/d) are presented in Figure 5.22. It can be observed that the differences in the response of the
peak pressure and PPV are more pronounced closer to the top of CB structure as the layer is
placed later. As expected, Case 9 (2.5 m/d) has the lowest and Case 10 (10 m/d) has the highest
peak pressure and PPV in the upper part of the structure, while the differences gradually become
negligible when approaching the lower parts of the structure. Figure 5.22 aso demonstrates
negligible differences in the peak pressure and PPV along the path of wave propagation in the
mid-height of the structure. Therefore, the effects of the backfilling strategy might only be
significant when the filling is delayed long enough, and this study indicates that, for the studied
CB structures, the effects are limited when the delay of placement is no more than 2 days.

The variations in the bulk modulus of the CB structurein Cases 9 (2.5 m/d) and 10 (10 m/d)

are shown in Figure 5.23. As can be observed, the multiple filling sequences have caused an
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asymmetrical distribution of the bulk modulus in the backfill structure, and the bulk modulus of
the upper lift which is delayed in placement will be lower than the lift below it. In fact, the
minimum bulk modulus among Cases 2 (5 m/d), 9 (2.5 m/d) and 10 (10 m/d) is found at the top
of the structure in Case 9, which corresponds to the last backfill layer (delay of 4 days after the
first placement), while the maximum bulk modulus of the three cases are comparable. Therefore,
the variations in the bulk modulus of the CB structures in these three cases are in agreement with
those of the peak pressure and PPV as shown in Figure 5.22.
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5.2.5 Conclusions

A coupled THMC-viscoplastic cap model is proposed in this study to investigate the effects
of different curing conditions and backfilling practices on blast wave propagation in cemented
tailings backfill. All of the material properties required by the viscoplastic cap model to ssmulate
the blast response of CB are provided by the THMC model with consideration for the
multiphysics interactions.

The validation results indicate that the model is capable of predicting the blast response of
CB reasonably well through comparisons with experimental (laboratory and field) data
Applications of the model suggest that the curing time, cement content, stope size, initial backfill
temperature, and filling rate all influence blast wave propagation in CB structures. Specifically,
amongst all of these factors, the curing time, cement content, and initial backfill temperature
have an overall impact on the wave propagation characteristics of CB, while the effects of the
stope size and filling rate appear to be localized to the core region and/or top of the backfill
structure, respectively.
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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 potentia
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 subsurfacefill 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 massin 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; Bussiéere, 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 aresult, 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 additiona 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 a., 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 a., 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 natura 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 Modd 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 a., 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 a. (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 unredlistic 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 a. (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 a., 2011). The
model formulation is briefly presented in the following sections.

5.3.2.2 Congtitutive law
A modified Perzynatype of viscoplastic cap model is developed in the study to ssimulate 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 a.,
1986; Tong and Tuan, 2007; An et a., 2011; Araoz and Luccioni, 2015; Lu and Fall, 2016,
2017D).

In viscoplastic models, the total strain rate vector & is decomposed into an elastic part &°

and aviscoplastic (inelastic) part £" as

§=86°+8§" (5.45)
The elastic strain rate is independent of viscosity, and it can be expressed as
£°=D"¢ (5.46)

where & isthe stress rate tensor, and D the elastic stiffness matrix.

The viscoplastic strain rate in Perzyna’s model is generally expressed as:
i
§% =h(f (f))— 5.47
(g (5.47)

whereh 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 f (f) is a dimensionless

scaling function, which is conventionally defined as (e.g., Katona, 1984; Tong and Tuan, 2007):

N
£(f) :Zefig (5.48)
e'og
where N and fo 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):

F T =T K [X<|<L)(l;)|;(k)1/Rllz+2vk- [X(II(_)(I;)L(k)]/Rll i (5.49)

where L(k) and X() is the abscissa of the joint of the elliptical cap with the shear envelope and

the hydrostatic loading line (1, axis), respectively; Ris the ratio of the major to the minor axis of
the éliptical cap; and k is the Drucker-Prager criterion parameter which can be related to the

Mohr-Coulomb modd as:
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where ¢ and ] arethe cohesion and internal friction angle.

(5.50)

Then, the hardening cap envelope is defined by following expression (Chen and Baladi,
1985):

Fu 320 =3 - H{[X00- L= [, Lo} (551)

where the movement of X(k) due to irrecoverable volume compaction (eli(ﬂ) can be expressed by
alogarithmic hardening law as (Chen and Baladi, 1985):

in 0
X (k) =- (L/ D) Ancl- <% 2+ X, (5.52)
é Wg
where e,; 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 X isthe initial vertex of the cap. Then, L(k ) can be obtained by enforcing

continuity of the entire yield envelope:

K = XK)- RX (5.53)
1+Ra
and
LK) :} koK >k_° (5.54)
1k, otherwise

where K, is the onset of the hardening cap. The process of irrecoverable volume compaction

captured by cap models is illustrated in Figure 5.24, where e, and e, 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
dP, = K, de,, (5.55)
where e, is the volumetric strain of pore fluid, and it equals to volumetric strain of soil skeleton

(e ) asdiscussed in Section 5.3.2.1; K is the apparent bulk modulus of the pore fluid, which

can be obtained as (Naylor, 1974):
1 n 1-n
+

— = 5.56
K, K K (5:56)

a w p
where n is the porosity, Ky and K, 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

dP =dP +dP, =K de;, +K_de, = (K +K, jikek)de:k =K, deg (5.57)
ekk
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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 K, and the associated Poisson’s ratio in the undrained condition vy, isaso
modified as (Naylor, 1974; Griffiths, 1985):

_ (- 2v)1+v)+EV/K,

: (5.58)
2(1- 2v)(L+Vv) +E/ K,

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-Griineisen
equation of state as (An et a., 2011):

2 _Gioy Qio 2m(s - 1) | m(g;, +a,,m 201 Y0
riColl+( 2)m 2mz][1+1+m_sm+ L+ m)? J+1,,Cioml 2 a;,m &g, +a,,m)’ u_, (5.59)
+é 10 10 +aioQEi
u

K =
@+m- sm)’ & (Q+m?

wherei =sorw, r,, isthematerial density; C is the p-wave velocity of the material; s isthe
slope of the shock velocity against the particle velocity curve; g, is the Griineisen parameter, E'
is the internal energy per unit initial volume;a,, is the first order volume correction to ¢, and

often setto 0; andm=¢, /(1- &, ) .

5.3.3 Modd 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 smulation of the same experiment, and
the pressure is increased to its peak within 0.1 msand it is maintained for 5 ms, then the pressure
isreduced to itsinitial value within 0.1 ms. Two sets of experiments in Fragaszy and V oss (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

Densty 1 T K D X
G I R - WA

1959 4x10° 1 1x10° 0.25 0 8 1x10° 0.0027 5

Table 5.6 Material properties used for undrained response of saturated sand in ramp loading tests

I'q T wo Co Cwo g Kp
\
Kkgm’)  (kgd) (M9 g S S S Ge v ghy
047 1490 1000 260 1460 164 2 011 06 033 54
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Figure 5.25 Simulated loading histories of Case 1: (a) strain-time; (b) pressure-time
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Figure 5.26 Simulated loading histories of Case 2: (@) strain-time; (b) pressure-time

As can be observed from Figures 5.25 and 5.26, during initial loading, pore water has borne

the mgjority of the external load due to its large stiffness, while the pressure in soil skeleton is

insignificant by comparison. After unloading, the pore water pressure cannot return to its initial

value, because the irrecoverable strain developed in the loading process (shown in Figures 5.25

(a) and 5.26(a)) has led to the generation of excess pore pressure. These processes captured by

the model are in accordance with the mechanism of blast-induced liquefaction. Defining the

residual excess pore pressure ratio (PPR) as the residual excess pore pressure divided by the

initial effective stress, the simulated results can be summarized and compared with experimental

data (Table 5.7). According to Table 5.7, good agreement is obtained between the results of
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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
Peak pore water Residua pore water PPR
Test pressure change (M Pa) pressure (MPa)
Tested Simulated Tested Smulated Tested Simulated
Casel 31.10 31.90 172 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 a. (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 datain Bolton et al. (1994) and
those used in Wang et a. (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 areillustrated in Figures 5.27-5.29.
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Table 5.8 Material properties used in the model for shock tests on saturated sand and silt

Test Initial effective Initial porewater  Peak pressure Densi t3y h . N
stress (MPa) pressure (M Pa) (MPa) (kg/m®) (usec™)
Case 1 (sand) 0.172 0.35 5.04 1970 3.5x10°® 1
Case 2 (sand) 0.172 0.35 7.39 1970 5.2x10° 1
Case 3 (silt) 0.172 0.35 2.66 1848 1.3x10° 1
fo (Pa) a k(MPa) R D (MPa?) w Xo(MPa)
1x10° 0.25 0 8 4x10° 0.0011 1
1x10° 0.25 0 8 4x10° 0.0011 1
1x10° 0.225 0 8 4x10° 0.0011 1

Table 5.9 Material properties used for undrained response of saturated sand and silt in shock tests

r r Co  Cw K
Test n 0 wo 0 v b=

kgm) (gmd) (9 (mg S ™ % G0 v (gpy

Cases12(sand) 041 1563 1000 310 1460 164 2 011 06 033 54

Case3(sl) 048 1367 1000 221 1460 164 2 011 06 033 54
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Figure 5.27 Simulated loading histories of Case 1 (sand): (a) strain-time; (b) pressure-time
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Figure 5.28 Simulated loading histories of Case 2 (sand): (a) strain-time; (b) pressure-time
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Figure 5.29 Simulated loading histories of Case 3 (silt): (a) strain-time; (b) pressure-time

According to Figures 5.27(b)-5.29(b), pore water also carries most of imposing loads

compared with the soil skeleton during the shock loading tests. Besides, athough the elastic

strain could recover after the passage of shock wave, the pore water pressure is still above its

initial value due to the irrecoverable volumetric strain developed during initial loading as

indicated by Figures 5.27(a)-5.29(a). In other words, the volumetric hysteresis is responsible for

the build-up of residual excess pore pressure. The simulated pore pressure response of saturated
sand in the shock loading tests is compared with experimental data (Charlie et a., 1985) in

Figure 5.30, while data for silt are not available. As can be concluded from Figure 5.30, there is

also good agreement between simulated and test results in terms of the peak and residual values
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as well as the trend of variation in pore pressure. Details of the three ssimulated shock loading

tests are summarized in Table 5.10, and it is observed that they are also consistent with the

experimental data. Therefore, the developed model is also capable of representing the

deformation mechanism and pore pressure response of saturated sand and silt under shock

loadings.
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- 8 -
----- pore water pressure (simulation) ««ee pore water pressure (simulation)
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Figure 5.30 Comparison between simulated and measured pore pressure response of sand in the

shock tests: (a) Case 1; (b) Case 2

Table 5.10 Comparison between simulated and experimental results for shock tests on the

saturated sand and silt

Peak pore water Residual pore

Test pressure change (MPa) water pressure (kPa) PPR
Tested Simulated Tested Simulated Tested  Simulated
Case 1 (sand) 452 4.20 436 437 0.50 0.51
Case 2 (sand) 6.87 6.50 548 547 1.15 1.14
Case 3 (silt) 2.13 1.81 415 417 0.38 0.39

5.3.3.4 Case Study 3: Liquefaction of saturated sand in field explosion test
A large scale explosion test on saturated sand reported in Bretz (1990) and is adopted and

Charlie et al. (2013) reproduced in this section. The tested sand was placed in a container with

4.27 m in diameter and 1.83 m in height, and the explosive charge was detonated in water at a

distance of 1.8 m above the surface of the sand. The configuration of the field test is shown in
Figure 5.31.
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Figure 5.31 Cross section of the test site

The peak particle velocity (Vp, in m/s) of the sand caused by the spherical blast wave
generated by the underwater explosion can be determined with the following expression
developed for the test site (Charlie et al., 2013):

Vv, =123(R / Q)™ (5.60)
where Q (kg) and R; (m) are the weight of TNT charge used and the distance to the explosion,
respectively. In the simulation, the time history of the incident wave that arrives at the sand
surface is modelled with the following function modified from Jiang et al. (1995):

V(t) =V, the™ (5.61)

where V, =V, (be/n,)" with peak velocity v obtained by Equation (5.60), and V (t) takes this
peak valueat t =n./b (Sainoki and Mitri, 2016); n. and /3 are coefficients, and they are set as 1

and 6000, respectively, in this example based on the stress wave histories monitored in the field.
The loading pattern represented by Equation (5.61) isillustrated in Figure 5.32. Then, the shock
loading obtained by Equation (5.61) is applied on the surface of the sand with consideration for
different distances to the explosion, and only the perpendicular component of the wave to the

sand base is applied on the model.
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Figure 5.32 Loading pattern of the incident wave in the field explosion test

Field measurements have shown that the wave reflection at the boundaries of the container
was negligible (Charlie et a., 2013). Therefore, low-reflecting boundaries are applied at the
bottom and sides of the saturated sand specimen in the simulation, and the model is considered to
be symmetrical. The sand properties used in the smulation are determined based on Wang et al.
(2008) and Charlie et al. (2013), and they are listed in Tables 5.11 and 5.12. The weight of the
explosive charge (TOVEX) used in the study is 0.76 kg, and it is equivalent to 0.68 kg of TNT
(Charlieet a., 2013).

Table 5.11 Material properties used in the model for field explosion test on sand

Density h fo k D Xo
kgm) (st N g mp R ompa) W (wPg)
2138 18x10° 1 1x10° 025 0 8  4x10™ 0.002 1

Table 5.12 Material properties used for undrained response of saturated sand in the field

explosion test
rs) r wo CSD C\NO g ﬁp
\
(kgm?) (kgm?) (Mg (mg S S =0 Go v Ghy
031 1828 1000 287 1460 164 2 011 06 033 54

The ssimulated pore pressure histories at 0.22 m and 1.55 m beneath the sand surface on the
vertical centre line of the container are compared with monitored data (Bretz, 1990) in Figure
5.33. It can be observed that the model is able to reasonably capture the propagation of shock
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wave in the saturated sand, and both the peak value of pore pressure and the arrival time of the

stress wave obtained from simulation agree well with test data.

Pore water pressure (MPa)

6 4

—— 0.22 m below sand surface (monitoring)
------ 0.22 m below sand surface (simulation)
——— 1.55 m below sand surface (monitoring)
1.55 m below sand surface (simulation)

Time (ms)

Figure 5.33 Comparison between simulated and monitored pore pressure in the field explosion

test

According to residual excess pore pressure measurements at 1.7 m below the center of sand
surface, the PPR for the explosion test is 0.99 at this location (Charlie et al., 2013). The
simulated PPR by the model for the explosion test is illustrated in Figure 5.34 below, and it
suggests that the saturated sand has been liquefied (PPR>=1) within 1.65 m from the center of
sand surface in the vertical direction. Therefore, the model is also able to sufficiently

characterize the blast wave propagation and the resulting liquefaction of sand in the field.
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Figure 5.34 Simulated range of liquefaction after the blast loading

5.3.3.5 Case Study 4: Canadian Liquefaction Experiment (CANLEX) on tailings

The GSD of natural sand and silt used in previous validations are presented in Figure 5.35,
and it can be observed that they could well represent the GSD spectrum of tailings in hydraulic
backfills (HB), paste backfills (PB) and those from tailings impoundments, which are the most
common types of fill mass. This implies that the present model can also be applied to capture
the blast-induced liquefaction of those man-made soils. Therefore, the field explosion test
performed on a saturated tailings deposit in the CANLEX program (Al-Qasimi et al., 2005) is
adopted and simulated with the model, and the GSD of tailing in this program is also shown in
Figure 5.35.

100 A Sand (Bolton et al., 1994)
90 - Sand (Charlie et al., 2013)
~ 80 4 Sand (Fragaszy and Voss, 1986)
N Y & /¥ A SR I HB, lower boundary (Cooke, 2001)
2 A Y 75 D I ——— HB, upper boundary (Cooke, 2001)
..§ 604 Ly tid e Typical HB (Sivakugan et al., 2006)
E 50 4 —silt (Bolton et al., 1994)
é 40 ----- PB, lower boundary (Yilmaz, 2009)
—'E' 30 4 - - = PB, upper boundary (Yilmaz, 2009)
= S D /A SN | Typical PB (Yilmaz, 2009)
© 20 A / — - —Tailings impoundment, lower boundary (Bussiére, 2004)
10 1 s ,—"::' — - - Tailings impoundment, upper boundary (Bussiére, 2004)
0 o > R ” K g : Tailings in CANLEX (Robertson et al.,2000)
0.00001 0.0001 0.001 0.01 0.1 1 10

Grain size (mm)

Figure 5.35 Comparison of GSDs of natural sand and silt with those of typical tailings
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To examine blast-induced ground motion and pore pressure of saturated tailings, tailings
were filled at the test site. The tailings deposit has a thickness of 10 m, and the groundwater is
0.5 below the ground surface (Al-Qasimi et al., 2005).

To avoid extrapolation of data obtained from the field experiments, the simulated range of
the model is determined as 5.5 m to 18 m from the explosion of 1.5 kg charge, so that the
comparison of site response is possible while the effect of boundary condition is negligible.

The configuration of the model is shown in Figure 5.36. The peak particle velocity of
incident shock wave that arrives at the model boundary is determined by the following
expression developed for the test site (Al-Qasimi et al., 2005):

— 1/371- 2.
V,=4764[R /Q 3% (5.62)
The time-varying pattern of the incident wave is assumed to be the same as Case Study 3
with peak velocity obtained by Equation (5.62), and the positional relationship between locations

on the model boundary and the charge is considered, while only norma component of the wave
to the boundary is applied on the model.

18 m

GWT .
55m

0.5m]_ z ol Unsaturated tailings II'

L7/

Tyvnlacives 1

LUAPIUSLY Cb\ i

= ° :Range of simulation,
1

Saturated tailings |\

e

10m

\ﬁ-

Local soil ( Not to scale )

Figure 5.36 Configuration of the model for explosion in the tailings deposit

The simulation of the test is considered symmetrical. Low-reflecting boundaries are applied
at the bottom and far end of the model, and a constant stress is applied on the top to represent the
overburden. The material properties used in the simulation are determined from studies on the

tested tailings by Puebla et al. (1997), Robertson et al. (2000) and Al-Qasimi et al. (2005), and
they arelisted in Tables 5.13 and 5.14.
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Table 5.13 Material properties used in the model for field explosion test on tailings

Density h fo k D Xo
(kg/m?)  (usecy N a w

(Pa) MPa) R (MPa? (MPa)
1950 15x10° 1 1x10° 0.18 0 8 1x102  0.001 1

Table 5.14 Materia properties used for undrained response of tailingsin the field explosion test

o Tw  Co Cuw o K,
\
(kgm®) (kgmy (Mg (g > v =0 Go v GRy
043 1493 1000 219 1460 164 2 011 06 03 54

The comparison between the simulated attenuation of peak particle velocity (PPV) and peak
pore water pressure against scaled distance with test data is presented in Figure 5.37. As can be
observed, the simulated results are consistent with data obtained from the field test in both the
magnitudes and trends of variation. Meanwhile, based on the empirical law for estimating the
range of liquefaction developed for the test site (Al-Qasimi et al., 2005), tailings within 6.6 m
from the explosion at the buried depth of the charge (6 m in this case) has been liquefied. The
simulated area of liquefaction by the model after the blast is shown in Figure 5.38(a), and it
indicates that the deposit is liquefied within 6.3 m from the explosion at the same depth. The
simulated variation of PPR against scaled distance at this depth is presented in Figure 5.38 (b),
and it also agrees reasonably well with the empirical law for the tested material. Therefore, it is
confirmed that the model is also capable of capturing the wave propagation and liquefaction due
to blasts in saturated tailings fill mass.
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Figure 5.37 Comparison between simulated and measured attenuation of blast wave: (a)

attenuation of PPV; (b) attenuation of peak pore water pressure
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Figure 5.38 Comparison between simulated and monitored liquefaction after the explosion: (a)

simulated range of liquefaction; (b) attenuation of PPR

5.3.4 Analysis of liquefaction susceptibility of subsurface tailings backfill mass at early ages

5.3.4.1 Modelling configuration

After vaidation of the model by excellent agreement between simulated and measured
material response in peak velocity and pore pressure as well as PPR, it is applied to various
practical engineering applications with respect to tailings backfill in this section. Specifically, the
effects of drainage condition, proximity of detonation, stope size, location of barricade and blast
sequence on liquefaction susceptibility of tailings backfill mass are investigated. Detailed
scenarios for these factors to be studied are listed in Table 5.15 below. The parameters used and
characteristic liquefaction behaviour of tailings backfills represented by the model are the same
as for the CANLEX program (Section 5.3.3.5), and they are the basis for numerical analysis of
liquefaction susceptibility of the fill mass in varied conditions. A two-dimensional model is
established to represent the field condition, and the configuration of the model is illustrated in
Figure 5.39.
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Table 5.15 Conditions of fill mass examined in the study

Case Drainage b etvE/)tiaztnal;ﬁzr e Stope size lg)a:rsrti?:na;ee(t); Number
No.  condition (Ky/Ky') 1302 (m% (WxH, m) opo(m) O blasts

1 0.5 40 10x25 4 1

2 0.125 40 10x25 4 1

3 undrained 40 10x25 4 1

4 0.5 20 10x25 4 1

5 0.5 30 10x25 4 1

6 0.5 30 10x35 4 1

7 0.5 30 10x45 4 1

8 0.5 40 10x25 7 1

9 0.5 40 10x25 10 1

10 0.5 40 10x25 4 2

11 0.5 40 10x25 4 3

" Kp and K represents hydraulic conductivity of the barricade and fill mass, respectively.
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—
—
—
—
— o
Y
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—
‘ | — Backfill
—
- —
— -
— = 1!
— M e I 4m
— = |

E] Explosives | IBlast hole | — I Blast load I:] Monitoring point Drainage
Figure 5.39 Configuration of the numerical model

Drainage of the fill mass is alowed from the barricade constructed in the access tunnel
(drawpoint) at the bottom of the stope, and the rate of flow (q) through the barricade is

characterized with Darcy’s law as:
q=-k&N(PW- r.9) (5.63)
m,
where k istheintrinsic permeability tensor of the medium, k;,, denotes the relative permeability,

and m, stands for the fluid dynamic viscosity. The intrinsic permeability of the material k,, can
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be related to the hydraulic conductivity K, by k,=K,m,/r ,g. To evaluate the variation of K,
the following constitutive relations from the van Genuchten (1980) model is adopted:

;I krw \/781 Sﬂm

'l S, = 1 (5.64)

i ‘;1 [a(P,- P )]ium
| +|a - 1-m
: I a” M %

where P, is assumed to be atmospheric pressure, and model constants m and a for the fill mass

are 0.386 and 2.58x10° cm™ based on experimental data on tailings with similar physical
properties found in Aubertin et al. (1997). The hydraulic conductivity of tailings backfill (K, ) is

5x10" 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):

V, = AR/ (£,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 f; is a factor that accounts for
the effect of long explosive charges defined as f, =[arctan(L,/ 2R))]/ (L. /2R)), and L.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 massis set as aroller, 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 potentia 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
build-up and dissipation of excess pore pressure for cyclic loading (Pépin et al., 2012). However,
due to the short duration of shock wave, the blast loading process is undrained (Wang et al.,
2008). Therefore, the effect of drainage refers to its influence on pore pressure dissipation before
and after blast loading in the study.

The use of a plane model would represent a drawpoint extending full length of the long side
(perpendicular to the plane) of the stope. Therefore, the hydraulic conductivity of barricade (Kp)
for a 2D condition should be determined by reducing that of fill mass (Ky) by the ratio of side
length of the stope to the drawpoint (Fahey et a., 2009; Helinski et a., 2010). This reduction
ratio is set to be 2 for Case 1 (K,=0.5Ky) while it is 8 for Case 2 (Kp=0.125Ky), i.e, the side
length of barricade in Case 1 is four times of that in Case 2. The drainage of water from the
barricade is precluded for Case 3, and this undrained condition of a backfill would indeed prevail

in the field when it has low rate of consolidation, even when the drainage facility is constructed
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(Fahey et al., 2009). The distribution of PPR for Cases 1-3 with different times of draining after
passage of blast waves is illustrated in Figures 5.40-5.42. These figures show that regardless of
the drainage conditions, the liquefied backfill zones (PPR>=1) are mostly limited to the upper
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Figure 5.40 Variation of PPR for Case 1 (Kp,=0.5K7): time after blasting: (a) Oh; (b) 0.5h; (c) 1.5h
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Figure 5.41 Variation of PPR for Case 2 (K,=0.125K7): time after blasting: (a) Oh; (b) 0.5h; (c)
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Since the length of permeable barricade in Case 1 (K,=0.5Kr) is 4 times of that in Case 2
(Kp=0.125K7), higher initial effective stress can be developed for Case 1 when the filling is
completed due to faster rate of drainage. Therefore, it is observed that the depth of liquefied
backfill close to the loading boundary is smaller in Case 1 (6.6m) than Case 2 (7.2m) right after
the passage of blast wave. Moreover, Case 1 has also exhibited smaller ranges of liquefaction at
two other time grids examined, attributed to the more effective drainage of water as well, and
there is almost no liquefaction in the stope at 1.5 hour after the blast. As for Case 3 (undrained
conditions), with the exclusion of drainage, it has the largest liquefaction zone in the stope at all
times compared with its counterparts, which is 8.9 m in depth at the loading boundary after the
blast. Moreover, relatively high PPR value is also observed in access tunnel in undrained
conditions.

The variation in PPR of the monitoring point M at the joint of stope and drawpoint after the
blast is illustrated in Figure 5.43. It is also shown that the monitoring point in Case 1 has the
lowest PPR as well as fastest pore pressure dissipation due to the enhanced drainage. Moreover,
the depicted variation of PPR has reflected two mechanisms that are affecting the change of pore
pressure and the associated liquefaction susceptibility of a backfilled stope. To be more specific,
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the redistribution of pore pressure starts right after blast loading, and this process would continue
until equilibrium is reached within the fill mass in the absence of drainage (Case 3). However, if
a permeable barricade is used, the PPR at the monitoring point would increase at first due to
redistribution of pore pressure, then, the effect of drainage would subsequently prevail and the
PPR starts to decrease. Furthermore, with more effective drainage as is in Case 1 (four times
faster than Case 2), the increase of PPR becomes less significant and it can reduce to zero more
rapidly.

04 ¢
P e T T T T T =
0.3 L - — - = Undrained
’ — K,=0.125K;
é o2+ === K,=0.3K;

0 5 10 15 20
Time (h)

Figure 5.43 Variation of PPR at monitoring point for Cases 1-3 (Case 1: K,=0.5Kr; Case 2:
Kp=0.125K7+. Case 3: undrained)

The discussed variation of liquefaction susceptibility in Figure 5.43 can also be observed
from Figures 5.40-5.42. As shown in Figure 5.42 (undrained, Case 3), the depth of liquefied
backfill gradually decreases with time near the loading boundary, while it would increase on the
other side of the stope due to the redistribution of pore pressure. This is because the excess pore
pressure has accumulated near the loading boundary right after the blast, and it would dissipate
towards the opposite end of the stope until equilibrium is obtained. With the inclusion of
drainage (Figures 5.40-5.41), the pore pressure will dissipate along with its redistribution, and
the range of liquefied backfill would decrease from the bottom upwards.

The simulation results presented above indicate that the drainage condition (through
barricades) of backfill mass has a tremendous influence on its liquefaction resistance after mine
blasts. More effective drainage by means, such as extending the side length of the drawpoint

(thus the barricade) would lead to less range of liquefaction as well as faster dissipation of excess
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pore pressure generated by dynamic loadings. Thus, the actual drainage condition of fill mass
should be verified in the field in order not to underestimate the pore pressure distribution in the

stope after dynamic loadings.

5.3.4.3 Effect of proximity of detonation

As underground mining divides the orebody into separate stopes, production blasts may be
operated at different distances (D.) from a given backfilled stope. Therefore, the effect of
proximity of fill mass to explosive charge is examined, and the simulated variation of PPR at the
monitoring point M after the blast for a stope located at 20 m (Case 4), 30 m (Case 5) and 40 m

(Case 1) horizontal distances from the chargeis presented Figure 5.44.

Detonation at 20 m from the stope

----- Detonation at 30 m from the stope
- - = Detonation at 40 m from the stope

0.05

0! : =
0 5 10 15 20

Time (h)
Figure 5.44 Variation of PPR at the monitoring point M for a stope located at 20 m (Case 4), 30

m (Case 5) and 40 m (Case 1) from the detonation

It can be observed that both the initial and peak PPR of the point would increase as the
blast is conducted closer to the stope. This is because the PPV would increase sharply with
decreased distance to the detonation (van Gool, 2007), and the increased intensity of vibration
could in turn result in higher liquefaction potential due to the correlation between PPV and PPR
(Al-Qasimi et a., 2005). Moreover, the higher excess pore pressure caused by more intensive
loading in Case 4 (D=20m) has resulted in a longer time for PPR to vanish at the point, despite
it would have afaster rate of draining. From these results, it can be concluded that mine blasting

operation in the vicinity of freshly backfilled stopes is disadvantageous with respect to
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liquefaction resistance of backfill mass, and it will not only result in higher liquefaction potential
of the backfill mass, but also longer time for excess pore pressure to vanish. Therefore, securing
the detonations outside of a certain range from early-age fill mass is suitable for keeping the

liquefaction potential of the backfill mass at low level.

5.3.4.4 Effect of stope size

The size of stope varies in the field due to the irregularity of ore bodies as well as strategies
used in mine planning. Stope size will influence the pore pressure and effective stress
distribution within a fill mass, and thus affect its liquefaction susceptibility. The effect of stope
size is examined in the study, and the simulated distribution of PPR for a stope with 25m (Case
5), 35m (Case 6) and 45m (Case 7) in height (H), respectively, with different times of drainage
after blasting is presented in Figures 5.45-5.47.
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Figure 5.45 Variation of PPR for Case 5 (H=25m): time after blasting: (a) Oh; (b) 0.5h; (c) 1.5h
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Figure 5.46 Variation of PPR for Case 6 (H=35m): time after blasting: (a) Oh; (b) 0.5h; (c) 1.5h
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Figure 5.47 Variation of PPR for Case 7 (H=45m): time after blasting: (a) Oh; (b) 0.5h; (c) 1.5h

It is observed that the initial depth of liquefaction at the loading boundary after blasting is
decreased as the height of the backfill mass increases. This is because a higher backfilled stope
would imply larger pore pressure exerting on the barricade, thus lead to more rapid drainage of
water (Equation 5.63), and higher effective stress can be developed at the same depth. Besides,

with the same length and location of the charge, a larger stope height would require a longer
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distance for the blast wave to travel and reach the top of the stope, thus the PPV at the upper part
of the stope would consequently decrease (Equation 5.65). As a result, the range of liquefied
zones within the backfill massis always smaller in higher backfilled stopes at all times examined.

The variation of PPR at monitoring point for Cases 5-7 isillustrated in Figure 5.48. It can
be seen that the peak PPR of the point would decrease with height of the stope. However, for
higher stopes, more energy is absorbed in the fill mass due to increased surface (boundary)
subjected to blast loading. Therefore, more excess pore pressure needs to be dissipated for a
higher backfilled stope through the barricade of the same size in this condition. Consequently,
although water can be drained in a faster rate for a stope with larger height, PPR of point M
would in fact reduce more slowly and drop to zero after alonger period for a higher stope due to

the excessive supply of excess pore pressure, while its peak PPR value is smaller.

—H=25m
----- H=35m
== H=45m
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Figure 5.48 Variation of PPR at monitoring point for Cases5 (H = 25m), 6 (H=35m) and 7 (H =
45m)

Therefore, an increase in the height of a stope can diminish the range of blast-induced
liquefaction. Besides, despite a longer time is required to dissipate the excess pore pressure in
higher stopes due to increased boundary area subjected to blasting, the entire process can be
indeed operated at lower risk of liquefaction. However, a higher backfilled stope would also
increase the horizontal stress acting on the barricade due to self-weight of the fill mass, and thus

reduce the stability of the retaining structure. Thus, the horizontal stress on the barricade induced
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by the fill mass should also be considered, so that the liquefaction susceptibility of the backfill is

minimized while the stability of the retaining structure can be ensured.

5.3.4.5 Effect of location of the barricade

The location of barricade in the access tunnel varies in the field due to different mine
planning, and it will affect the drainage of fill mass. Therefore, Cases 1, 8 and 9 with a barricade
located at a distance (Dp) of 4m, 7m and 10m away from the joint of stope and drawpoint,
respectively, are examined in the study.

The variation of PPR distribution for Cases 1 (Dp=4m), 8 (Dp=7m) and 9 (Dp,=10m) is
depicted in Figures 5.40, 5.49 and 5.50. It can be noticed that the initial depth of liquefaction
after the blast at the loading boundary decreases as the aforementioned distance increases. Thisis
because the increase in the length of flow path to the drainage point would decrease the
efficiency of pore pressure dissipation in the stope, thus result in a lower initia effective stress

after the filling is completed. The extended flow path is also responsible for slightly larger depth

of liquefaction at 0.5h and 1.5h after the blast in Case 9.
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Figure 5.49 Variation of PPR for Case 8 (D,=7m): time after blasting: (a) Oh; (b) 0.5h; (c) 1.5h
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Figure 5.50 Variation of PPR for Case 9 (D,=10m): time after blasting: (a) Oh; (b) 0.5h; (c) 1.5h

The influence of extended flow path is more clearly demonstrated by the PPR variation at
the monitored point M as shown in Figure 5.51. As can be observed, when the barricade is
located closer to the stope, more efficient drainage of fill mass can be facilitated and it is
associated with lower peak PPR after blast loading. Meanwhile, the excess pore pressure can also

be dissipated much more rapidly at the point when the barricade is closer to the stope.
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Figure 5.51 Variation of PPR at monitoring point for Cases 1 (Dp=4m), 8 (D,=7m) and 9
(Dp=10m)

However, as blast wave propagates, its amplitude gradually attenuates and the generated
excess pore pressure would decrease with distance to the charge (Al-Qasimi et al., 2005; Charlie

et a., 2013). In other words, a barricade constructed closer to the stope is subjected to higher
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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
pillarsin mines, and thus the fill massis 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 liguefaction 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 regardiess 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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Figure 5.53 Variation of PPR at monitoring point for Cases 1 (1 blast sequence), 10 (2 blast
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From the results presented above, it can be concluded that consecutive blasts can not only
increase the liquefaction potential of backfill mass, but aso lead to much longer time for the
excess pore pressure to be dissipated, which is unfavorable for the fill mass stability. Therefore,
sufficient delay between each blast would be preferable for reducing the risk of liquefaction in
backfilled stopes at early ages.
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5.3.5 Conclusions

A modified total-stress viscoplastic cap mode 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 dl 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 al these
influencing factors. Therefore, although the results of this study provide useful insight into the
blast-induced liquefaction susceptibility of fill massin varied practical conditions, more research

work isrequired 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

(Submitted)
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 aretaining
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 stressin 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

backfillsin 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 materia
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 a., 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 stressimposed by early-age fill massisamajor concern in backfill design (Thompson
et a., 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 aso 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 afew 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), mechanica (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 al 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 Modd formulation

5.4.2.1 Modelling approach
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To analyze the variations of the blast-induced stress and pore pressure in CPB, the THMC
model in Cui and Fall (2015) is applied in this study, which has been shown to realisticaly
capture the changes in CPB behaviour during its interaction with the curing environment. The
total-stress viscoplastic cap model (Lu and Fall, 2017a) is used as the congtitutive law to assess
the excess pore pressure (Du ) generated by blast loadings in the backfill. This model has already
been validated with various granular materials. It should be noted that the effect of blasting is
examined here at the early ages of the backfill, under the assumption that the materia is still
saturated and therefore the total-stress model is applicable. After blasting, the excess pore
pressure generated by the dynamic loading is inputted into the THMC model, and the variation
of the stresses in the stope caused by the impacts of blasting during the curing of CPB is
analyzed. A schematic diagram of the modelling processes and factors considered is provided as
Figure 5.54 below.
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Figure 5.54 Schematic diagram of modelling processes

5.4.2.2 Formulation of coupled THMC model for cemented paste backfill
5.4.2.2.1 Binder hydration model

To determine the progression of binder hydration in CPB, a hydration model (chemica
model) developed by Schindler (2004) for cementitious materias is adopted in this study, which
defines the degree of binder hydration x as

x (t.) =x, *exp

u

(5.66)
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Q I O
oy

with
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where x, is the ultimate degree of hydration; t and b denote the hydration time and shape
parameters, t, represents the equivalent age of CPB at the reference temperature T, , w/c isthe

water-to-cement ratio, X, and x,,, refer to the fractions of the corresponding compounds, E, is

the activation energy, R, isanatural gas constant, and T isthe 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.
N @9+ﬂgl-f)rs+f Sr,+f (1- S)r. g
t o it

where f is the porosity, r, denotes the density, subscript i refers to an individual phase (air,

g=0 (5.67)

water or solid), and Sis the degree of saturation (water). 6 isatotal stress tensor and related to
the effective stress as ¢ =6¢- a,P§, . The Biot’s coefficient a, is used to account for the
compressibility of the solid particles which is defined as a; =1- K,/K, and K, and K, arethe
bulk modulus of the porous skeleton and solid particles, respectively. The average pore pressure
P isdefined asP =P, +(1- S)P, , where P, and P, arethe pore gas and pore water pressures.
During the hydration of the binder, K will change with time, and can be estimated by using
the following expressions (Cui and Fall, 2016; Lu et al., 2017):
E(x) _a&x - X, ('?A
E, ) gxu B Xo;
v(x) =Bx*(B,) +B, (5.69)
where E (x) is the elastic modulus of the CPB at a given degree of hydration, E,=282.3 MPa

(5.68)

and refers to its ultimate value, X , 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 B, =-0.226, B, =6, and B, =0.3 which are fitting constants to capture the
variations in the Poisson’s ration(x) of the porous skeleton. Finally, K can be obtained as
Ks = E(X)/31- 2v(x)],
The effective stress ¢ in CPB can be obtained as:
6¢=De, =D(c-¢, &, -¢,) (5.70)
where D is the elastic stiffness matrix, and € is the total strain tensor which consists of elastic

(&), plastic (&,), thermal (&), and chemical (& ) 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 mode
The solid, water, and air in CPB are assumed to be three independent overlapping continua,
s0 that fluid can move within the interconnected voids of the solid. Then, the mass conservation

of aCPB system can be characterized as:

Ty, TS,o €fe (1-f) )ﬂr U T, o 40 o
St w 0 +fr - +Sr, &t + o fsmydr S- 1_——N>(fSr V') (5.71)

eﬂt rs 4]

. 1S, é1-f)qr, Te, fS. U_
fl1l-S -f 1-S & — - — 7=-NX (1- S " (572
( ) qit r, ﬂt ( )raeg r, qit + qt r, r&%ydrH ( )rav ( )

where e, isthe total volumetric strain, and V and v" denote the solid velocity with respect to the
Eulerian coordinate, and the relative apparent velocity of fluids, respectively. rihw is the rate of
water consumption due to binder hydration, and can be defined as (Cui and Fall, 2015):
My = 2M iy (0-187%c g +0.158x,  +0.665x , +0.2130 ¢ )
BE: S &b

éE e 1 1 OUP (5.73)
g =g x(L)ew ER L273+T, 273+T .
jeleg ele g eRd e wp

wherem,_, ... 1S the mass of the cement in the backfill system, and X is the fraction of the

corresponding compound.
The fluid flow v" can be defined by using Darcy’s law as:

kl:;]'N( “t.g) (5.74)
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where k is the intrinsic permeability tensor of the medium, the intrinsic permeability

k,=Km/r,g, K refers to the saturated hydraulic conductivity of the CPB, m is the fluid
dynamic viscosity, and k, represents the relative permeability. The value of K would decrease as
binder hydration progresses, and can be determined in terms of x as:

K =K, exp(CGC2) (5.75)
where Ky is the saturated hydraulic conductivity of the tailings used, and fitting constants C, =-
8.173 and C,=4.035 (Cui and Fall, 2015).

The relative permeability k, can be obtained through the model in van Genuchten (1980):

. m <2
o(80)= 80 g (1 )8

i
i (5.76)
% kra(seff):\/]-' S (1' St]afjfm)
with
Sy :,—11\,“ (5.77)
g+(aR)smg

where the changes with time of the fitting parameters due to the hydration of the CPB can be
detemined with (Cui and Fall, 2015):

— f
m=fx?2+f,

5.78
a=fe" (5.78)

i
i
T
where f, =0.0415, f, =4.231, f, =0.4073, f, =0.2103 kPa® and f, =-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):

m, = O.6612(T - 229

)— 1.562

—_—— —

. ) /055 0.55
Ir =314.4+685.6{1- gT - 273.15)/374.14y }

m =mXT/T,) 4T, +)/(T+c)y
r,= M,

a Rd-l- a
wheren}):1.716X1O'5 Pa:s, To=273 K, ¢,= 111 K, and M,isthe molar mass of air.

(5.79)

—_— ] ] ——
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5.4.2.2.4 Heat transfer model
A locd thermal equilibrium is imposed on the three-phase CPB system. The law of

conservation energy for CPB can be expressed as:
g1-f)r C +fsr,C,+f (1- S)r,C, g% +Q, +Qy = Qg (5.80)

where C is the specific heat capacity, and the convection of heat due to fluid movement (Q,)
can be determined as:
Q, = (r SNV T aCav”") NT (5.81)
The heat conduction (Q, ) can be evaluated by using Fourier’slaw as:

Q, =-k NT (5.82)
where k, is the effective thermal conductivity of CPB which can be defined as (Cui and Fall,
2015):

Ker = Kary +/Sur (K = Kary ) (5.83)
with

kg, =KLl KLk, =KEL K (5.84)

sat ailingsw ? dry — TMailingsa
wherek.;i.» K, and k, denote the thermal conductivity of the tailings, water and air, respectively.
Finally, the heat released from exothermic binder hydration (Q,, ) can be determined by

using (Schindler and Folliard, 2005):

b , N
& 0 abo EE e 1 1 &

Qua =Hr g+ =% (t.)expe=c - +{ (5.85)
eleg éleg 6R, 6273+T,  273+T g

with
I\I HT = ( Hcem >O(cem + 461xxs|ag +1800 >(XCaO/FA XXFA) Ch
I
1 Hoen = 500% s +260x_ ; +866x , +420%, ,, +624X, +1186X

FreeCaO

+ 850ngo

where H, and H_, denote the amount of heat generated by the hydration of all binders and

cement, respectively, and C, 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
ablast load cycle would lead to the generation of excess pore water pressure (Fragaszy and V oss,
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
aso redidticaly 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 Congtitutive 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 & in viscoplastic models is conventionally decomposed into an

elastic part &° and a viscoplastic component &" as:

§=8°+4" (5.86)
The elastic strain rate isrelated to stress rate tensor & as
=D (5.87)

The viscoplastic strain rate in the Perzyna model is generally defined as:
i
8% =h(f (f))— 5.88
()4 (5.88)

whereh is a fluidity parameter; ( y is a Macaulay bracket; f is the yield criterion which is

defined by the cap envelope provided below; and f (f) is a dimensionless scaling function

defined as (Katona, 1984; Tong and Tuan, 2007):
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N
&f 0
f(f)=c—= (5.89)
g f0 a
where N and f, 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

F(,43,) =43, - k-[X(K)- LK)N/R 2, 5 K-[X(K)- LK)]/R

- ; I, - k (5.90)
L(k) L(k)

where L(k) and X() is the abscissa of the intersection of the cap with the shear envelope and the

I; axis, respectively; R isthe ratio of the major to the minor axis of the elliptical cap; and k isa

the Drucker-Prager parameter defined by:
2sinj K= 6ccos (5.91)

C3(3+sinj ) 3(3+sinj )
where ¢ and ] arethe cohesion and interna friction angle, respectively.
The elliptical cap envelope is defined by the following expression in Chen and Baladi
(1985):
1 2 2| Y2
Rl Tok) =3, - {[X00)- LT - [~ L]} (5.92)

where the trandation of point X(k) due to irrecoverable volumetric strain (eL“) can be
characterized by using an isotropic hardening law as:
e"o
X (k) =- (L D) Angl- 22+ X, (5.93)
¢ Wg
where W is the maximum amount of inelastic volumetric strain, D denotes the shape parameter
of the volume-pressure relationship, and X, is the initial vertex of the cap. Subsequently, L (k)

can be obtained by imposing a continuity condition on the entire envelope:

o 2 XK)- R (5.94)
1+Rea
and
L(k) :} koK >k.° (5.95)
ik, otherwise

where K|, isthe 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; Pueblaet al., 1997):
dP, = K_de, (5.96)
where K, is the apparent bulk modulus of the pore fluid, which can be obtained by using

(Naylor, 1974):

1_n,tn (5.97)

where K, 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:

=K, de® (5.98)

where e’ is the elastic volumetric strain, and K, is the undrained bulk modulus of the saturated
mixture. Meanwhile, the associated Poisson’s ratio v, aso needs to be modified for an

undrained condition as (Naylor, 1974; Griffiths, 1985):

_(@-2v)1+v)+EV/K,

= (5.99)
2(1- 2v)(1+Vv) + E/ K,

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-Griineisen
equation of state asfollows (An et al., 2011):

2l (- 9oym- 2 ppre 2ME D MO0 By 2. G gy

||0

_ 1+ m- s,m @+ m? 2
K, = S (5.100)
é(gi0+ai0m)2 f;l \
T
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where C,, is the p-wave velocity; s is the slope of the shock velocity against the particle
velocity curve; g, isaGriineisen parameter, E’ isthe internal energy per unit initial volume;a

isthe first order volume correctionto g,,; andm=e¢,/(1- e .

5.4.3 Modd 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 arelisted 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 (%) 45 6.5
wic 7.6 354
Insulation material Foam Rock
Thermal conductivity (W/(m-K)) 0.024 3.6
Heat capacity (J(kg-K)) 1400 800
Density (kg/m?°) 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 ssimulated 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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simulated variation in temperature is in good agreement with the measured values in terms of
both the peak temperatures and trend of changesin temperature.
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Figure 5.55 Comparison between simulated and measured temperaturesin CPB column

The simulated and measured variation of the pore pressure at different locations of the
column is compared in Figure 5.56. The figure also shows that there is good agreement between
the model prediction and experimental results of the pore pressure as hydration progresses. It is
evident that there is an immediate increase in the pore pressure in the lower lifts due to the

downward drainage from the placement of fresh and saturated upper lifts, which has also been
reasonably captured by the THMC model.
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Figure 5.56 Comparison between simulated and measured pore pressure in CPB column

To verify the model capability of characterizing the changes in the mechanical behaviour of
CPB in a curing process, the stress-strain curves of quasi-static uniaxial compression tests are
simulated with the THMC model and compared with the experimental data, see Figure 5.57. As
can be observed, the chemical and strain softening-hardening behaviours of CPB have been

reasonably captured by the model, and the simulated response of CPB isin good agreement with
that of the column experiments.

1200 ~
1000 4 & 5 \\(\3 OO o0 7 days (experiment)
0.Y : AP 28 days (experiment)
‘:‘E 800 1 o ﬁ’;’ NN . A 90 days (experiment)
7 e /,A N ) 150 days (experiment)
5 600 o, s
Z o,/& --- 7 days (simulation)
5 400 - " ;/,  g.p-e- o 28 days (simulation)
Op” o B--=- --- 90 days (simulation)
200 { 0" o 0--7" o
, o a-- --- 150 days (simulation)
O% B-
0 m=2 . ; . —
0.000 0.004 0.008 0.012 0.016

Axial strain

Figure 5.57 Comparison between simulated and measured stress-strain relations of CPB
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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 |oading 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 lateraly 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 a. (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 Materia properties used in model of shock tests on sand and silt

Test Initial effective Initial porewater  Peak pressure Densit3y h . N
stress (MPa) pressure (M Pa) (MPa) (kg/m°) (usec™)
Case 1 (sand) 0.172 0.35 5.04 1970 35x10° 1
Case 2 (sand) 0.172 0.35 7.39 1970 5.2x10° 1
Case 3 (silt) 0.172 0.35 2.66 1848 1.3x10° 1
fo (Pa) a k(MPa) R D (MPa?) w Xo(MPa)
1x10° 0.25 0 8 4x10° 0.0011 1
1x10° 0.25 0 8 4x10° 0.0011 1
1x10° 0.225 0 8 4x10° 0.0011 1

287



Table 5.18 Material properties used for undrained response of sand and silt in shock tests

r r C Cuwo K
Test k) wo 'O g gNO Y Rp
ko) (kgm®) (s (miy > S 50 Y (GPa)
Cases 1-2 (sand) 0.41 1563 1000 310 1460 164 2 011 06 0.33 54
Case 3 (silt) 0.48 1367 1000 221 1460 164 2 011 06 0.33 54
1.0 4 . . . . - - - effective stress
- - - inelastic volumetric strain
~~~~~ elastic volumetric strain " pore water pressure
08 1 —volumetric strain —total stress
g 0.6 - %
Z 04 - E
0.2 A
0‘0 T T 1 ~—‘—————I——-———I
0 2 3 4 0 1 2 3 4
Time (ms) Time (ms)
@ (b)

Figure 5.58 Simulated loading histories of Case 1 (sand): (a) strain-time; (b) pressure-time
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Figure 5.59 Simulated loading histories of Case 2 (sand): (a) strain-time; (b) pressure-time
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Figure 5.60 Simulated loading histories of Case 3 (silt): (a) strain-time; (b) pressure-time

As can be observed from Figures 5.58(b)-5.60(b), during initial loading, the pore water
supports most of the external load due to the large impedance of its flow under the undrained
condition, while the stress carried by the soil skeleton is insignificant by contrast. Then, even
though the elastic strain can be recovered after unloading, the pore water pressure still remains
above its initial value. This is because the irrecoverable volumetric strain developed during
initial loading (shown in Figures 5.58(a)-5.60(a)) has resulted in the generation of residual
excess pore pressure. These processes captured by the model are consistent with the mechanism
of blast-induced liquefaction in saturated porous media (Fragaszy and V oss, 1986).

The simulated pore pressure response of saturated sand in the shock loading experiments
was compared with the test data in Charlie et al. (1985), see Figure 5.61. However, the test data
for silt were not available. Figure 5.61 shows a good agreement between the simulated and test
results in terms of the peak and residual values of pore pressure. A comparison between the
simulated and experimental results for the shock tests on sand and silt is provided in Table 5.19,
where the residual pore pressure ratio (PPR) is defined as the residual excess pore pressure
divided by the initial effective stress. It can also be observed from Table 5.19 that the simulated
results agree with the experimental results. Therefore, the total-stress viscoplastic model can well
simulate the mechanical process and pore pressure response of saturated porous media under
shock loading.

289



----- pore water pressure (simulation) ««<+ pore water pressure (simulation)
5 ——pore water pressure (experiment) ——pore water pressure (experiment)
6
~ 4 - _
£ &
= =}
< > 4
a ©n
g g
A 3
2 4 i [ &
0 T T T T 1 0 T T T T 1
0 5 10 15 20 25 0 5 10 15 20 25
Time (ms) Time (ms)
@ (b)

Figure 5.61 Comparison between simulated and measured pore pressure response of sand in the
shock tests: (a) Case 1, (b) Case 2

Table 5.19 Comparison between simulated and experimental results for shock tests on sand and

silt
Peak pore pressure change Residual pore pressure PPR
Test (MPa) (kPa)
Tested Simulated Tested Simulated Tested Simulated
Case 1 (sand) 452 4.20 436 437 0.50 0.51
Case 2 (sand) 6.87 6.50 548 547 1.15 1.14
Case 3 (silt) 2.13 1.81 415 417 0.38 0.39

5.4.3.3 Case Study 3: Canadian Liquefaction Experiment on tailings

To improve the understanding and validate the assessment procedures for liquefaction, mine
tailings were filled at a test site in Fort McMurray, Alberta, Canada. The tailings deposit was 10
m in thickness, and the groundwater was 0.5 m below the ground surface (Al-Qasimi et al.,
2005). Field explosion tests that were performed in the tailings deposit during the Canadian
Liquefaction Experiment (CANLEX) program were adopted as the third case study and
simulated with the total-stress viscoplastic model.

Based on the experimental setup of the field test and the variations in the measurements, the
simulated range of the model was between 5.5 m to 18 m from an explosion with a 1.5 kg charge.
This model size will avoid extrapolation of the field data, and a comparison of the site response
is possible while the effect of the boundary conditions is negligible. The configuration of the

model is shown in Figure 5.62.
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Figure 5.62 Configuration of model for explosion in tailings deposit

The peak particle velocity (V,) of the incident blast wave that reaches the model boundary
in the smulation was obtained by using the following equation developed for the test site (Al-
Qasimi et a., 2005):

— 1/371-2.
V,=47.64[R /1 Q] ** (5.101)
where Q. (kg) and R, (m) are the mass of the explosives used and the distance to the explosion,

respectively. The time-varying pattern of the incident wave was determined from Jiang et a.
(1995) and shown in Figure 5.63. The magnitude of the incident wave was obtained by using
Equation (5.101). By considering the positional relationship between the locations along the
model boundary and the explosive charge, the normal component of the incident wave was

applied onto the model boundary.

Peak

Velocity

0 0.5 1 1.5
Time (ms)

Figure 5.63 Loading pattern of incident wave in field explosion test
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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 h fo k D Xo
kgm) @) N e 2 mp) R owmeay) W (vPg
1950 15x10° 1 1x10° 0.18 0 8  1x10%2  0.001 1

Table 5.21 Material properties used for undrained response of tailingsin field explosion test

g I wo Co Cwo g Ky

\
(kg (kgmd) (s my S W = Govoghy
0.43 1493 1000 219 1460 164 2 0.11 0.6 0.3 54

The ssimulated 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 aso 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 isillustrated 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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Figure 5.65 Comparison between simulated and monitored liquefaction after explosion: (a)
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5.4.3.4 Case Study 4: Mine blasts on a backfilled stope in Cayeli Mine

The earth pressure and pore pressure monitoring program in stope 715 N22 at the Cayeli
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 in the
stope had a gravimetric water content of 23% and cement content of 6.5%, and was filled at an
initial riserate of 0.3 m/h (Veenstra, 2013).

The total stress monitored at the barricade was 97 kPa at the 20™ hour with a backfilled
height of 6 m, and thus the filling was terminated at that time. Field monitoring indicated that the
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effect of binder hydration is insignificant before the end of the pour, and hydration started at
approximately the 20" hour. According to Thompson et a. (2012), the reason is probably
because the binder content is relatively low, rate of filling is relatively fast, or the binder
hydration might have been retarded due to the tailings chemistry.

During backfilling, two sudden increases in the total stress and pore pressure were observed
from the earth pressure cells and piezometers mounted on the barricade as shown in Figure 5.66.
At the same time, simultaneous displacements of the barricade were also recorded (not shown
here), which are indicative of mine blast operations in the vicinity of the stope (Thompson et a.,
2009). In considering that the sampling rate in long-term monitoring is generally insufficient to
capture the transient stress variations during such dynamic loadings, the sudden increases in the

monitored data should be interpreted as the residual values.

100 1

total stress (monitoring)

~~~~~~~~~~ total stress (simulation)

20 pore pressure (monitoring)
0

s, seeeeeeees pore pressure (simulation)

60

40 -

Stress (kPa)

)

Time (day)

Figure 5.66 Comparison between monitored and simulated total stress and pore pressure on
barricade

The model configurations for the simulation of the field test are determined from the stope
measurements and presented in Figure 5.67. In the simulation, drainage during filling was
allowed through the barricade that was constructed in the access tunnel (drawpoint) at the bottom
of the stope, and the rate of flow was determined by Darcy’s law. Based on the field data, the
first impact (B1) was applied in the model at the 9" hour (backfill height Hy= 2.7 m), and then

stope filling was allowed to continue until the second impact (B;) was applied in the model at the

294



11.5™ hour (backfill height H= 3.4 m). Then, the simulated filling resumed and hydration started
at the 20™ hour when the first lift was completely poured.

14.5m 2m
i |1
Rock
—_—
e Backfill |_ _ —‘7
— = A _1 6m
> Sm
—_— Hz Hl M0 ° : l l

Blast load Drainage E Monitoring point

Figure 5.67 Model configuration of 715 N22 stope at Cayeli Mine

The THMC model was used to simulate the filling and curing processes of backfill, and the
total-stress viscoplastic cap model was adopted to simulate the excess pore pressure induced by
blast loadings. Only the surrounding rock was included in the THM C model. Details of theinitial
and boundary conditions of the curing environment are provided in Table 5.16. The initia
density of the backfill in the Cayeli Mine is 2600 kg/m® and the initial hydraulic conductivity
K; is 5.7x10" cm/s (Thompson et al., 2012). Other backfill properties required for the total-

stress viscoplastic cap model for blast loading were assumed to be the same as those of the
tailings used in the CANLEX program in Case Study 3. The blast |oad was assumed to reach the
backfill from the opposite side of the stope to the barricade, and applied in the model in the form
of velocity impulse and its amplitude was assumed to be uniform. The time-varying pattern of
the incident wave is the same as that in Figure 5.63. The magnitude of the two velocity impulses
was determined by trial and error, so that the simulated total stress and pore pressure at the
monitored point on the barricade (Mg) agree with the field data.

The simulated total stress and pore pressure at Mo, a monitored point of 1.1 m above the
floor of the barricade are presented and compared with the field data in Figure 5.66. As can be
observed in the figure, the calculated variations in total stress and pore pressure during filling
and blasting agree well with the field data. Meanwhile, when the filling was completed and then
the binder hydration started to be significant, the model can also well capture the changes in the
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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 Drai nage Stope size Dist_ance of Distance Number  Initial backfill Cement
N condition (WxH, m) barricade to between charge of temperature content
(K, /K) ' stope (Dy,, m) and stope (D, m)  blastings (To, °C) (%) (wWic )
1 05 10x25 4 30 1 20 5(4.6)
2 0.25 10x25 4 30 1 20 5 (4.6)
3 0.125 10x25 4 30 1 20 5(4.6)
4 05 10x35 4 30 1 20 5(4.6)
5 05 10x45 4 30 1 20 5 (4.6)
6 05 10x25 7 30 1 20 5(4.6)
7 05 10x25 10 30 1 20 5(4.6)
8 0.25 10x25 4 20 1 20 5(4.6)
9 0.25 10x25 4 40 1 20 5(4.6)
10 0.25 10x25 4 30 2 20 5 (4.6)
11 0.25 10x25 4 30 3 20 5(4.6)
12 0.125 10x25 4 30 1 10 5(4.6)
13 0.125 10x25 4 30 1 30 5(4.6)
14 0.125 10x25 4 30 1 20 25(9.2)
15 0.125 10x25 4 30 1 20 75(3.1)

" Kp and K represent hydraulic conductivity of barricade and fill mass, respectively.

™+ wic denotes water-to-cement ratio.
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Figure 5.68 Configuration of numerical model

In the numerical analysis, first, the pore pressure and stress distribution during continuous
filling at the same rate (12.5 m/d) were obtained from the THMC model for the cemented
backfill. Drainage was alowed through the barricade during the placement of saturated backfill.
It was also assumed that the hydration of cement in backfill only becomes significant from the
20™ hour that the CPB enters the stope, per Case Study 4 of the Cayeli Mine as indicated by
Thompson et a. (2012). The initial and boundary conditions of the model are the same as those
in Case Study 4, except the varied values examined as indicated in Table 5.22.

Then, the blast wave was applied on the backfill mass once the backfilling was completed,
and the time-varying pattern is shown in Figure 5.63. The blast response of the saturated backfill
was simulated with the total-stress viscoplastic cap model, and the parameters used and
characteristic behaviours of the material were the same as those in Case Study 4. Since
production blasting in mines is generally operated in multiple lifts, a borehole packed with 10 m
of explosives with a linear charge density of 6.22 kg/m (van Gool, 2007) is considered in this
study, and its center is assumed to coincide with the mid-height of the stope. The amplitude of
the blast wave that arrived at the stope boundary from the explosion in the rocks can be
determined by the following expression (Ahmed and Ansell, 2014):
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V, = AR /(f, Q)™ (5.102)
where constants A, a., and b, 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
Augtralia (van Gool, 2007); and f, is afactor that represents the effect of the length (L) of the
explosive charges, defined as f,=[arctan(L./2R)]/(L./2R.) . By using the positional
relationship between points on the stope wall and the explosion source, the norma 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 ( K, )with respect to that of the
backfill (K) are considered in this study, i.e. K,=0.5K (Case 1), K,=0.25K (Case 2), and K,

=0.125K (Case 3), which imply that the side length of the barricade varies by an increment of
two timesin each case (Fahey et a., 2009; Helinski et al., 2010).

To better understand the variationsin stress of the fill mass after blast impact, the short-term
redistribution of the excess pore pressure (Du) induced by dynamic loading on the backfilled
stope with time for Case 3 isillustrated in Figure 5.69. The figure shows that the accumulation of

298



Du is close to the loading boundary right after the blast, and would cause a sudden increase of

the total head on the loading side of the stope. Consequently, Du is redistributed towards the

opposite side of the stope where the material isless affected by dynamic loading and has a lower

total head. Besides, Du also migrates towards the bottom of the stope where the total head is

lower due to more drainage as well as earlier start of binder hydration which consumes the pore

water. Meanwhile, with continuous drainage and binder hydration, Du will simultaneously

dissipate aong with its redistribution, and the magnitude of Duin the stope would decrease

rapidly with time. The variation of Du in a longer time span is presented in Figure 5.70. The

figure suggests that the Du value is greater at a lower part of the stope, and can be completely
dissipated after roughly 14 hours in the studied backfilled stope. This dissipation time will

certainly vary with the type and composition of the backfill, drainage and initial conditions, and
the field conditions.
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The variations in the horizontal total stress (s, ) and pore pressure at the monitored point

for Cases 1-3 are illustrated in Figure 5.71. It can be observed that Case 1, which has the fastest

rate of drainage, has the lowest pore pressure when filling is completed. Then, after blasting

takes place at the end of the backfilling, Du induced by dynamic loading will redistribute within

the stope and sudden increases in pore pressure can be observed. It is aso shown that Case 1 has

the lowest peak in pore pressure right after blasting. As well, the pore pressure dissipates more

rapidly afterwards due to the enhanced drainage.

300



350 300

- PSS - = K,~0.125K
300 R 250 | o
AN - s ke K,=0.25K
20 | N z B i
_— A s & 200 G a K=05K
s wlo e R ~ “:',-\\ SN
E‘Z\_/ 200 o Blast TS Ttteeen, TS % _ Gl A NN
» 2 SR AL LT PN z 150 '/'"/'4 N N
$ 150 s T g _'.,..", : . . o
“a f , 2 100 27 Blast RN N
100 F S - = K~0.125K S N
so b4 K;=0.25K 50 F ,;’c e
/e K;=0.5K /
0 / L 1 L 1 y 0 ! L ! 1 ! ]
0 12 24 36 48 60 72 0 12 24 36 48 60 72
Time (h) Time (h)
€Y (b)

Figure 5.71 Variationsin stress at monitored point: (a) total horizontal stress and (b) pore

pressure

Meanwhile, as water drains out through the barricade, both the pore pressure and vertical
total stress are reduced due to the loss of water. Therefore, the vertical effective stress does not
increase as much as the pore pressure decreases. In addition, since the ratio of the horizontal

effective stress over the vertical effective stress is always less than 1 (Fahey et al., 2009), s, will

demonstrate the same trend of variation as that of pore pressure. This corresponds to the results
shown in Figure 5.71; Case 1 which has the fastest rate of drainage is also associated with the

lowest s, at all times.

Therefore, the drainage condition of backfill mass will significantly influence the blast-
induced stress that acts on its retaining structure. Enhancement of drainage by using different
means such as extending the side length of the barricade, can be used to improve the stability of

the retaining structure.

5.4.4.2.2 Effect of stope size

The size of the mine stope varies in the field due to the irregular shape of the ore body and
different strategies adopted in mine planning, and will affect the stress distribution in backfill
mass. Three stopes with a height of 25 m (Case 1), 35 m (Case 4) and 45 m (Case 5) are
examined in this work. Although the hydration of cement starts before blasting at the end of the
filling process in Cases 4 and 5 (as discussed earlier), and a longer time for filling at the same

rate is required, the same characteristic blast response of the backfill is assumed in this study as a
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conservative measure. The influence of the stope size on the horizontal stress and pore pressure

at the monitoring point in Cases 1, 4 and 5 is shown in Figure 5.72.
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Figure 5.72 Variation of stress at monitored point: (a) total horizontal stress, and (b) pore

pressure

It can be observed that, as the hydration of cement starts to be significant at the 20™ hour for
the studied backfill, the increase in the pore pressure during the filling process in the higher
stopes (Cases 4 and 5) is reduced from that time onwards. However, as the excess pore pressure
caused by blasting impacts is redistributed, there is also larger pore pressure in the higher stopes.
This is primarily because for higher stopes, more Du will be generated by blasting at the same
distance due to an increase in the surface (boundary) subjected to dynamic loading. In addition,
more water from relatively fresh backfill can move from the top of the stope downwards under a
larger position head in higher stopes. Therefore, although increased stope height would imply
more pore pressure that is exerted on the barricade and thus more rapid drainage, it does indeed
led to higher pore pressure and slower rate of dissipation for the backfill considered, as shown in
Figure 5.72. Meanwhile, it is also shown that the total stress on the barricade significantly
increases for stopes with greater heights.

The results and discussion presented above show that the stope size has a pronounced effect
on blast-induced stress distribution in backfill.

5.4.4.2.3 Effect of barricade location
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The location of the barricade in the mine drift varies in practice in accordance with the
different types of mine planning, and may change the total stress and pore pressure distribution

in backfill mass due to the variation in stope geometry. Three scenarios with a barricade located
at adistance (D,) of 4 m (Case 1), 7 m (Case 6) and 10 m (Case 7), respectively, away from the

intersection of the stope and access tunnel are examined, and the variations in the horizontal

stress and pore pressure at the monitored point isillustrated in Figure 5.73.
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Figure 5.73 Variations in stress at monitored point: (a) total horizontal stress and (b) pore
pressure

As can be noticed, the pore pressure is higher at all times during filling and after blasting as
the barricade is located farther from the stope. This is because extending D, would increase the
length of the flow path to the drainage point, thus reducing the efficiency of pore pressure
dissipation.

However, despite that the drainage is relatively inhibited by increasing D, , it can also
reduce the s, as shown in Figure 5.73. In fact, as D, increases, the backfill at the stope bottom

becomes less compressed and thus the horizontal strain and stress would consequently decrease.
Thus, the optimal location of a barricade in practice should be designed from both the

perspective of reducing the s, and enhancing the pore pressure dissipation.

5.4.4.2.4 Effect of proximity of detonation
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Stress waves that arrive at the backfill mass may originate from mine blasting at various

distances (D,) as mining is carried out in separate stopes. The proximity of the backfill to the

explosive charge has a tremendous effect on the excess pore pressure development (Al-Qasimi et
al., 2005) and the stress that acts on the retaining structure.

The simulated distribution of Du caused by blasting right after the passage of stress waves
for stopes located at 20 m (Case 8), 30 m (Case 2), and 40 m (Case 9) from the detonation is
depicted in Figure 5.74. As can be observed, Du increases considerably as the explosion takes

place closer to the backfilled stope.
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Figure 5.74 Excess pore pressure generated by blast loading right after passage of stress wave: (a)
Case 8 (D=20 m); (b) Case 2 (D=30 m); and (c) Case 9 (D=40 m)
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The variations in the s, and pore pressure at the monitored point for Cases 2, 8 and 9 are

plotted in Figure 5.75. The plots show that there is greater pore pressure in the stope of Case 8

which is located in closer proximity to the charge (D,=20 m) during its redistribution and
dissipation after blasting. This is primarily because greater Du is generated by a dynamic load
with higher amplitude. As previously discussed, the horizontal total stress (s ) will aso exhibit
the same trend of variation as the pore pressure under the same stope geometry, i.e. when s, is

greater and detonation is carried out closer to the stope.
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Figure 5.75 Variations in stress at monitored point: (a) total horizontal stress and (b) pore

pressure

It can thus be concluded that mine blasting carried out in the vicinity of freshly backfilled
stopes will significantly increase the load on barricades. Therefore, maintaining a safe distance
between the implementation of mine blasting and backfilled stopes will contribute to the stability
of retaining structures.

5.4.4.2.5 Effect of blast sequences

Multiple explosive columns with time lags are conventionally used to blast ore pillars in
mining, and thus the effect of blast loading sequences is examined in this study. One (Case 2),
two (Case 10) and three (Case 11) blasts with the same magnitude and time history are applied to
the model boundary with 2.5 ms of delay between each loading.

The variations in the horizontal stress and pore pressure at the monitored point are presented
Figure 5.76. The figure shows that both horizontal stress and pore pressure increase with
additional impacts during the redistribution and dissipation of pore pressure after blasting. Thisis
due to increased excess pore pressure generated by consecutive dynamic loadings. Therefore,
consecutive blasts will significantly increase the loads that act on a barricade and thus affect its
stability. There should be sufficient delays between each detonation which would alow for the

dissipation of the pore pressure so asto reduce the load on the retaining structure.
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Figure 5.76 Variation in stress at monitored point: (a) total horizontal stress and (b) pore pressure

5.4.4.2.6 Effect of initia backfill temperature
The initial temperature of backfill (T,) varies in the field mainly due to the different

temperature of the mix components and geographical location of the backfill plant. The effects of
three different T, are investigated in this study, i.e. T,=10°C (Case 12), T,=20°C (Case 3), and

T,=30°C (Case 13), and the variationsin the total stress and pore pressure at the monitored point

are presented in Figure 5.77.

350 300 )
pRis - - T4=30°C
S o
300 f i L 250 2 T,=20°C
i 7 RENN = e S T=10°C
250 F 4 S < I . 0
~ x S, & 200 ] YR,
< + Blast N TSl e ~ P AN
5 200 F Sl T 2 g NN
7 ¢ DR Z 150 i NN
5 150 £ 1 4+ Blast NN,
& / = P
7] ) L & N Ssee Tt
100 f‘{ - = T,=30°C g 100 £ N
[a¥ £ ~ \\‘~~~
wl/s T,=20°C 50 b £ .
/ ....... TOZI()OC / \‘\'
() 1 1 1 1 1 J () 1 1 1 1 1 J
0 12 24 36 48 60 72 0 12 24 36 48 60 72
Time (h) Time (h)
@) (b)

Figure 5.77 Variations in stress at monitored point: (a) total horizontal stress and (b) pore

pressure
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It can be observed that the case with a higher T, results in greater pore pressure at the end

of filling and initial stage of hydration, while there islower pore pressure at a more advanced age
for the backfill considered in this study. This phenomenon is attributed to the coupled effect of
temperature on both the fluid flow velocity and rate of binder hydration. Specificaly,
temperature increases will considerably increase the flow of water due to the sensitivity of its
dynamic viscosity to temperature (Equation (5.74)). For example, the dynamic viscosity of water
would decrease from 1.308 x10°to 7.978 x10™ Pas when the temperature increases from 10°C
to 30°C (Equation (5.79)), while the resulting reduction of density is from 999.7 to 995.6 kg/m®
(Equation (5.79)) which is less pronounced. Therefore, before the effect of cement hydration
becomes significant, the supply of water from freshly placed backfill can move more rapidly
downwards and thus increase the pore pressure at the stope bottom in Case 13 with a higher
initial temperature, despite that the rate of drainage is also faster as shown in Figure 5.78. In fact,
similar counterintuitive conclusions have been found in Helinski et al. (2007), in which greater

backfill permeability has indeed resulted in greater pore pressure at the stope bottom during

filling.
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Figure 5.78 Rate of drainage at the center of barricade surface

Meanwhile, the temperature increase also increases the rate of hydration (Equation (5.66)),
and this would, first of all, result in more rapid water consumption and pore pressure reduction,
although the rate of drainage is also relatively slower. In addition, increased exothermic
hydration can also generate more heat and thus further increase the rate of hydration as well as

307



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 ahigher T, 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 overal

decreasing trend as T, increases when the backfill considered in this study reaches a more
advanced age. Meanwhile, s, also shows a similar trend of variation as that of the pore pressure

with changesin T, .

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. Thisis acrucial design parameter as the use of binder can be 75%
of the total cost of backfill operations (Grice, 1998). Three different backfill recipesin terms of
cement content are studied, i.e. 2.5% (52.8 kg/m®, Case 14), 5% (105.7 kg/m°, Case 3), and 7.5%
(158.5 kg/m®, 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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pressure

As can be observed, the use of more binder results in lower pore pressure during its
redistribution and dissipation after blasting, and this becomes more pronounced as the backfill
reaches a more advanced age. This is because increased cement content in backfill can cause
more water consumption and pore pressure reduction by hydration, although it would also reduce
the efficiency of drainage. Besides, it could generate more heat which further contributes to
hydration as well as increase the water flow, while the hydraulic conductivity and rate of
drainage would also be reduced more rapidly. The coupled effects of hydration on the rate of
drainage through a barricade are illustrated in Figure 5.80, which shows that Case 14 which uses
less binder has indeed better efficiency of draining. Similar to the previously discussed effect of
temperature, the monitored loads presented in Figure 5.79 still demonstrate an overall decreasing

trend as the cement content is increased, despite its complex effect on pore pressure dissipation.
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Figure 5.80 Rate of drainage at the center of barricade surface

From the results presented above, it can be concluded that increased cement content in
backfill can significantly reduce the blast-induced loads that act on the retaining structure with
time. Its benefit of load reduction may decrease as the drainage is relatively inhibited. Therefore,
an optimal calculation of the cement content is necessary not only to ensure the backfill strength
and control the operation cost, but aso reduce the stress on the barricade while taking better
advantage of its drainage capability.

5.4.5 Conclusions

To analyze the redistribution of stress and pore pressure in backfilled stopes after mine
blasting, a total-stress viscoplastic cap model and a THMC model for CPB are integrated and
applied. The results of the model validation show good agreement between the simulation and
experimental data.

The results of the model application for various practical engineering conditions suggest
that stope geometry, blast operation, and the intrinsic properties of backfill al have significant
influence on the post-blasting stress and pore pressure redistribution in backfilled stopes due to
different mechanisms. Notably, enhanced backfill drainage, and avoiding consecutive
detonations in close proximity to the backfill can effectively reduce the stress that acts on the
retaining structure. Meanwhile, this study has also highlighted the importance of an optimal
backfill design due to the complex effects of other parameters on the stability and cost of backfill
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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 thereisadelay 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 practica
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 amore rational backfill design.

6.2 Features and applicability of developed modelsfor 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. Specificaly, 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 previoudly 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 X(X),, as well as a reduction inh(x) . Besides, it can aso 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 aleviate 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(x), 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 W =f (1- S), 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 W =f (1- S) and

S(x) .
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6.3.3 Effect of mechanical processes

The mechanical processes that take place during the curing of CTB aso 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; thisin 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 impactsin 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 generaly 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 previoudly 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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6.4.1 Effect of backfilling conditions

through different mechanisms.
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Figure 6.2 Effect of different backfilling conditions and design strategies on mature fill mass

The backfilling conditions considered in this study include the intrinsic properties of
backfill (i.e., cement content, initia 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 afield CTB mass



(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 alows 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 massis 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, alarger 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 aso 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 aso rationaly 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 liguefaction 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 aso 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
aswell therisk of dynamic liquefaction.

6. Asfor fill mass at a more advanced age, alonger 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, alarger 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 mode!.

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 backfillsin 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 materia 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 anayses 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 ssmulating 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 ssmplify 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 aso 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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Appendix A: Mesh sensitivity analysis

Mesh sengitivity analyses have been performed before numerical simulations with four-
node quadrilateral mesh elements in the study. An example of mesh sensitivity analysis for
simulation of the field explosion test in saturated sand (Section 4.4.4.4) is presented below.

The axially symmetric model of 2.14 m in radius and 1.83 m in height is simulated with
varying mesh sizes, and the peak pore water pressure obtained at the monitoring point 0.22 m
beneath the sand surface is recorded for each case. This process is repeated again and again until
relatively consistent model response is obtained. The variation of the simulated peak pore
pressure at the monitoring point with the mesh size is presented in Figure A.1. It is observed that
the peak pore pressure has gradually stabilized for a mesh size less than 0.01 m. Therefore, the
final mesh used for simulation of the field explosion test is 0.01 m in order to get a reasonable

balance between the model accuracy and solving time.
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Figure A.1 Variation of simulated peak pore pressure at monitoring point with mesh size
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