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RESUME

Les rejets solides produits par les mines comprennent les rejets de concentrateur (résidus miniers)
et les roches stériles. Ces rejets sont usuellement entreposés en surface, ce qui peut engendrer
divers risques environnementaux et géotechniques. Une autre option consiste a remblayer les
chantiers miniers avec des stériles ou des résidus miniers. Cette pratique permet de réduire les
quantités de rejets entreposés en surface, et aussi d'améliorer la stabilité du terrain, de diminuer la

dilution et d’augmenter la récupération de minerai.

Le remblayage est utilisé avec diverses méthodes d'exploitation souterraine, pour différentes
fonctions. Les préoccupations majeures associées a cette pratique sont la stabilité des structures
de support (barricades) peu apres le versement du remblai dans le chantier et la stabilité du
remblai cimenté exposé apres un certain temps apres le remblayage. L'état des contraintes dans
les chantiers remblayés a été largement étudié au cours des derniéres années. Cependant,
plusieurs incertitudes existent encore en lien avec des préoccupations majeures, notamment sur le
peu de solutions disponibles afin d’évaluer 1'évolution des contraintes dans les chantiers, pour
concevoir les barricades et le remblai cimenté exposé, ainsi que sur pour estimer la valeur du

coefficient de pression des terres K (= o 'w/o ).

L'objectif principal de ce projet est d'évaluer I'état des contraintes dans le remblai confiné et ses
interactions avec les barricades peu apres sa mise en place et avec les trois parois latérales pour le
remblai exposé a plus long terme. De nouvelles solutions analytiques sont proposées pour évaluer
I’évolution du niveau d’eau dans un chantier remblayé d’un remblai hydraulique. Ces solutions
sont vérifiees a l'aide de simulations numériques réalisées avec le logiciel d'élements finis
SEEP/W. Ces analyses indiquent que I’eau accumulée sur le remblai hydraulique peut induire des

pressions interstitielles plus élevées et ainsi compromettre la sécurité des barricades.

Une solution analytique améliorée est également proposée pour le dimensionnement des
barricades en roches stériles pour la rétention du remblai en pate. Des simulations numériques
réalisées avec le logiciel de différences finies FLAC sont utilisées pour analyser les principaux
facteurs d'influence et aussi pour valider la nouvelle solution. Les résultats ont permis d’identifier
deux mécanismes de rupture de la barricade faites de roches stériles, qui dépendent

principalement des propriétés aux interfaces et de la résistance des stériles.
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Des simulations ont été effectuées avec FLAC®P pour évaluer la stabilité du remblai cimenté lors
d'une exposition verticale. Les résultats montrent que le mode de rupture tend a changer avec
I’augmentation de la cohésion du remblai. Une nouvelle solution analytique est ensuite proposee
pour estimer la résistance requise du remblai exposé, sur la base d’un mode de rupture plus
réaliste. Les résultats des simulations sont utilisés pour valider cette nouvelle solution et évaluer

I'effet de divers facteurs, y compris la géométrie du chantier et les propriétés du remblai.

La bonne corrélation entre les solutions analytiques proposées et les résultats numériques indique
que ces nouvelles solutions peuvent étre utilisées pour la conception des barricades et du remblai

minier cimenté exposé.

D’autres analyses numériques ont été réalisées (avec FLAC) afin d’évaluer les rapports des
contraintes (K = o’/oy, et le rapport des contraintes principales Kys = o’3/c’1) dans les remblais
pulvérulents placés dans des ouvertures verticales. Les simulations sont effectuées en considérant
que les valeurs de I'angle de frottement interne ¢’ et du coefficient de Poisson v du remblai sont
indépendantes ou reliees entre elles. Ce dernier cas (avec un lien entre ¢’ et v) est basé sur la
définition d’une valeur unique et cohérente du coefficient de pression des terres au repos Ko pour
les simulations menées avec des modeles élasto-plastiques. Les résultats indiquent que les
rapports de contraintes (Kps = K) le long de la ligne de centre verticale de I'ouverture peuvent étre
influencées par la relation entre ¢’ et v. Le rapport Ky est toujours proche du coefficient de
pression active de Rankine K, prés des parois.

Les principaux résultats sont présentés dans quatre articles de revue qui ont été publiés, acceptés
ou soumis. Cette these presente également des résultats supplémentaires mis dans des annexes, y
compris la relation expérimentale entre lI'angle de frottement interne ¢’ et le coefficient de

Poisson v (a petites déformations) pour les matériaux granulaires.
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ABSTRACT

Solid wastes produced by mines include tailings and waste rock. These wastes are usually stored
on the surface, which may raise various environmental and geotechnical risks. Another option is
to backfill underground mine stopes with waste rock or tailings. This practice can reduce the

surface disposal, and also improve ground stability and ore recovery in mining operations.

Backfill is widely applied in different underground mining methods for various purposes. The
associated major concerns are the stability of the support structure (barricades) at very early time
and that of the exposed cemented fill at longer time. In recent years, the stress state in backfilled
stopes has been extensively investigated. However, there are uncertainties regarding the major
concerns including limited solutions for stress evolution in stopes and for design of barricades
and exposed backfill, as well as the actual value of earth pressure coefficient K (= o’n/o’y) In

confined fills.

The main objective of this project is to evaluate the stress state within confined backfill and its
interactions with barricades at very early time (shortly after the filling) and remaining three
sidewalls upon exposure at longer time (typically a few weeks after the filling). New analytical
solutions for evaluating the transient seepage are proposed for stopes filled with hydraulic fill.
These solutions are verified using simulations conducted with the finite element code SEEP/W.
These analyses indicate that ponding, generated on the top of the settled hydraulic fill, can induce
higher pore water pressures and jeopardize the barricade safety.

An improved analytical solution is also proposed for sizing waste rock barricades to retain paste
fill. Numerical simulations performed with the finite difference code FLAC are used to analyze
key influencing factors and also to validate the new solution. The results identify two failure
mechanisms for the waste rock barricade, which depend mainly on the interface properties and
waste rock strength.

Simulations are conducted with FLAC®® to assess the stability of cemented backfill upon vertical
exposure. The results show that the failure mode tends to change as the fill cohesion increases. A
new analytical solution is then proposed to estimate the required strength of exposed fill, based
on a more realistic failure mode. Simulation results are used to validate this new solution and

evaluate the effect of various factors including the stope geometry and fill properties.
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The good agreement between the proposed analytical solutions and numerical results indicates
that these new solutions can be useful for the design of barricade and exposed cemented mine
backfill.

This work also involves numerical analyses (with FLAC) of the stress ratios (K = o ’v/o’y and the
principal stress ratio Kys = ¢’3/a’1) in particulate (cohesionless) fills placed in vertical openings.
The simulations are conducted using both independent and linked values of the backfill internal
friction angle ¢’ and Poisson’s ratio v. The latter is based on a unique and consistent value of the
at-rest earth pressure coefficient Ko for simulations performed with an elasto-plastic model. The
results indicate that along the centerline of the opening, the stress ratios (Kps = K) can be
influenced by the relationship between ¢ and v. The ratio Kps is always close to Rankine’s active

earth pressure coefficient K, near the walls.

The main results are presented in four journal manuscripts that have been published, accepted or
submitted. This thesis also presents additional results in appendices, including the experimental
relationship between the internal friction angle ¢’ and Poisson’s ratio v (at small strains) of

granular materials.
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CHAPTER 1 INTRODUCTION

Mining is a major component of Canada’s economy. However, mining generates substantial
amount of solid wastes, mainly in the form of tailings and waste rock. Tailings are crushed rock
produced by mineral extraction and are typically disposed as slurry. Waste rock is the coarse

grained material excavated to create mine openings; it has no economic value.

Tailings and waste rock are typically stored on the surface in tailings impoundments and waste
rock piles. These structures greatly increase the footprints of mining operations and can pose
significant environmental and geotechnical issues. As a priority for the mining industry and
society, their safe, environmentally responsible, long-term management is a significant challenge
(e.g., Aubertin et al. 2002, 2011, 2016). Underground mine stope backfilling with mine wastes
can significantly reduce the amount of wastes disposed on the surface. This can be an

environmentally friendly and responsible solution for mine waste management.

In recent decades, underground mine stope filling has been increasingly used worldwide and it
has become a common practice. Besides the environmental benefits, backfilling’s advantages also
include improved regional ground stability, ore recovery, ore dilution and ventilation (Thomas
1979; Hassani & Archibald 1998; Potvin et al. 2005; Hambley 2011).

In underground mining, the application of mine backfill largely depends on the mining methods
employed. In open stoping, the backfill is commonly used to stabilize the rock mass and help
recover the (vertical) rib pillars (secondary stopes); this backfill is usually called “delayed
backfill”. Cemented backfill is used to recover (horizontal) sill pillars. In cut-and-fill mining,
backfill usually serves as a working floor or as a roof for further extraction; it also serves to
increase the rock mass stability. When the backfill contains water and/or cement - mostly for rib
and sill pillar recovery in open stoping or for the underhand cut-and-fill mining, barricades need
to be built in the lower drift (near the drawpoint) to retain the hydraulically transported saturated

fill. Several critical issues associated with the design of the backfill and barricades are raised:
e How to design the barricade?

e What is the optimal strength of the backfill exposed vertically on one side or exposed

horizontally at the base?



The first theme is mostly related to the backfill behavior at very early time (shortly after the
filling), while the second to the behavior of the backfill at longer time (typically a few weeks
after filling). The realization of these tasks requires a good understanding of the geomechanical
behavior of the backfill and its interactions with the confining structures (i.e., rock walls and
barricades). The complex interactions between backfill and confining structures constitute the

problems to be investigated, which are briefly presented in the following.

1.1 Definition of the problem

The primary concern related to stope filling is the barricade stability shortly after the placement
of backfill. A number of documented failures indicate that the barricade design remains a major
challenge (e.g., Bloss & Chen 1998; Yumlu & Guresci 2007). More work is needed to evaluate
the critical backfill pressure exerted on the barricade and its design. This requires, in turn, a good
understanding of pore water pressures (PWP) and total (and effective) stresses in the backfilled

stope and drift where the barricade is built.

Recently, barricades constructed with waste rock has become popular in Canada and elsewhere
due to their simple and low-cost construction, compared to the traditional barricades made of
bricks, concrete blocks, or reinforced shotcrete. However, solutions developed for traditional
barricades are not directly applicable to waste rock barricades. It is thus necessary to develop new

methods for sizing such waste rock barricades.

A second crucial issue is the stability of the exposed cemented fill in the primary stope during the
subsequent secondary recovery (which usually occurs a few weeks after filling). The failure of
the exposed fill can lead to ore dilution or serious instability issues. These can be reduced or
avoided by increasing the binder usage (cement, fly ash, slag, pozzolan, etc.); but the associated
cost considerably increases. Thus, the question is how to estimate the minimum (optimal)
required strength of cemented fill upon vertical exposure. This demands stability analysis of

exposed fill with regard to its interactions with the remaining three sidewalls.

Another issue is how the ground stability can be improved by the backfill. This requires a
comprehensive understanding of the interactions between the backfill and confining rock walls.
The stress state within the backfilled stopes and adjacent rock mass should be correctly evaluated,

which can be done by theoretical (closed-form solutions) and numerical analyses. To this end,



analytical solutions are in high demand by mining engineers. Most existing analytical solutions
involve a parameter called earth pressure coefficient K (= o’v/o)). Its value can largely influence
the estimated stress state in backfilled openings, which in turn affects various design aspects of
mine backfill and barricade. More work is needed to better understand this aspect (as will be

demonstrated below).

1.2 Thesis objectives

The primary objective of this project is to investigate the geomechanical behavior of backfill
placed in vertical mine stopes and similar openings. More specifically, the project focuses on the
behavior of the backfill at very early time for sizing waste rock barricades, on the behavior of
cemented fills at longer time before and after exposure on one side, and on the stress state within
the confined fill itself. The following sub-objectives have been specifically addressed:

1) Investigate the evolution of the water table and PWP in stopes with hydraulic fill

e Develop 3D analytical solutions to describe the evolution of the water table and PWPs in the

stope;

e Conduct numerical simulations to evaluate the PWPs in stopes and drifts, and to validate the

proposed analytical solutions.
2) Sizing of waste rock barricades constructed to retain paste fill during stope filling:

e Propose 3D analytical solutions for sizing waste rock barricades with respect to their global

and local stability;

e Perform numerical simulations to identify the failure mechanism and instability criterion of

waste rock barricades, and to verify the proposed solutions.
3) Assess the stability of cemented mine backfill upon a vertical exposure:

e Develop improved analytical solutions for estimating the required strength and factor of
safety of mine backfill with an open face;

e Conduct numerical simulations (with related values of internal friction angle ¢’ and Poisson’s
ratio v of the fill) to assess the failure mode and instability criterion of exposed mine backfill,

and to validate the proposed analytical solutions;



4) Numerical analysis of stress state in vertical backfilled openings with cohesionless fills:

e Evaluate the earth pressure coefficient K (= o'v/o’y) in backfilled openings to estimate the

stress distribution within fills;

e Investigate the principal stress ratio Kys (= o’s/o’1) in backfilled openings to evaluate the
backfill state;

e Assess the effect of using related and independent backfill parameters ¢’ and v on the stress

state and coefficients K and Kps; and

e Analyze the effect of interface elements and their frictional properties on the stress state and

coefficients K and Kps.

1.3 Contributions

The main scientific contributions of this research project include the following four articles

published in or submitted to peer-reviewed journals:
Article 1:

Yang PY & Li L. (2016) Evolution of water table and pore water pressure in stopes with
submerged hydraulic fill. ASCE International Journal of Geomechanics. Accepted with

changes in October 2016. This article is presented in Chapter 3.

Article 2:

Yang PY, Li L, Aubertin M, Brochu-Baekelmans M & Ouellet S. (2016a) Stability analyses of
waste rock barricades designed to retain paste backfill. ASCE International Journal of
Geomechanics, doi: 10.1061/(ASCE)GM.1943-5622.0000740, 04016079. This article is
presented in Chapter 4.

Article 3:

Yang PY, Li L & Aubertin M. (2016b) A new solution to assess the required strength of mine
backfill with a vertical exposure. ASCE International Journal of Geomechanics. Submitted in

September 2016. This article is presented in Chapter 5.

Article 4:



Yang PY, Li L & Aubertin M. (2016c) A comprehensive numerical analysis of stress ratios in
vertical backfilled openings. ASCE International Journal of Geomechanics. Submitted in

November 2016. This article is presented in Chapter 6.

The following three articles have also been published in or to be submitted to peer-reviewed

journals in the course of this project:

Yang PY, Li L, Aubertin M & Tiwari A. (2016d) An investigation of the relationships between

Ko, ¢ "and v for granular materials. To be submitted. Main results are presented in Appendix A.

Yang PY & Li L. (2015) Investigation of the short-term stress distribution in stopes and drifts
backfilled with cemented paste backfill. International Journal of Mining Science and
Technology, 25(5): 721-728.

Li L & Yang PY. (2015) A numerical evaluation of continuous backfilling in cemented paste
backfilled stope through an application of wick drains. International Journal of Mining
Science and Technology, 25(6): 897-904.

The following two conference papers have also been published in the course of this project:

Yang PY, Brochu-Baekelmans M, Li L & Aubertin M. (2014) An improved solution for sizing
barricades made of waste rock to retain cemented paste backfill. In Proceedings of 67"
Canadian Geotechnical Conference, Regina, SK, Canada.

Yang PY & Li L. (2014) A 3D analytical solution for the short-term stress distribution in
backfilled stopes and on barricades. In Proceedings 67" Canadian Geotechnical Conference,

Regina, SK, Canada.

This project contributes to better addressing major geomechanical challenges encountered in
underground stope filling, including the design of support structures (barricades) and exposed
cemented backfill. Analytical and numerical solutions presented in this project provide tools to
help evaluate the evolution of the water table and PWPs in stopes with hydraulic fill, size waste
rock barricades for retaining paste fill, and assess the stability of exposed cemented backfill.
These analytical (closed form) solutions can be useful for mining engineers, at least in the
preliminary design. Other components of this research also lead to improved assessment of stress
state in backfilled openings; this may help increase the productivity and reduce the associated

risks in underground mining.



1.4 Content of this thesis

The scope of this research is relatively broad due to the number and complex nature of the issues

involved.

The literature review is presented in Chapter 2; it includes review of the state of knowledge on

the following themes:
e Underground mining methods employing backfills;

e Classification of mine backfills and their typical geomechanical properties and

characteristics;
e Typical barricades used for retaining mine backfill;
e Analytical solutions for stress estimation in backfilled stopes and on barricades;
e Analytical methods to assess the stability of cemented fill with vertical exposure;
¢ Numerical simulations for evaluating the stress state and stability of backfilled stopes;
e Experimental tests for assessing backfill stress in stopes and barricade drifts.

Chapters 3 to 6 are presented in the form of manuscripts which have been published or submitted

to peer-reviewed journals.

Chapter 3 (Article 1) presents 3D analytical solutions for describing the evolution of the water
table and pore water pressures (transient seepage) in stopes with submerged hydraulic fill. This
corresponds to the condition when a pond is generated on the backfill surface by the self-weight
consolidation of the fill particles. The proposed solutions are verified using numerical
simulations by modelling the transient seepage as the water table drops in the stope. The main
influencing factors on the evolution of the water table and pore water pressures are evaluated and

compared for the two approaches.

Chapter 4 (Article 2) presents the development of a more complete 3D analytical solution for
sizing trapezoidal barricades made of waste rock to retain cemented paste backfill, considering
both global and local stability. The failure mechanism and an explicit instability criterion of the
waste rock barricade are identified from numerical simulations conducted with interface

elements. The proposed solutions are then calibrated and validated using numerical results for



representative geometrical and mechanical properties of barricades. In this paper, the internal
friction angle ¢’ and Poisson’s ratio v of waste rock are taken as independent parameters, as is
commonly assumed in numerical analyses. Sample calculations are also presented to illustrate the

application of this solution.

Chapter 5 (Article 3) presents the development of a new analytical solution for assessing the
stability of mine backfill with a vertical exposure, based on a new failure mode observed from
numerical simulations and existing experimental tests. An explicit instability criterion for side-
exposed backfill is introduced based on numerical results. The validation of the new solution
using numerical models is then illustrated for different stope geometries and backfill properties.
For numerical simulations presented here, the internal friction angle ¢’ and Poisson’s ratio v of
backfill are related using the correlation proposed in Appendix A, based on the consideration of a

unique and consistent value of Ko.

Chapter 6 (Article 4) contains the main numerical results for evaluating the earth pressure
coefficient K and principal stress ratio Kys near the center and walls of openings backfilled with
granular (no cohesion) fills. The simulations are conducted with both independent and related
values of internal friction angle ¢’ and Poisson’s ratio v of the backfill. The effect of various
mechanical and geometric characteristics on the stress ratios (K and Kps) is evaluated. The
backfill stress state is assessed with the principal stress ratio Ky based on the Mohr-Coulomb
criterion. The interface elements are also used to assess the effect of fill-wall contacts and its

properties on the stress state of backfill.

Chapter 7 provides a summary and general discussion on the main results of the research. The
procedure and validation of numerical modelling are also discussed. Conclusions and

recommendations for further studies can be found in Chapter 8.

This thesis also includes an extensive References list and Appendices that present the validation
of SEEP/W, FLAC and FLAC® and complementary results on various aspects of this research.

Besides, the Appendix includes additional results (Appendix A) that proposes a relationship
between the internal friction angle ¢’ and Poisson’s ratio v (at small strains) for granular
materials, based on the two basic approaches for defining the earth pressure coefficient at-rest K.
This correlation is tested using a number of conventional triaxial compression tests results taken

from the literature on granular materials.



CHAPTER 2 LITERATURE REVIEW

This chapter first reviews the major underground mining methods where backfills are commonly
used for various engineering purposes. Typical mine backfills, i.e., rockfill, hydraulic fill and
paste fill, are then reviewed with respect to their typical physical, hydraulic and mechanical
properties. A review of typical barricades used for retaining backfill in place is also presented.
This chapter then presents the state of knowledge on the stress state in backfilled stopes and drifts,
and the stability design of the barricade and cemented backfill with vertical exposure.

2.1 Mining with backfill

In order to convert a mineral resource to a probable or proven reserve, a preliminary feasibility
study needs to be undertaken, which includes selecting mining methods. In practice, the selection
of a mining method is largely based on the characteristics of the deposit and rock mass. In some

mines, more than one method is used synergistically.

Mining methods are basically divided into surface mining methods (e.g., open-pit mining, strip
mining) and underground mining methods (Hartman & Britton 1992; Darling 2011). The latter
can include self-supported methods (room-and-pillar mining, sublevel stoping, shrinkage stoping,
vertical crater retreat), artificially supported methods (cut-and-fill mining), and caving method
(longwall mining, sublevel caving and block caving). Details on these mining methods can be
found in the SME Mining Engineering Handbook (Hartman & Britton 1992; Darling 2011).

A number of variants have been created based on basic mining methods to account for the
uniqueness of each mineral deposit (Hamrin 2001; Hustrulid & Bullock 2001). This subsection is
aimed at summarizing briefly the characteristics of the major mining methods in which backfill
can be employed. Emphasis is given here to the type of backfill that can be used and its functions,
filling sequences, infrastructures associated with filling, and aspects to consider in backfill

design.

2.1.1 Self-supported methods

In self-supported (or naturally supported) methods, ore (or waste rock) pillars are left (and
definitely lost for most cases) to stabilize rock walls. These usually apply to low-grade deposits

where the increase in ore recovery does not justify the cost of backfill (Potvin et al. 2005).



However, backfill is sometimes used to recover the pillars or secondary stopes following the
extraction of the rooms and primary stopes. Such secondary recovery can be classified as
artificially supported method due to the use of backfill. Here, the application of backfill in such

combined method is included under self-supported method.
2.1.1.1 Room-and-pillar mining

In room-and-pillar (R&P) mining, pillars are left to support the hanging wall and back (roof) as
rooms (horizontal openings) are extracted (Bullock 2011). This method is used in subhorizontal

mineral deposits with uniform and limited thickness (Hamrin 2001).

In some cases, ore pillars need to be recovered which involves placing cemented or uncemented
fill among pillars up to the back of a room. The backfill provides ground support and helps
control the back-floor convergence (e.g., Hunt 1988; Roberts et al. 1998; Lane et al. 2001;
Tesarik et al. 2009). The filling usually starts from the perimeter pillars towards the center of the
filled area. Barricades (or fill fences) are built between perimeter pillars to retain the fill. The
associated concerns are the barricade stability and the minimum required fill strength for self-

standing during the extraction of ore pillars.
2.1.1.2 Sublevel stoping

Sublevel stoping is used in more than 60% underground mines in North America (Pakalnis &
Hughes 2011). It can be applied with competent rock mass and steep (from 50° to 90°) ore
bodies. The most commonly used sublevel stoping methods include blasthole stoping, long-hole

stoping, shrinkage stoping and vertical crater retreat.

In blasthole stoping, multiple drilling levels (sublevels) are created between main levels. Holes
(20-30 m in length) are drilled by top-hammer drills in the sublevel drifts. The blasted ore is
mucked from the drawpoints at the stope base (Hamrin 2001; Darling 2011). The long-hole
stoping can be regarded as a large-scale variation of blasthole stoping. The longer (up to about
100 m), greater and straighter holes are drilled by in-the-hole (ITH) technique (Hamrin 2001).

The multiple drilling levels are thus eliminated.

In shrinkage stoping, the ore is removed upwards with horizontal slices from the stope base.
About 35% of blasted ore is first drawn off while the remnant blasted ore provides working floor

and support of rock walls for further extraction (temporarily fulfilling some roles of backfill).
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When the blasted ore is totally drawn out, the stope may be filled (mostly with waste rock from

development) or left open.

Vertical crater retreat (VCR) is a patented mining method developed by INCO and CIL Inc. VCR
first involves an undercut to create a horizontal slot. ITH holes are drilled from an upper level to
the slot. The ore is then blasted upwards in slices. Only a portion of the blasted ore is mucked at
drawpoints; VCR can thus be regarded as a form of shrinkage stoping. Vertical block mining
(VBM) can be regarded as a variant of VCR. With VBM, the extraction is usually performed in
larger slices (e.g., three or four; Emad et al. 2014, 2015a). Each slice is blasted and mucked out
prior to blasting the next lift.

Backfill can be applied in sublevel stoping and its variants. For blasthole stoping, long-hole
stoping and shrinkage stoping, backfill can be used to increase ground stability and/or to recover
ore pillars. If pillar recovery is unnecessary, stopes can be filled with uncemented fill. It is then
possible to increase the ore recovery by reducing the size of pillars. When pillars must be
recovered (as is the case of VCR), it is customary to divide the stopes into primary and secondary
stopes. The former are filled with cemented backfill (i.e., cemented rock, hydraulic or paste fill)
to form man-made rib pillars, while the latter are filled with either uncemented or low cement
content backfill or a mix of uncemented (upper part) and cemented (lower part) fill (Fig. 2-1).
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Figure 2-1: Illustration of open stope mining showing the backfilling of primary and secondary
stopes (taken from Atlas Copco 2014)
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Backfilling may proceed in a checkerboard pattern following the mining sequence. The design of
backfill strength is largely dependent on the later extraction, number of exposed faces, stope
geometry and stability of rock mass. The cemented fill is required to be self-standing upon
excavation of an adjacent secondary stope. A critical issue is how to estimate the minimum
required strength of the exposed (unsupported) cemented fill. Current backfill design is mostly
based on an analytical solution proposed by Mitchell et al. (1982). Several updates have been
made by Zou & Nadarajah (2006), Dirige et al. (2009), Li & Aubertin (2012, 2014), and Li
(20144, 2014b).

Another critical concern is how to design the barricade, built in the drift near the drawpoint, to
retain backfill during and after filling. Different types and sizes of barricades can be used based
on the backfill type, filling sequence, rising rate, required strength, drainage capacity, and
materials available (e.g., Mitchell et al. 1975; Soderberg & Busch 1985; Beer 1986; Kuganathan
2001, 2002a, 2002b; Revell & Sainsbury 2007b; Li & Aubertin 2009c, 2009d, 2011; Li 2013;
Yang et al. 2014, 2016a; Rajeev & Sivakugan 2016).

These solutions (analytical and numerical) for assessing the stability of exposed cemented fill and

barricade design will be reviewed in Sections 2.4 and 2.5.

2.1.2 Artificially supported methods

In artificially supported methods, the backfill (often combined with pillars) is used to control
rock wall stability and mine near-field displacements (Brady & Brown 2004). In most cases,
artificially supported mining designates cut-and-fill mining. Strictly, a cut-and-fill mining means
a cut followed by immediately filling (Hartman & Britton 1992; Darling 2011). However, rooms
or stopes in self-supported method are filled only after the entire stope is extracted; the backfill
used is thus called “delayed backfill” (Stephan 2011).

2.1.2.1 Cut-and-fill mining

When the rock mass and ore conditions do not permit the creation of large stopes, mined-out
voids have to be filled concurrently with extraction. Cut-and-fill (C&F) mining is designed for
such conditions. During extraction, voids are usually filled with cemented or uncemented fill
once a slice of ore is mined out. The fills serve as a working floor or roof for further extraction

and also stabilize the rock mass. In the former case, the fill strength should be designed to
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support machine operation and to minimize ore dilution (Belem & Benzaazoua 2008; Stephan
2011). The use of hydraulic fill and paste fill requires more management (e.g., constructing
barricades) at multiple points of drainage. Two main variations of C&F mining are first described
based on the rock mass conditions and extraction sequence. Other variations, such as drift-and-fill

mining, Avoca mining and postpillar mining, are presented with more details in Yang (2015).

Overhand C&F method (Fig. 2-2a) is used when the condition of ore bodies is fairly good.
Usually, uncemented fill (e.g., hydraulic or rock fill) provides a working floor (platform) for the
bottom-up ore extraction. A top layer of cemented fill is often used to facilitate the machine
operation. In some cases, several extractions are operated simultaneously at different locations. A
horizontal sill (or crown) pillar is used to separate extractions in two adjacent levels. To recover
the sill pillar, it is necessary to construct an overlying sill mat that is usually made of cemented
fill (reinforced with steel bar or not; Bullock & Hustrulid 2001). Such sill mat is critical to the
global stability of stope once the sill pillar is removed (e.g., Mitchell 1991; Oulbacha 2014; Sobhi
& Li 2015).

(b)
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Figure 2-2: Schematic layout for (a) overhand and (b) underhand C&F (side view along the
strike) mining (taken from Atlas Copco 2014)

Underhand C&F method may be used when the quality of rock mass and orebody is poor. This
method involves a top-down excavation and filling sequence. A sill mat is required at the stope
base, while the upper portion is filled with uncemented fill or left unfilled (Fig. 2-2b). Another
option is to fill the whole stope with cemented backfill (similar to a thick sill mat). With both

options, the sill mat serves as a working roof for miners when excavating the underlying stopes.
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2.1.2.2 Other variations of cut-and-fill mining

There are several other variations of cut-and-fill mining methods, such as the drift-and-fill mining
method (Fig. 2-3a), Avoca mining method (Fig. 2-3b), and postpillar mining method (Fig. 2-3c).
In general, cemented or/and uncemented backfill can be used for overhand mining, while

cemented backfill must be used for underhand mining if sill pillars are recovered.
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Figure 2-3: Variations of cut-and-fill mining methods: (a) drift-and-fill mining; (b) Avoca
mining; (c) postpillar mining (a and c are taken from Atlas Copco 2014; b is taken from Bullock
& Hustrulid 2001)
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2.1.3 Caving methods

Caving mining methods include sublevel caving, block caving and longwall mining method
(Hartman & Britton 1992; Darling 2011). Backfill can be used in the last one but rarely used in
the first two ones. The longwall mining is commonly used for tabular and horizontal mineral
deposits (e.g., coal seam, potash and trona). During ore extraction, the working area is protected

by a hydraulic shield that moves in the direction of extraction.

Usually, the hanging wall behind the working area is allowed to cave to fill the mined-out voids.
These voids should be filled when the subsidence is prohibited (e.g., extraction under
infrastructures). Backfill is placed or injected into cavity zones behind shields to stabilize the
hanging wall and rock mass in some Polish coal mines (Palarski 1994, 2014). Similar
mechanized mining technique with backfilling system has been applied in many Chinese coal
mines (e.g., Zhang et al. 2012, 2016).

2.1.4 Remarks

The major underground mining methods employing backfill have been briefly reviewed. A
variety of mining backfill can be used to satisfy various mining requirements. First of all, it is
seen that the selection (types and mechanical properties) of backfill is determined by its functions
and engineering goals that are, in turn, largely dependent on the adopted mining methods.
Furthermore, the application of backfill can vary from mine to mine even with the same mining
method. In all cases, it will be seen in the next section (Section 2.2) that mine backfilling is a
complex and integrated process, including fill preparation, transportation, placement, water
management, exposures and barricade design. Each individual part deserves carefully engineered
design to ensure a successful mining operation. This requires a comprehensive understanding of
the geomechanical behavior of the backfill placed in stopes and its interaction with the confining

structures (rock walls and barricades).

2.2 Types of mine backfills

The history of backfilling underground mined-out voids probably dates back to the beginning of
mining several centuries ago (Potvin et al. 2005). In recent decades, the practice of mine filling

has increased significantly worldwide. In general, mine backfill plays the role of ensuring
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stability of regional ground around stopes, increasing ore recovery and minimizing ore dilution
(Peele 1941; Thomas 1979; Singh & Hedley 1980; Hassani & Archibald 1998; Jung & Biswas
2002; Potvin et al. 2005; Hambley 2011). The surface disposal of mine wastes (i.e., waste rock
and tailings) can be reduced by backfilling, which can help prevent the production of acid mine
drainage (Aubertin et al. 2002, 2011, 2016; Bussiére 2007; Benzaazoua et al. 2008).

A variety of mining backfills have been developed to meet various engineering goals for different
mining methods. In general, the most commonly used types of mine backfills can be divided into
rockfill, hydraulic fill and paste fill. In this subsection, typical mine backfills are briefly reviewed
in terms of typical physical, hydraulic and mechanical properties. Note that the geochemical and
microstructural properties of mine backfills (particularly for paste backfill) are not discussed here

as they are considered beyond the scope of this work.

2.2.1 Rockfill

Waste rock from mining development or surface quarry has been used to fill underground stopes
for a quite long time (e.g., Yu 1989; Dismuke & Diment 1996; Farsangi 1996; Kuganathan 2005a;
Potvin et al. 2005; Hambley 2011; Liston 2014; Sainsbury & Sainsbury 2014; Emad et al. 2015a,
2015b). Rockfill (RF) usually refers to waste rock transported and placed in underground stopes.
Depending on its applications, RF can be modified by optimizing grain size (such as crushing or
adding fine-grained materials) and/or by adding binders (Hassani & Archibald 1998; Kuganathan
2005a).

Rockfill is generally utilized to ensure ground stability by means of passive support at the rock
walls. RF has a limited ground support capability and a negligible self-standing height in the
absence of binder (Hassani & Archibald 1998). Therefore, RF is usually used when side and base

exposures are not required. It may be used as a working floor (top exposure) in some cases.

Cemented (or Consolidated) Rockfill (CRF), with a range between 1-8% (solid weight) binders,
is capable of assuring not only ground stability but also active support when exposed during
extraction of adjacent stopes (Hassani & Archibald 1998; Liston 2014; Emad et al. 2015a). The
binder usually consists of Portland cement, slag and fly ash. The application of CRF at Kidd
Creek mine and Meikle mine in Canada is presented in Emad et al. (2015a).
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2.2.1.1 Physical properties of rockfill

Fig. 2-4 shows the in-situ rockfill material at Ballarat Gold mine (Fig. 2-4a) and emplaced
rockfill at Louvicourt mine (Fig. 2-4b). The hydraulic and mechanical behavior of a rockfill is

basically dependent on its physical properties.

04 09 F002 /SR

Figure 2-4: In-situ rockfill material (a) at Ballarat Gold mine (Sainsbury & Sainsbury 2014) and
(b) at Louvicourt mine (Belem et al. 2013)

The typical angle of repose for RF (waste rock) is close to 37° (x 3°), which may vary with

physical characteristics of the waste rock (Farsangi 1996; Aubertin 2013).

The typical particle size used for RF can range from 1 to 100 mm. It should be optimized (graded
or modified) to minimize void ratio and maximize in-situ density. Adding binder and fine-grained
materials is aimed at increasing the fill strength which can be associated with reduced final void
ratio (or porosity). For a given type of rockfill, the fill strength is inversely related with the void
ratio (Li & Aubertin 2003).

In concrete industry, it has been empirically found that the most appropriate particle size
distribution can be obtained by Talbot grading, which gave the maximum in-situ density. The
Talbot grading has been adopted to design the optimal particle size distribution for RF
(Kuganathan 2005a). The particle size distribution of different sources of rockfill as well as
Talbot grading (with dmax = 150 mm) are shown in Fig. 2-5. It is observed that the rock material
from quarry may need crushing for CRF production while that from mine development usually
has good grading (Kuganathan 2005a). The particle size distribution varies from one operation to

another and its optimization remains challenging.
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Figure 2-5: Particle size distribution of different sources of rockfill compared with Talbot grading
(Potvin et al. 2005)

As RF is placed into a stope by trucks or raises, the different ejection velocity, motion trajectory
and settling effects between coarse and fine aggregates produce a fill with different layers
(varying from coarse aggregates to fine particles). This is a well-known phenomenon in RF
filling operation, called “segregation” (Hassani & Archibald 1998). The degree of segregation
depends on the filling method, raise dip and length, aggregate size, stope geometry and free fall
height (Yu 1989; Farsangi 1996; Annor 1999). Farsangi (1996) concluded that the key for
producing a properly engineered CRF is to minimize the segregation during placement, based on
in-situ observations and physical model tests at the Kidd Creek mine. The segregation is also

observed in waste rock piles.
2.2.1.2 Mechanical properties of rockfill

RF is cohesionless material. A higher relative density resulting from denser compacting usually
causes a higher friction angle. Depending on the relative density, the friction angle of
(uncemented) rockfill material may range from 35° to 55° (Kuganathan 2005a). Large-scale tests
on waste rock showed that the internal friction angle is in the range of 21° to 62°, with typical

values varying between 34° and 45° (Aubertin 2013).

Backfill elastic modulus usually increases with the binder content, as reported by the test results
from Pierce et al. (1998). In-situ and laboratory tests done by Yu & Counter (1983) showed that
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the elastic modulus of CRF varies from 2.0 to 3.8 GPa. Usually, CRF’s elastic modulus is much
greater than cemented hydraulic fill and paste fill (Zhu 2002).

Unconfined compressive strength (UCS) tests are the most popular and simple tests to measure
the strength of various fills. In general, UCS of RF is close to zero because it is cohesionless
material. The UCS of CRF can be much larger by adding binders and fine-grained materials. The
in-situ UCS of CRF can go from less than 1MPa to greater than 10 MPa (Hedley 1995; Annor
1999). Laboratory data have shown that the strength of a backfill material is directly proportional
to binder content and inversely proportional to porosity (Hedley 1995; Annor 1999). Fig. 2-6
shows some typical unconfined compressive stress-strain curves of CRF with 5% cement (solids
weight) performed on specimen from the Ballarat mine in Australia (Sainsbury & Sainsbury
2014). Tests were conducted on 152 mm diameter specimens with height to diameter ratios of
1:1. The axial stress increases somewhat linearly as the strain increases until the peak. At the
post-peak stage, the axial stress rapidly decreases with the increase in strain.
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Figure 2-6: Unconfined compressive stress-strain curves of CRF with 5% cement; samples from
the Ballarat mine in Australia (Sainsbury & Sainsbury 2014)
2.2.1.3 Hydraulic properties of rockfill

The hydraulic conductivity (also known as coefficient of permeability) represents the average

velocity when water flows through the fill mass under constant hydraulic gradient (Potvin et al.
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2005). It is affected by particle size distribution, particle shape, void ratio, and so on. It is noted
that the hydraulic conductivity mentioned in this work refers to the saturated hydraulic

conductivity.

The hydraulic conductivity obtained from infiltration tests on the waste rock pile at Tio mine
ranges from 4x10° to 3x10° m/s (Lessard 2011). The laboratory column tests conducted by
Peregoedova (2012) showed that the hydraulic conductivity of waste rock varies around 10 m/s.
Laboratory and field tests on waste rocks shows that the hydraulic conductivity is usually above
10 m/s (Aubertin 2013). Since the uncemented rockfill is very similar to waste rock pile, it is

reasonably considered that their hydraulic conductivity is in the same range.

2.2.2 Hydraulic fill

Hydraulic fill (HF) has initially been used in some coal mines in US since 1884 (Peele 1941). Its
application has quickly spread to different mines around the world (Rahilly 1923; Potvin et al.
2005; Hambley 2011).

HF is defined as low solids content (normally from P = 60% to 75%) slurry, consisting of
classified mill tailings and/or natural sand, transported through boreholes and pipelines to
underground stopes (Hassani & Archibald 1998; Potvin et al. 2005). HF is typically prepared at
solids content around 70% for conventional transportation of settling slurries (Hassani &
Archibald 1998; Grice 2001). Due to the hydraulic delivery, it contains a substantial amount of
water that drains after placement. Fig. 2-7 shows a schematic diagram of a hydraulic fill stope

and a typical stope under filling.

Stope (a)

Porous barricade

Hydraulic
fill

l,)/r;fl
Figure 2-7: (a) Schematic diagram of a hydraulic fill stope with water ponding and a porous
barricade (Yang & Li 2016); (b) a stope under filling with CHF (Thompson et al. 2014a)
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Based on the source of the fill materials, HF is divided into tailings fill and sandfill. The former
uses classified mill tailings, indicating that part of fines have been removed (usually by
hydrocyclone) to avoid inadequate drainage, while the latter utilizes sand from natural deposits.
In HF, particle size < 10 um is considered to be the fine fraction. In some cases, two materials are
combined. The filtration and dewatering system of HF are detailed in Hassani & Archibald (1998)
and Grice (2005).

2.2.2.1 Physical properties of hydraulic fill

For hydraulic fills at 25 Australian mines, Rankine (2005) reported that particles in HF have a
relative density ranging from 2.8 to 4.5; the settled fills have a porosity n of 0.37 to 0.48, void
ratio e of 0.58 to 0.93 and density index Ip of between 50% and 80%.

Normally, the particle size of HF ranges from 1 to 1000 um (with an average around 100 pum).
Fig. 2-8a shows the particle size distributions of full tailing samples of hard rock from nine
Canadian mines. These samples were taken at the mill before deposition in the tailings
impoundment (Bussiere 2007). Fig. 2-8b shows particle size distributions of typical copper
tailings (curve A), cyclone underflow (HF, curve B) and cyclone overflow (fines). The
uniformity coefficient Cy defined by the ratio Dgo/D1o can be used to describe the spread of the
particle size distribution of HF. The Cy value of full tailing samples can range from 8 to 18 or so
(Bussiere 2007). For HF, Cy normally varies between 5 and 10 (Kuganathan 2005b), indicating a

relatively narrow spread.

The content of fine particles is critical for HF and should be limited to ensure sufficient hydraulic
conductivity. For instance, Hassani & Archibald (1998) stated that the content of fines (< 10 pum)
should normally be less than 20% by weight, while Grice (2001, 2005) stated that fines should be
less than 10% by weight. However, it is noted that these limit values may need to be adjusted
when applied and should always be used with engineering judgment. In practice, due to the
diversity of tailings, infiltration tests on actual fill materials are suggested to determine the mine-

specific sizing criteria.

Similar to RF, segregation can occur within HF. Fine particles (including binders) may be driven
by the water flow and concentrate in layers, which results in a heterogeneous (anisotropy) mass
with strength zoning (Ouellet et al. 1995; Belem et al. 2013; Martic et al. (2014). The low

strength layers can become weak and sliding planes if oriented unfavorable or exposed.
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Figure 2-8: Particle size distribution of (a) full tailings sampled at the mill from nine Canadian
hard rock mines (Bussiére 2007), and (b) full copper tailings, underflow (HF) and overflow (fines)
(Potvin et al. 2005)

2.2.2.2 Hydraulic properties of hydraulic fill

The in-situ hydraulic conductivity of uncemented HF usually ranges from 10 to 10° m/s (Grice
2001). Rankine (2005) reported that the hydraulic conductivity of Australian hydraulic fills
typically ranges from 2.78 x10° to 8.33 x10°® m/s.

Before filling, it is necessary to conduct laboratory tests to directly measure the hydraulic
conductivity of HF. The constant head infiltration test is widely used to measure the hydraulic
conductivity for coarse-grained materials such as HF. The falling head infiltration test is also
used for fills with relatively low permeability (Rankine 2005). Alternatively, the hydraulic
conductivity of HF can be predicted indirectly from grain size curves by some simple functions
based on the well-known Kozeny-Carman equation for granular materials (Aubertin et al. 1996;
Mbonimpa et al. 2002; Chapuis & Aubertin 2003). These functions have been used with success
for uncemented hydraulic fill or cemented hydraulic fill before the cement hydration starts.
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For HF that usually has a high hydraulic conductivity and behaves mostly as sandy material, the
dissipation of excess PWPs (associated with self-weight consolidation) is achieved rapidly
(during and after filling). A substantial amount of free water then drains out (bleeds) from the
barricade. When the drainage through the barricade is not as efficient as that within the fill, a
commonly observed phenomenon is the formation of pond (Fig. 2-7a) on the fill top. The water
ponding could induce higher PWP and thus endanger the barricade stability (Soderberg & Busch
1985; Yang & Li 2016).

2.2.2.3 Mechanical properties of hydraulic fill

The friction angle of uncemented HF is typically in the range of 35° to 37° and of several
cemented hydraulic fills (CHF) varies from about 30° to 48° (Askew et al. 1978; Bloss 1992).

The cohesion of CHF is closely related to the binder type, binder content and curing time. Askew
et al. (1978) reported that the cohesion of CHF can climb from 0.1 MPa to 1.5 MPa as the cement
content increases from 3 to 17% for 112 days’ curing time.

For CHF, Leahy & Cowling (1978) reported a value of 150 MPa for elastic modulus. As shown
in Fig. 2-9, the UCS of CHF is positively related to the cement content based on the testing
results for several mines in Canada and Australia (Hambley 2011). The mechanical properties of
CHF are also largely influenced by segregation, erosion piping, arching effect, etc. The
mechanism of erosion piping is reported in Cowling et al. (1988), Grice (1989), Bloss & Chen
(1998) and Potvin et al. (2005).
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Figure 2-9: UCS of CHF as a function of cement content for several mines in Canada and
Australia (Hambley 2011)
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2.2.3 Cemented paste backfill

As the tailings become progressively finer due to the improved recovery in mill processing, the
disposal of such finer tailings in the form of hydraulic fill is quite limited (Potvin et al. 2005).
Cemented paste backfill (CPB) was then developed to solve this problem by using the full
tailings as mining backfill (Potvin et al. 2005).

Since the initial use at the Grund mine in Germany in the 1980’s, the use of CPB has quickly
increased and evolved all over the world. CPB is a high density mixture (75% to 85% solids
content) of tailings, binders and water (Hassani & Archibald 1998). The binder can be cement,
slag, fly ash, gypsum and so on. For CPB, the particles having size less than 20 um are usually
regarded as fines. There should be a sufficient amount of fines in the fill to produce viscous paste

behavior, as shown in Fig. 2-10.

Figure 2-10: Images of (a) lava-like flow of CPB entering a stope (Belem et al. 2013) and (b) a
stope under filling with CPB (photo taken at the Goldex mine of Agnico Eagle Mines)

2.2.3.1 Physical properties of CPB

Fig. 2-8a shows the particle size distributions of full tailing samples of hard rock from nine
Canadian mines. These samples were taken at the mill before deposition in the tailings
impoundment (Bussiére 2007). Compared with HF, CPB has a larger uniformity coefficient Cy
ranging from 10 to over 20 in some cases due to the use of full tailings (Kuganathan 2005b),

which indicates a wider spread and well graded material.
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As the content of fines increases, the inter-particle forces dominate in the fill and thereby
increasing the viscosity (Potvin et al. 2005). As a rule of thumb, the amount of fines (< 20 um) in
CPB should be not less than 15%, by weight (Brackebusch 1994; Potvin et al. 2005). Aref et al.
(1992) stated 15% (by weight) fines of minus 45 um. However, it is again noted that these

empirical statements should be used with engineering judgment.

Initially used to measure the workability of concrete, the slump test has been adapted to monitor
the paste consistency in the mining industry (Clayton et al. 2003). It is generally believed that the
slump of CPB should be less than 230 mm to behave as a non-Newtonian fluid (Potvin et al.
2005). Empirical correlations have been established between slump and yield stress to quickly

assess the rheological properties of CPB.
2.2.3.2 Rheological properties of CPB

The transportation of CPB is mainly controlled by its rheological properties. Unlike HF, CPB is
classified as a Bingham plastic fluid (similar to fresh concrete; Boger 2002; Potvin et al. 2005;
Cooke 2006). For such type of fluid, when an applied shear stress is smaller than its yield shear
stress, it has an elastic behavior and the deformation is reversible. Once the applied shear stress
exceeds the yield shear stress, the CPB starts to flow as a viscous material with constant (or

variable) viscosity.

The yield shear stress is defined as the minimum shear stress to overcome before the fluid is fully
mobilized. It is a key parameter for CPB and tailings transportation design. Generally, the yield
shear stress of CPB is sensitive to the solids content, water content, content and type of binder,
stage of hydration and pore fluid chemistry (Sofra & Boger 2001; Simon & Grabinsky 2013). The
correlation between yield shear stress and solids content has been used to predict the pumping
energy requirements in pipeline transportation (Sofra & Boger 2001). For CPB, the most
commonly used methods for measuring rheological parameters are slump test (e.g., Pashias et al.
1996; Clayton et al. 2003; Boger et al. 2006) and vane tests (e.g., Simon & Grabinsky 2013).

Boger et al. (2006) and Cooke (2006, 2008) indicated that the measured yield stress 7, typically
ranges from 100 to 800 Pa. Tests performed by Saebimoghaddam (2005) and Simon &
Grabinsky (2013) indicated that the yield shear stress of CPB can reach up to 1100 Pa and 1250
Pa, respectively. The viscosity and shear yield stress increase exponentially as the water content

of CPB decreases.
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2.2.3.3 Hydraulic properties of CPB

Due to the presence of a large amount of fines, the hydraulic conductivity of full tailings in CPB
is much lower than that of classified tailings in HF. The hydraulic conductivity of homogenous
hard rock tailings and CPB typically ranges from 10 to 10 m/s (Aubertin et al. 1996; Bussiére
2007; Godbout et al. 2007; Fall et al. 2009).

The falling head infiltration test is usually adopted to directly measure the hydraulic conductivity
for materials such as CPB. Besides, the hydraulic conductivity of CPB can be indirectly
estimated from practical pedotransfer functions developed for cohesionless materials by
Mbonimpa et al. (2002) and Chapuis & Aubertin (2003). Based on the grain size curves, these
functions have been used with success for (cemented) paste backfill at early times (i.e., before the

cement hydration).

Laboratory tests results have shown that the hydraulic conductivity of CPB is largely affected by
many factors such as binder type/proportions, w/c ratio, tailings fineness, sulphate content, the
curing time and temperature, stress level and mechanical damage (Godbout et al. 2007; Fall et al.
2009). Larger binder contents and longer curing time can lead to greater reduction in hydraulic
conductivity (Belem et al. 2001; Fall et al. 2009). Godbout et al. (2007) and Fall et al. (2009)
reported that the largest decrease of the CPB’s hydraulic conductivity was observed at the early
ages of curing (0-7 days).

CPB has a very low hydraulic conductivity and behaves like a material between a silty and clayey
material. The drainage and consolidation process of CPB (comparable to that of clay) takes a
much longer time than that of HF. This is why one observes much less water bleeding in stopes
backfilled with CPB than with HF. In this case, the geostatic (isostatic) state of CPB can persist
at the early time (e.g., Thompson et al. 2012).

2.2.3.4 Mechanical properties of CPB

Similar to CHF, the mechanical properties of CPB are largely decided by the cement content.
Hedley (1995) reported that CPB can be very strong, depending on the binder composition, and is
capable of developing higher strength compared to CHF.

Fig. 2-11a shows that the UCS of CPB increases as the binder content increases for a given type

of binder. It is seen from Fig. 2-11b that the composition of paste mixture plays an important role
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on the mechanical properties of CPB (see also Klein & Simon 2006). Experimental data shown in
Fig. 2-11 indicate that the CPB shows an elasto-plastic with strain-softening behavior under

uniaxial compression (see also Klein & Simon 2006).
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Figure 2-11: Unconfined compressive stress-strain curves of CPB after 112 days of curing for
different (a) binder contents and (b) types of binder (Belem et al. 2000)

For CPB, Leahy & Cowling (1978) reported a value of 280 MPa for elastic modulus of CPB. The
in-situ tests performed by Barrett & Cowling (1980) showed the elastic modulus of 695 MPa.

The elastic modulus of backfill usually increases with the binder content (see Fig. 2-11a).

Laboratory tests conducted with hydration cells revealed that the stress conditions and curing
temperature significantly affect the mechanical behaviors of CPB (Helinski et al. 2007; Walske et
al. 2016). Walske et al. (2016) reported that the elevated curing temperature could better
represent the in-situ curing conditions in terms of the strength development of CPB. Their UCS
results showed that the CPB strength increases with the elevated curing temperature and effective

stress generation.
2.2.3.5 Rising rate

In practice, a rising rate of 0.2 to 0.4 m/h has been reported depending on the flowrate of the
backfill (into stope) and section area of the stope (Thompson et al. 2012). EI Mkadmi et al. (2011,

2014) revealed that there is a major influence of the rising rate on the stress state in the stope and
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on the pressures acting on barricades. They also indicated that rapid rising rates generate higher
PWP and produce larger stresses on the barricade, while slow rising rate, allowing dissipation of
excess PWP, leads to increased effective stress and development of arching effect. However,

slow rising rate is not favorable because longer waiting time is likely to induce more cost.

2.2.4 Remarks

This subsection recalls the typical physical, hydraulic and mechanical properties of mining
backfills. The main properties and behaviors of mining backfills are further summarized in Table
2-1.

Table 2-1: Summary of properties and behaviors of the typical backfills in mine stopes (adapted

from Hassani & Archibald 1998)

Properties
Placement State

Hydraulic Fill
60% to 75% solids (by
weight)

Paste Fill
75% to 85% solids (by
weight)

Rockfill
Dry

Underground Borehole/pipeline via Borehole/pipeline via Raise, mobile equipment,

Transport System gravity gravity, can be pumped separate cement system

Binder Application | Cemented or Cemented only Cemented or uncemented
uncemented

Water to Cement

High w/c ratio, low

Low to high wic ratio. Low

Low wi/c ratio, high binder

Ratio (wic) binder strength to high binder strength strength

Placement Rate 100 to 200 Tonne/hr 50 to 200 Tonne/hr 100 to 400 Tonne/hr

Segregation Slurry settlement and No segregation Stockpile and placement
segregation, low segregation, reduced strength
strength development and stiffness

Stiffness Low stiffness Low or high stiffness High stiffness if placed

correctly
| Tight Filling Cannot tight fill Easy to tight fill Difficult to tight fill

Binder Quantity

Requires large quantity
of binder

Usually lower quantity of
binder required

Moderate binder quantities

Barricades

Expensive

Inexpensive

Not necessary

Water Runoff

Excessive water runoff

Negligible water runoff

No water runoff

Capital Costs

Low capital costs

Higher than for hydraulic fill

Moderate capital costs

Operating Costs

Low distribution costs;
lowest cost for an
uncemented fill

Lowest cost for a cemented
fill

High operating costs

2.3 Barricades

Prior to filling, barricades (also called fill fences or bulkheads) are built in access drifts near
drawpoints to prevent in-rush of the initially saturated fills (hydraulic and paste fill), while
allowing the drainage of excess water. The barricade usually identifies low pressure and porous

structures while the bulkhead usually indicates high pressure and impervious structures (Grice
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1998a; Potvin et al. 2005). As drain pipes are commonly used in the impervious structures (i.e.,
bulkhead), these two terms are sometimes used interchangeably. In this thesis, barricade is used
to denote both of them. Usually, the hydraulic conductivity of the barricade should be larger than
that of fill to ensure good drainage; otherwise, drainage pipes are used to facilitate the drainage
(Potvin et al. 2005). The barricade can take the form of flat or arched with convex towards the
stope (Rankine 2005). Fig. 2-12 shows some typical barricades, which are usually made of

permeable brick, timber frame, concrete, shorcrete, fibrecrete, or waste rock.

Figure 2-12: Typical barricades made of: (a) arched permeable brick wall ; (b) timber; (c)
concrete; (d) shorcrete; (e) fibrecrete; (f) waste rock (a, b & e from Potvin et al. 2005; ¢ & d
from Grabinsky 2010; f from personal collection of Li Li)
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A number of barricade failures have been reported worldwide (Soderberg & Busch 1985; Bloss
& Chen 1998; Grice 1998a, 1998b, 2001; Helinski et al. 2006; Sivakugan et al. 2006a; Revell &
Sainsbury 2007a, 2007b; Yumlu & Guresci 2007; Hughes 2008;). Such failures can cause
catastrophic results, such as drift flooding, machinery damage and even human casualties. A
detailed review of barricade failures can be found in Hughes (2008). Inadequate drainage has
been regarded as the main reason for failure in cases of HF. Therefore, a good understanding of
the evolution of the PWPs and (total and effective) stresses within HF filled stopes is critical for
improving the design of barricades. Yang & Li (2016) have proposed analytical solutions to
describe the evolution of the water table and PWP within stopes with submerged HF. This will be

presented in Chapter 3.

Barricades are traditionally made of permeable brick walls allowing free drainage (Fig. 2-12a);
concrete (Fig. 2-12c) and reinforced shotcrete (Fig. 2-12d) with drain pipes (Sivakugan et al.
2006a; Yumlu & Guresci 2007; Hughes et al. 2010). Alternatively, barricades can be made by
waste rock for retaining CPB (Fig. 2-12f). Compared with more traditional methods, the waste
rock barricade (WRB) can be easier and faster to implement. It also reduces the surface disposal
of mine wastes. Based on Li & Aubertin (2011), Yang et al. (2016a) have proposed an improved
analytical solution for designing WRB used to retain CPB (presented in Chapter 4).

2.4 Analytical solutions for the design of backfilled stopes and barricades

Previous sections have shown that evaluating the stress state within backfilled stopes and on
barricade is a key issue for their design. This task can be achieved by means of analytical
solutions, numerical modelling and in-situ measurements. Each method has its advantages and

limitations.

Traditionally, analytical solutions are closed-form expressions that can be solved explicitly by
hand calculations. Some mathematical expressions that can be solved by spreadsheet software are
also considered as analytical solutions. Many expressions that contain differential or/and integral
equations cannot be solved without using numerical tools. But such expressions can be the base
of analytical equations. Compared to numerical simulations, analytical solutions are rapid and
low cost tools for engineers. Analytical solutions are useful for preliminary designs and the
validation of some numerical results. But it is noted that the analytical solutions are more suitable

for simple cases, since they are usually based on simplified assumptions with strong limitations.
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In the following, existing analytical solutions proposed for estimating the stress state in backfilled
stopes and on barricades are presented. Analytical solutions for designing the cemented backfill

with a vertical exposure are also presented.

2.4.1 Classical arching status in civil engineering

When a backfill is placed in a confining stiff structure, the backfill tends to settle down under its
weight while the confining walls tend to hold the backfill in place by shear resistance. This shear
resistance results in a load transfer from the backfill to the abutment. Consequently, the stresses
in the backfill are smaller than the overburden stresses. This phenomenon is known as aching
effect. It has been firstly analyzed by Janssen (1895) for estimating loads in silos. Marston (1930)
made use of the arching theory for calculating the load exercised by backfill on conduits buried in
trenches. In this subsection, the classical arching theory and the main assumptions are revisited.

The main general assumptions of arching solutions are summarized as follows:

e The limit equilibrium of a thin horizontal (or inclined or circular) fill element is used to

construct the differential equation;

e The backfill is assumed to be at a critical state along walls due to the use of limit equilibrium

with the Coulomb criterion;

e Itis assumed that there is a sufficient fill movement to mobilize the full shearing strength

along the walls;

e ltisassumed that vertical stresses distribute uniformly across the stope width and along the
drift height;

e The horizontal effective stress ¢, is related to the vertical effective stress ¢, through the

lateral earth pressure coefficient K, i.e., o’ = Ko'\;
e The earth pressure coefficient K is assumed to be constant within the backfill.
2.4.1.1 Arching solution of Janssen (1895)

Janssen (1895) proposed an arching theory to assess the stress state in silos containing
cohesionless fills (Jakobson 1958). The vertical effective stresses o', (kPa) within the fill in a

cylindrical silo can be expressed as (cited by Jakobson 1958):
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o, =—L_12 [1 —exp (—K tan5%z)] (2-1)

V" Ktand E
where § (°) is the friction angle of interface between particles and silo walls; U (m) and A (m?) are

the silo’s circumference and sectional area; y (kN/m®) is the unit weight of fills.

The value of coefficient K is assumed to be constant along the silo. Janssen (1895) did not
measure K but its value was calibrated to fit experiments (Pipatpongsa & Ohta 2009).

2.4.1.2 Arching solution of Marston (1930)

In geotechnical engineering, Marston (1930) was the pioneer to adopt the arching theory for
estimating the loads of cohesionless backfill on buried conduits in trenches (Fig. 2-13; see also
Handy 1985; McCarthy 1988).
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Figure 2-13: The differential element used in the theory of Marston & Anderson (1913; from
McCarthy 1988)

Experimental tests (Marston & Anderson 1913; Marston 1930) showed that the loads applied on
conduits in the trenches are lower than those calculated by the overburden of fills, due to arching
effect between fill and trench walls. Based on the simplified model shown in Fig. 2.13, Marston’s

solution is given by:

o, = _Bar [1 — exp (—Mh)] (2-2)

~ 2Kgtand By

where By (m) is the width of the trench; K, is the Rankine’s active earth pressure coefficient; o (°)
is the friction angle of fill-wall interfaces [between 1/3¢° and 2/3¢"; ¢’ (°) is the internal effective

friction angle of the fill].
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Marston (1930) suggested Rankine’s active earth pressure coefficient K, in the formulation, but
this may be true when the horizontal and vertical stresses are principle stresses (Ladanyi &
Hoyaux 1969; Handy 1985). Since there is friction between the fills and trench walls, the use of
Ka is not rigorous within the whole trench. Also, fill cohesion was not taken into account in

Marston’s approach.
2.4.1.3 Terzaghi (1943) solution

Terzaghi (1936a) conducted laboratory experiments to assess the well-known “trap door”
problem (Fig. 2-14a), and the arching theory in ideal soils was reported in Terzaghi (1943). To
simplify the problem, Terzaghi (1943) assumed vertical sliding surfaces (ae and bf in Fig. 2-14a)
in the sand instead of the true curved sliding surfaces (ac and bd in Fig. 2-14a). He also stated
that the results obtained with vertical sliding surfaces are fairly compatible with the experimental

data. Thus, the problem became similar as arching in silos and trenches as mentioned above.
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Figure 2-14: (a) Failure caused by the downward movement of the yielding strip (ab) at the base
of a sand layer; (b) Diagram illustrating assumptions on which computation of pressure in sand

between two vertical surfaces of sliding is based (Terzaghi 1943)

Based on the simplified model shown in Fig. 2-14b, Terzaghi (1943) gave the following

expression:
By—c —-Ktan¢'Z —Ktang'Z
OJU - K tan ¢’ (1 € i B) tqe " (2-3)

where ¢ (kPa) is the fill cohesion; the value of & is taken as that of ¢’; q (kPa) is the surface

surcharge; z (m) is the depth from the top surface; B (m) is half the width of the opening.
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Terzaghi (1943) assumed K as an empirical constant in the soil. Experimental tests performed by
Terzaghi (1936b) have indicated that the K value increases from about 1 immediately above the
centerline of the yielding strip up to a peak value (= 1.5) at an elevation of about 2B above the
centerline. Although originating from the cohesionless sand, Terzaghi (1943) included the effect
of cohesion into his formulations without any explanation. He also stated that the assumption of
uniform distribution of vertical stress on horizontal planes can be used for a rough estimate

without significant errors.

2.4.2 Stress estimate in backfilled stopes

In mining engineering, traditionally, the vertical (o, = h) and horizontal effective stresses (o’ =
Ko’,) at any depth h (m) in the backfill are commonly based on the overburden method. In
general, the overburden method would lead to an over-conservative design for narrow vertical
mine fill stopes where arching effect is well developed. However, the overburden method is
applicable to wide vertical stopes with smooth walls where the arching effect could be neglected.

In addition, the arching effect may disappear due to blasting, but this aspect hasn’t been checked.

Alternatively, the convergence-confinement method utilizes the ground response curves (Fig. 136
in Hoek & Brown 1980) to develop the force-displacement relationships between backfill and
rock mass convergence (cited by Aubertin et al. 2003). This method considers the pressure
increase within backfill due to wall convergence, in the case of backfill progressively placed
during excavation (e.g., C&F mining). But the arching effect along the rock walls is neglected
(e.g., Aubertin et al. 2003; James et al. 2004).

As the arching effect results in a significant stress reduction in narrow backfilled stopes, both the
overburden method and convergence-confinement method could be overly conservative. In the
past few decades, the arching effect in backfilled mine stopes has been intensively studied. In the
following, the analytical solutions and their extensions based on classic arching theories will be

presented.
2.4.2.1 Arching solutions for backfill placed in stopes

Askew et al. (1978)

Askew et al. (1978) applied Terzaghi’s arching solution to minefill stope as follows:
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1 _ By—c __-Ktang'Z -
Tv = K tan ¢’ (1 € B) (2 4)

where ¢; (kPa) is the cohesion of fill-wall interface (not necessarily the fill cohesion).

The intent of Askew et al. (1978) was to develop a procedure for calculating the required
cohesion of side-exposed backfill. Eq. 2-4 was used arbitrarily to estimate the backfill stress after
exposure. They reported that the value of K may vary from point to point due to stress state,

anisotropic fill properties and segregation.

Aubertin and co-workers

Aubertin (1999) and Aubertin et al. (2003) modified the Marston solution to assess the stress
state in narrow vertical mine stopes backfilled with cohesionless fills. The vertical stress in

backfilled stopes can be expressed as:

o' By [1 — exp (_ 2Ktand h)] (2_5)

V7 2Ktané B

where 6 (= 07; °) is the effective friction angle of the fill-wall interface.

The angle ¢ is taken as the effective friction angle of the backfill ¢' (e.g., Terzaghi 1943). This is
based on the assumption that the failure (yielding) occurs in the fill because the irregular rock
surface due to blasting is usually rough and stronger than fill. Depending on the relative
movement of stope walls and backfill, the active, passive or at-rest pressure coefficients may be
used for K.

2.4.2.2 Extension to 3D stopes

The above-mentioned analytical solutions all deal with 2D (plane strain) conditions with two
long identical side walls. This may be a good approximation when the structure has a dimension
that is much larger than the other two. However, such solutions may be incomplete when the
backfilled opening has a limited length or when the walls have different characteristics (Li et al.
2005).

Winch (1999) solution

Winch (1999) extended the Terzaghi solution to investigate the stress distribution in a three-
dimensional backfilled stope (rectangular prism). The vertical effective stress ¢ ',r (kPa) at depth

h (m) in the fill mass is given by:



35

BLy
———2c 2R(B+L) ’ 2R(B+L) '
1 _ R(L+B) ————=Ktan ¢ ' (h—hg) ’ - K tan ¢’ (h—hg)
= — BL BL -
T vr 2K tan ¢’ € + 0 pe (2-6)

where L = stope length (m); hy = height of fill (equivalent to a surcharge) at which arching starts
to develop (m); o'y = vertical normal stress (kPa) at h = hy; R = the proportion of active wall
length, as the ratio of active length to total wall length of the stope.

Li et al. (2005) solution

Based on the Marston solution, Li et al. (2005) developed a general 3D solution for estimating
earth pressures in vertical narrow backfilled openings with walls having different interface
properties (Fig. 2-15). The cohesion of the backfill and fill-wall interface can be taken into
account. This general 3D solution can be used to evaluate the stress distribution in backfilled

mine stopes and is given by:
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Figure 2-15: A vertical backfilled opening with acting forces on an isolated layer element (Li et

al. 2005)
o'un = L) (4 oxp(—h (A4aB™ + Azl )] (2-72)
13 24
0'hni = Kio'yp + 2ctan a; (2-7b)
with 4,3 = K; tan§; + K;tands; 4,4, = K, tand, + K, tan g, (2-7¢)
K13 = C;+c3 + 2¢ (tan @4 tan 6; + tan a5 tan §5) (2-7d)

Ky = Cy+C4 + 2¢ (tan a, tan §, + tan a, tan 6,) (2-7e)
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where ¢ and ¢; (i = 1-4) are the friction angle (°) and cohesion (kPa) of the ith fill-wall interface;
Ki is the earth pressure coefficient when cohesion is zero; its value is expected to be between the

at-rest Ko and active K, states (for fixed walls); a; (°) is the fully drained backfill state angle.

The failure is assumed to occur in the fill rather than directly along the fill-wall interface, because
the irregular rock surface due to blasting is usually rough and stronger than backfill (hence & =
#’). Li et al. (2005) showed that the 2D solutions tend to underestimate the arching effect
compared to the 3D solutions.

Pirapakaran & Sivagukan (2007a) solution

Based on the Marston solution, Pirapakaran & Sivakugan (2007a) proposed a 3D solution for
assessing earth pressures in vertical stopes (rectangular, square or circular) filled with hydraulic
fill (HF; no cohesion). It was assumed that the stope walls have inditical properties and behave
the same way. The vertical stress can be expressed in the following equation for a rectangular

stope:

ol = L ( B ) [1 _e(—z%l(tané‘)] (2-8)

2K tan§ \B+L

Eq. 2-8 can be considered as a special case of Li et al (2005) solution when four stope walls are
identical and react in the same manner with cohesionless fills. Pirapakaran & Sivakugan (2007a)
suggested that the wall movement is very small because the stiffness of rock is about two orders
of magnitude larger than that of backfill. Thus, the backfill was assumed to be at-rest state Ko.
For HF, they also suggested an interface friction angle equal to 2/3 ¢’ from geotechnical
consideration during loose backfilling. Coulthard & Dight (1979) gave a 3D solution similar to
Eqg. 2-8 but including the backfill cohesion.

2.4.2.3 Extension to inclined stopes

The solutions presented above are only applicable to vertical or subvertical stopes when the
stresses on each side have about the same magnitude (e.g., Knutsson 1981). For an inclined silo,
Jahns & Brauner (1960, via Knutsson 1981) reported that the deviation from the classical theory
is less than 10% if the inclination (to the vertical) is less than 30°. By using the same equation,
Knutsson (1981) found that the maximum error is less than 6% for a stope inclined at 23°.
However, Li & Aubertin (2009¢) suggested that the Aubertin et al. (2003) solution can be applied

to assess the vertical and horizontal stresses of an inclined stope with an inclination less than 10°
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(to the vertical); a stope inclination of more than 10° would bring a significant difference when
compared to the vertical stope. Analytical solutions for inclined stopes are briefly reviewed and

discussed.

Blight (1984) solution

Based on the Marston solution, Blight (1984) considered the inclined stope walls and PWP.
Firstly, the two inclined fill-wall interfaces are assumed to have the same compressive stress and
shear stress as shown in Fig. 2-16. Secondly, it was assumed that the two stope walls are parallel
and have the same properties and behave in the same manner. Thirdly, during the placement of
backfill and while the fill is draining after placement, the PWP u is represented by the linear
relationship u = up + B’s; (Up is the hydrostatic pressure and o, is the total stress of backfill),
where B’ = 1 represents the geostatic state of the backfill at short-term condition and B” = 0
indicates the hydrostatic state of the backfill at long-term condition when the excess PWP is
completely dissipated (i.e., u = up). This allows the consideration of the dissipation of excess
PWP.

/

lower limit
of fill

Figure 2-16: Basis for calculating stresses in column of fill (Blight 1984)

Considering the equilibrium of the fill element in the z direction (Fig. 2-16), the distribution of

vertical and lateral total stresses in an inclined column of fill is given by:

w
O' =—
Z  2Ktan¢’'(1-B")

2 Ktand)'(l—B')Z) (2 ga)

[y sinf — % (¢" —ugK tan ¢')] (1 —e w
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o, =K(o, -u)+u

(2-9b)

where $ (°) is the inclination angle (to the horizontal) of the stope; w (m) is the stope width; ¢’
(kPa) is the effective cohesion of the backfill.

It is noted that the vertical and lateral total stresses defined by Blight (1984) are actually the total
stresses in the z direction and the stresses normal to that, respectively. According to Blight (1984),
the fill is normally consolidated, so K could be approximated by Jaky’s expression Ko = (1 — sin
¢) for loose granular soil backfill or by the Reimbert expression Ko = (45° — ¢°/2) / (45° + ¢ /2).
If the shear strength is fully developed, K could be approximated by the expression given by
Krynine (1945) for rough vertical walls:
K = 1 _ 1—sinz ¢: _
1+2tan’ ¢ 1+sin’¢ (2-10)

The non-horizontal differential element, perpendicular to the walls, would result in less accurate

stress estimate for backfill close to the surface.

Caceres (2005) solution

Caceres (2005) solution is based on the Marston solution but with inclined stope walls. He
assumed that the fill-wall interfaces have the same compressive and shear stresses (Fig. 2-17),
and the parallel stope walls have the same properties and behave in the same way (e.g., Blight

1984). The vertical stress of fills in a stope is given by:

o = yBsin? g8 [1 — exp (_ 2K tan ¢’ h)] (2-11)

v 2K tan ¢/ BsinZ B

T
v ff\?%%

Oy+ zﬁﬂ'y
A
»
B

Figure 2-17: Differential element in an inclined stope (adapted from Caceres 2005)
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Numerical simulations conducted by Caceres (2005) revealed that the value of K can be

represented by a best fitting curve (between K; and Ko):
K =14 sin?¢'—2 sin¢g' +1 (2-12)

Eq. 2-12 is deemed only valid for cohesionless fill with ¢’ <40°. Caceres (2005) used Eq. 2-12 to
calculate the K value in Eq. 2-11 that is developed for inclined stopes. However, Caceres (2005)

did not mention if Eq. 2-12 is based on numerical results obtained with vertical or inclined stopes.

It is worth mentioning that Eq. 2-11 contains some errors. The initial differential equation (the
equilibrium of the fill element in y direction; Fig. 2-17) of Caceres (2005) solution was given as

follows:

Bo, — B(o, + day,) — ZZ_T; +yBdy =0 (2-13a)

1

The third term %should be 20,dy instead and the correct equation should be expressed as

sin

follows, as indicated by Ting et al. (2011):
Bo, — B(o, + doy,) — 20,dy + yBdy = 0 (2-13h)

So the corrected Caceres (2005) solution should be expressed as follows:

OJv _ YBsinp [1 — exp (_ 2K tan ¢ y)] (2_14)

2Ktan¢ Bsinp

During the formulation development, o = o, tan ¢’ and o, = ox / sin f (Fig. 2-17) are used by
Caceres to substitute shear stress o with horizontal stress oy in Eq. 2-13. The latter equation was

subsequently improved by Ting et al. (2011) using more rigorous relationship.

Ting et al. (2011) solution

Using some of the same assumptions as Blight (1984) and Caceres (2005), Ting et al. (2011)
proposed an analytical solution to evaluate the pressures in minefill stopes with inclined parallel
walls (Fig. 2-18).
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Figure 2-18: Schematic diagram of an inclined stope (Ting et al. 2011)

The shear stresses along the interfaces of the backfill along the hanging wall (HW) and footwall
(FW) are taken to be identical. For a cohesive fill with a surcharge g, Ting et al. (2011) solution

Is expressed as:

, yB—2c(1+sin 28 tan §)
g4, =
2 Kpgtan )

[1 —exp (—2 Kpg gtan 5)] +q exp (—2 Kp %tan 6) (2-15a)

1+K 1-K )

Kg = ( o~ +—cos 2 +K tan ésin2p (2-15b)

where the interface friction angle & = 2/3 ¢’; Kz is the modified earth pressure coefficient for
inclined stopes, and the K value is taken as the Jaky’s at-rest earth pressure coefficient Ko; ¢ =
backfill cohesion (kPa); q = surcharge (kPa).

The initial differential equation of Ting et al. (2011) is essentially the same as that of the
corrected Caceres (2005) solution (Eg. 2-13b). As mentioned previously, the relationship

between the horizontal stress & and normal stress o, along the fill-wall interface (shear surface)

is represented more rigorously by Ting et al. (2011) than by Caceres (2005):

o =2 ;“X 4 2 ;"X cos2f+17, sin23 (2-16)
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Ting et al. (2011) reported that the vertical stress decreases as the stope inclination f increases.
This reduction is mostly because part of backfill is supported by the FW in inclined stopes. For a
stope inclined at 30°, the stresses predicted by Ting et al. solution are significantly less than that
predicted by the solution for vertical stopes. Therefore, the solution for vertical stopes is not
suggested.

Based on Eq. 2-15b, Sobhi et al. (2016) proposed the following expression to represent the earth

pressure coefficient K along the centerline of inclined stopes:

1+K,
K[g = > +

1-K,

cos 2f (2-17)

Sobhi et al. (2016) showed that Eq. 2-17 agrees well with the K value (along the vertical
centerline) obtained from numerical simulations for inclinations from 50° to 90°. These
numerical simulations were conducted with independent values of internal friction angle ¢’ and

Poisson’s ratio v of the backfill.

Ting et al. (2014) extended Ting et al. (2011) solution to assess the stress state in minefill stopes
with non-parallel inclined walls leaning to the same side. They showed that the stress state in a

backfilled stope can significantly vary due to different wall inclinations.

Singh et al. (2011) solution

Singh et al. (2011) proposed a solution for the stresses in an inclined stope using a circular arc
element for the principal stresses. For a cohesive fill with surcharge, the major principle stress o3

IS given by:

0',1 =

y 8 Bsin? a cosec§— 2¢ [1 ex ( 8(sin? §+K cos? §)tan § sin § )] n
2(sin2 §+K cos? §)tan § p B[2(1+K)6—(1—K) sin 28 cos 2a] sin3 a

(2-18)

p (_ 8(sin? §+K cos? §)tan & sin § )
O 0€XP B[2(1+K)8—(1-K) sin 28 cos 2a] sin3 a
where o’y (kPa) is the surcharge on the backfill surface; the stope walls are inclined to the

horizontal at an angle « (°).

Numerical simulations reported in Li et al. (2003) indicated that the assumption of a uniform
horizontal stress distribution across the stope width could be acceptable, but the vertical stress is

typically not constant along the width.
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Jahanbakhshzadeh et al. (2016a) solution

Jahanbakhshzadeh et al. (2016a) considered the effect of the geometrical factors, such as the
horizontal position I, vertical position h and wall angle £, on the stress state in 2D stopes with
inclined walls. Based on the solutions of Marston (1930) and Caceres (2005), they proposed the

following expressions to estimate the vertical and horizontal stresses:

¢ YBsing [4 o (_ZKptand’ ]
T vh = 2K g tan ¢’ [1 exP( Bsinf h)] (2-193)
oo =K, 0" (2-19D)

where Ky is the modified earth pressure coefficient for inclined stopes based on Rankine’s earth

pressure coefficient Ky; its value is given by

K, =K, xf, xf, (2-20)
with f, =1+3tangcos(8—10")x(1-1/B)'; f, =(1+cos B)—(htangcos® B/H ) (2-21)

Jahanbakhshzadeh et al. (2016a) showed that Eq. (2-20) and Eq. (2-17) proposed by Sobhi et al.
(2016) are close to each other, but with different trends (curvatures). An alternative closed-form
solution based on the Coulomb active earth pressure coefficient was also proposed by
Jahanbakhshzadeh et al. (2016b).

Jahanbakhshzadeh et al. (2016c¢) solution

Jahanbakhshzadeh et al. (2016c¢) further extended their 2D solution to the following 3D solution

by including the third dimension L of stopes with inclined walls:

. —1,7-1 ’
, _ ysin [1 — exp (_ Z(B +L )KB tan ¢ h)] (2_22)

O' =
ZZ 2(B~+L DKgtan ¢’ sin B

The horizontal effective stresses (o'« = o'yy) are estimated from the vertical stresses times the

modified earth pressure coefficient K; (expressed as Eq. 2-17) for inclined stopes.
2.4.2.4 Extension to consider pore water pressures

The above-mentioned solutions (except Blight 1984) consider dry backfill condition where the

effect of pore water pressure (PWP) is not involved. However, the effect of water (in terms of
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effective stress) can have a significant effect on the state of stress in the cases of hydraulic and

paste fill.

Li & Aubertin (2009a) solution

Li & Aubertin (2009a) investigated the effect of water on the stress state in stopes with
cohesionless backfill. Their solution was an extension of the Marston solution with considering
the PWP under hydrostatic equilibrium state, which differs from that of Blight (1984) which
included a parameter (B°) to consider the dissipation of excess PWP. Fig. 2-19 shows a backfill

stope that is partially submerged.

rock mass
| void | space |
3
¢ Ym I[—[
4
KRS
| dh
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£ : 3
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Figure 2-19: A vertical backfilled stope with partially submerged backfill (Li & Aubertin 2009a)

For the area above the water table, Aubertin et al. (2003) solution applies since o, = ¢, and o, =
on (i.e., u = 0). For the area below the water table (h > Hy), the effective stresses can be
expressed as:

Oy

= e [1- o )]y i ()] (R ) (2.230)

2K, tan ¢’ 2K tan ¢
op = Ko, (2-23b)
K = K, = tan? (45 - 2) (2-23¢)

where yg,;, (KN/m®) is the submerged unit weight of the backfill defined by ysup = ¥sar — ¥w; Hm
(m) is wet (drained) fill above the water table; ¢ (°) and yn (KN/m?®) are the friction angle and unit
weight of the wet fill; ¢' (°) and ysar (KN/m°) are effective friction angle and unit weight of the
saturated backfill; Ks is the earth pressure coefficient for the saturated fill, and it is taken as Kj.
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Li & Aubertin (2009a) solution indicated that the presence of water may significantly reduce the

effective stresses below the water table, while the total stresses may be increased due to the PWP.

Li & Aubertin (2009b) solution

Based on the solutions of Li et al. (2005) and Li & Aubertin (2009a), Li & Aubertin (2009b)
proposed a solution for stopes with a 3D geometry, cohesive fill, pore water pressure, and surface
load po. The model is illustrated in Fig. 2-20. The parameters in this model have the same
meaning as the ones in Li & Aubertin (2009a). In addition, the opposite walls are assumed to

have the same stresses and the same interface properties.

wet
Y / backfill

r 1 v 1 A 4
l]’o l / lf SatuarEed VI S> ‘/CZ
A / l’ ¥ / / “J backfill Sl l ?

I / M/ i J C| ==} 1
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2 L
s
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Figure 2-20: A vertical backfilled opening with forces acting on an isolated layer element (Li &
Aubertin 2009b)

For the area above the water table, Li & Aubertin (2009b) gave the vertical and horizontal

effective stresses at position h (m):

— -1 -1
'y = oy = Lottt ) 1 oh] 4 ¢t (2-24a)
0’ hhi = Onni = KimOun + 2¢m tan agy, (2-24b)
where M,,, = 2(Ky;,B™* + K,,, L7 1) tan §,, (2-24c)

Am =1+ 2tand,, tan ay,,; A2, = 1+ 2tand,, tana,,, (2-244d)
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Kim is the earth pressure coefficient when cohesion is zero (typically between Ky and Kj; Li &
Aubertin 2009e); and ain, is the fully drained backfill state angle.

In practice, 3D problems are effectively treated as 2D models when the length to width ratio (L/B)
exceeds a certain value. Li & Aubertin (2009b) indicated that this can be misleading because the
difference between the effective stresses at a given depth changes with stope length, and the
difference in stresses obtained from the 2D solution and a 3D solution increases as backfill depth

increases (for a given length to width ratio L/B).

A non-uniform vertical stress distribution has been used to develop solutions for estimating
stresses in backfilled stopes for fully drained and submerged conditions (Li & Aubertin 2008,
2010). Li & Aubertin (2010) showed that the presence of water tends to significantly reduce the
effective stresses below the water table, while the total stress is increased by the water pressure.
The earth pressure coefficient K in these two solutions is taken as K. It is worth mentioning that
the actual value of K applied in the existing analytical solutions, presented above, remains

uncertain.

2.4.3 Estimation of pore water pressure (PWP) in stopes with HF

Sivakugan and coworkers (Sivakugan et al. 2006b; Sivakugan & Rankine 2006) adopted the
method of fragments (Pavlovsky 1956; Harr 1962) to assess the drainage in a 2D stope with
hydraulic fill and porous (free-draining) barricade. When the height of the water table is greater
than the stope width B (m), Sivakugan et al. (2006b) gave the following expression to estimate

the maximum PWP unmax (kPa) that occurs at the far end corner of the stope base:

ab, + @
—|h 2 3 H 2-25a
e { L(CD1+CDZ+CDJ+ "}“ ( )
=0.84-054H,/B; ®, =H /B-1; ®,=1/H, -0.5 (2-25b)

where hy is the head loss within the fill; H,, (m) is the height of water in the stope; Hq (m) is the
drift height; | (m) is the distance of barricade from the brow; @, @, and @5 are the form factor of
different fragments and &, is obtained from a chart based on numerical simulations (Fig. 5 in

Sivakugan et al. 2006b); n, (kN/m®) is the unit weight of water.
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In the case of the water table height smaller than the stope width, the maximum PWP is

expressed as (Sivakugan & Rankine 2006):

ad, + D
u — h 2 3 + H 2-268.
max |:L(CI)2+CDSJ d}yw ( )
o= —o.7788(ﬂj[ﬂj + 0.2473[ﬂj - o.2193(ﬂj +1.0689 (2-26b)
B B B B

where @, and P; are the same as above; @, is calculated from a chart based on numerical
simulations (Fig. 4 in Sivakugan & Rankine 2006).

It is noted that Egs. 2-25 & 2-26 are valid for the case of steady-state flow when the height of the
water table is constant (known) in the HF filled stope. Also, most existing analytical solutions
presented above were proposed for a fully drained (zero PWP; e.g., Askew et al. 1978; Aubertin
et al. 2003; Li et al. 2005) or a hydrostatic condition (e.g., Li & Aubertin 2009a, 2009b). These
solutions are valid when the fill is fully dry or when a hydraulic equilibrium is reached within the

HF filled stope with an impervious barricade.

However, the water table in the HF filled stope draws down with time and can induce changes in
PWP and total (effective) stresses. Yang & Li (2016) have developed new analytical solutions
(validated using SEEP/W) to represent the evolution of the water table and PWPs within stopes
with submerged HF. This will be presented in Chapter 3.

2.4.4 Backfill design for side-exposed backfill

Traditionally, the exposed backfill is designed in such way that it can support the overburden
pressure due to self-weight (Mitchell et al. 1982; Pirapakaran & Sivagukan 2007a). The cemented
backfill is then considered as a freestanding vertical face without lateral confinement. However,

these traditional methods tend to be overly conservative.

Mitchell et al. (1982)

Mitchell et al. (1982) considered the 3D geometry of a cemented fill block with an open face
(front face), as shown in Fig. 2-21. In this model, the available shear strength along the sidewalls

is due only to the bond cohesion cs (assumed equal to the fill cohesion c). The strength mobilized
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along the back wall is neglected. A sliding plane inclined at an angle a (= 45°+ ¢°/2 to the

horizontal) is assumed.

Back wall

Cs

\Y/ @
‘g
Sidewall

Open face

-~

A\

Figure 2-21: Sliding wedge model of the Mitchell et al. solution (adapted from Mitchell et al.
1982)

el Sidewall

The factor of safety (FS) of the sliding wedge and the required backfill cohesion c are expressed

by:

S VA (2-27a)
tana  H'(jL-2c, )sin 2«
M ,for FS=1,c=csand H>>BthusH ~H (2-27Db)

= 2(H/L+tanc)

where L (m), B (m) and H (m) are the backfill length, width and height, respectively; ¢ (= ¢’, ©) is
the internal friction angle of the fill; ¢ (= ¢, kPa) is the backfill cohesion; y (kN/m®) is the fill unit
weight; H™ (= H — Bxtana/2, m) is the equivalent height of the wedge. This solution will be

further reviewed in Chapter 5 (with others presented in the following).

A similar but more sophisticated analysis has been made by Dight & Coulthard (1980) with
additional consideration of tension crack (tension-free), closure pressure and surcharge. Fig. 2-22
illustrates that the sliding wedge is defined by the full open face, two side vertical planes, the

plane of tension crack, and the base sliding plane. It is also seen that the two side planes pass the
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intersection lines between the open face and sidewalls and make an angle 6 to the sidewalls
towards the back wall. The base sliding plane is similar as that in Mitchell et al. (1982). The use
of this solution is however limited due in part to the lack of clear definitions for some key
parameters (e.g., angles in Fig. 2-22).

- tension
& crack

. Side vertical planes -

exposed face

" Base plane

Figure 2-22: Wedge model of Dight & Coulthard (1980) (adapted from Dight & Coulthard 1980)

Modified Mitchell et al. solutions

Li & Aubertin (2012) modified the Mitchell et al. (1982) solution by considering different stope
aspect ratios, a smaller bond cohesion along the sidewalls, and the addition of a surcharge po
(kPa). The mobilized strength along the back wall and the frictional strength along the sidewalls
are neglected. For a high aspect ratio (HAR, H/B > tana, where a = 45°+ ¢ /2) stope, the sliding

plan is limited within the fill body. This leads to the following solution:

tan ¢I 2C
FS = _
tana [po +H*(y—2c,/L)]sin2a (2-28a)

P +H>
2 0 2rH” (2-28b)

+
(FS —tang'/tana)sin2a L

C=

where r; (= cs/c; from 0 to 1 where c; is the fill-sidewall interface cohesion) is the adherence ratio

along the sidewalls.
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For backfilled stopes with a low aspect ratio (LAR, H/B < tana, where a = 45°+ ¢°/2), the
potential sliding plan intersects the fill top. The FS and the required backfill cohesion are then

given by
g tond 2¢ _ (2-29a)
tana  [p,+H(y/2—c,/L)sin2a
_ Po +7H/2 ]
c= 2 — (2-29b)

S

+
(FS —tang'/tana)sin2a L

Li (2014a) extended the Li & Aubertin (2012) solution by considering the frictional strength
along the sidewalls and the bond cohesion along the back wall cp, which leads to a more

generalized solution. For HAR stopes, the FS and the required fill cohesion can be expressed as

follows:
N |
s _ tang i 2 B—rb H-Btana _2rSH_ (2-30a)
tana sin2al C B L
2 H - Bt ]
c=p' oY o T (2-30b)
(FS —tan¢/tana)sin 2 B L

- 2K tans a Btana \ 2K tan5_

with p_ L {7 1 ( Vi pojx[exp(_ZKt:"M(H—Btana)j—exp(—mi‘MHﬂ} (2-31)

where ry, (= cp/c; from 0 to 1) is the ratio of adherence (c,) along the back wall to the fill cohesion

c; Kand ¢ (°) are the earth pressure coefficient and friction angle along the sidewalls.

For LAR stopes, the Li (2014a) solution is written as:

" -1
pgotng, 2 (p7  H (2-32a)
tanag sin2a\ C L

-1
2 H
=P T 2-32b

P {(FS—tan;zﬁ/tana)sinZa ) L} ( )

. L 1( A 2K tan 5
th p''= -— - 1-exp| — H 2-33
WIE P 2Ktan5{7 H (2Ktan5 poj{ xp( L ﬂ} (2-33)
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Numerical results of Li & Aubertin (2014) showed that the shear resistance along sidewalls for
the lower block acts in a direction parallel to the sliding plane. Thus, the wedge block is divided
into an upper rectangular block and a lower triangular wedge. A modified solution was given in

terms of FS and required fill cohesion ¢ for HAR stopes:

C( 1 +rH'}(y/wl—|ol)[(1—exp(—MH'))/MH'—l]ﬂH'/z
FS=tan¢+ cos o L .1+L/B (2-34a)
tana (p, + H'12)sine
D'(p, +7(H -H')-G')+ yAZH (l+;jsina—7(f/l + H2 j
c= C > , for FS=1 (2-34Db)
B'[1+j+ D'(H - H')(rurbj
B L B
withH'=Btana M =2K(B™+L"}tans (2-35a)
2r,
= H-H')y—cl ==4+2 2-35b
e e e (2-35b)
1 1 ] 7/ 1
- H-—H — L |l-exp(=(H-=H"M 2-35¢C
&= g ) (o el -] (2:359
p-ps B g 1 H o 1-exp-MH) D'=A'(l+£Jsina+C‘ (2-35d)
tana cos o L MH' B

This solution and the Li (2014a) solution may overcome some limitations of the solutions of
Mitchell et al. and Li & Aubertin (2012) using more realistic interactions between the fill and
rockwalls. The earth pressure coefficient K is taken as Rankine’s active pressure coefficient K.

These solutions will also be further reviewed in Chapter 5.

Recent 3D numerical simulations performed by Falaknaz et al. (2016) indicated that these
existing analytical solutions of Mitchell et al. (1982) and their modifications cannot well
represent the effect of stope geometry on the stability of exposed cemented fill. In the light of
these analyses, Yang et al. (2016b) have proposed a new analytical solution, using more realistic
failure mode, to better describe the response of cemented fill upon exposure. This will be

presented in Chapter 5.
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2.4.5 Barricade design

Barricade built in the drift near the stope base is a key structure to retain the backfill. The factor
of safety of a barricade depends on the capacity and demand. The demand (load) on a barricade is
determined by the pressure exerted by the backfill placed in the stope and drift, while the capacity
(resistance) depends on its material, shape, sizes and construction. In this subsection, available
analytical solutions for pressure estimation (demand) on the barricade are first presented. The
design methods (capacity) for traditional barricades and waste rock barricades are then recalled.

2.4.5.1 Analytical solutions for estimating pressures on barricades

Mitchell et al. (1975) proposed a simple equation to calculate the load on a barricade:
1 .2
F, = 5 H LK, (2-36)

where Fp, (m) is the horizontal load exerted on the barricade, y (kN/m®) is the unit weight of the
backfill, H (m) is the total fill height in the stope, and Ly (m) is the drift width. K is the at-rest
reaction coefficient.

This solution is based on the overburden pressure without considering the arching effect. To
overcome the resulting overestimation, Mitchell (1992) arbitrarily suggested using an active

reaction coefficient K, instead of Ko; but this has not been validated.

By considering the arching effect, Smith & Mitchell (1982) and Mitchell & Roettger (1984) gave
an empirical solution to estimate the horizontal stress oy, (kPa) on a barricade located at a distance
| (m) from the brow:

o, =0.43H (1— o.eLLJ (2-37)
d

This solution assumes that the horizontal stress increases linearly with the backfill height H (m)

in the stope; the influence of the barricade height is neglected.

Mitchell et al. (1982) and Mitchell (1983) considered the limit equilibrium of a 3D wedge of
backfill in Fig. 2-23. In this figure, Ls (m) is the stope length; Hq (m) is the drift height; Wy (m) is
the drift width; w (m) is the weight of the wedge; Py (kN) is the surcharge from the above backfill;
N (kN) and T (kN) are the normal and shear forces along the sliding plane; ¢, (kPa) is the
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cohesion between the fill and walls; F, (kN) is the force provided by a smooth barricade to

maintain equilibrium of the wedge.
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s ‘ Sliding plane
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Figure 2-23: Wedge model of Mitchell et al. (1982) (Modified by Li & Aubertin 2009c)
The horizontal load on the barricade is then given by:

P, + L (H, — L tana/2)W, —2c, )sin —cosa tang)—cW, L, /cos
sina tang¢+ cos o

F -l (2-38)

Kuganathan (2002b) proposed the following solution for estimating the horizontal stress oy, in the
drift onto the barricade:

. = oy & (— W |) (2-39)

where gy is the horizontal stress at the drawpoint and obtained by using Terzaghi’s arching theory;

P is the perimeter of the drift; A is the cross section of the barricade.

The above mentioned solutions do not consider the stress transfer between the backfill and
stope/drift walls. To account for this, Li & Aubertin (2009c) proposed a 3D analytical solution
for fully drained conditions. On Fig. 2-24, | (m) is the distance between the vertical layer element
and the drawpoint; onro (kPa) and ango (kPa) are the horizontal normal stresses at the top and base

of the drift at the drawpoint, which are calculated using Li et al. (2005) solution.



53

: . 7% . W"ﬂ-'-.’. G]Bt'_'
- walllY Barricade

Figure 2-24: Schematic representation of a vertical backfilled stope with a barricade in a fully
drained condition (Li & Aubertin 2009c)

The arching theory was applied to the barricade drift. The horizontal stress oy, (kPa) in the drift

axis direction at elevation h (m) is given by:

h h 2tano( 1 K
= — +|1-— exp| —1 +—at 2-40
Oy {Hd Ohto ( deo'hso} Xp{ K, (Hd W, ﬂ ( )

where the earth pressure coefficients Ky or Kg is the ratio of the horizontal stress in the

longitudinal or transverse direction over the vertical stress, respectively.

It is noted that the horizontal stress from the top to the base of the drift is assumed uniformly
distributed (not the actual distribution in the drift). Li & Aubertin (2009c) showed that their
solution corresponds to the stress distribution on a barricade quite well for a fully drained
condition based on numerical simulations. They also showed that the load on the barricade is
negatively related to the distance of the barricade from brow.

Li & Aubertin (2009d) further extended Li & Aubertin (2009c) solution to account for the
pressure generated by submerged fill on the barricade. Their solution applies to submerged
conditions after backfill placement where the PWP is equal to a hydrostatic pressure (dissipation
of excess PWP is completed). On Fig. 2-25, o’h1o (kPa) and o'wgo (KPa) are the effective
horizontal stresses at the top and base of the barricade drift at the drawpoint. These values were
calculated by Li & Aubertin (2009b) solution.



54

(D) TS Do Rt T

s ,)-.:1,;?.& Po SRR ) &

1-,,:"%’ X *’,’:“J W, L1t

s e 2 AR 1T T

el Hi . Wet backfill il—"">5 g, !

,'_21?'7’ : AR LTI y’-}" S ’ =B

1‘7.:,"’% ;’:-;;i-; B k\?_ Saturated 2% . | ‘ TJ_]_'U

L - - -] backfill t’\ 1 , i ik
T e ackfi 5 3 Wo, b

H Rl B St C2 | [ o

¥ = Lo o T o 1\ 4~ =

NS H\' R K J 2 Y ‘ TSI

Bv"a\ﬂ,‘\‘;“i d)sl[s ‘Y\ll .3 u ~ Cl

.b’ PO Ghm e a1

Dol L y - - e - - - - -8

B RSA  --- , L . & — !

‘.‘“’é‘::";,lé}‘." e 1d! e i ih Hy | Layer element

oA

LG

Figure 2-25: Schematic representation of a vertical backfilled stope with a barricade in a
submerged condition (Li & Aubertin 2009d)

The effective horizontal stress ¢, (kPa) in the drift axis direction at elevation h (m) is given by
(for Hp > Hy):

: h h )., 2tand,, K
o'\ = {H—a hm{l— H_ja hBo}exp{ I " ! [ H + Wdt ﬂ (2-41)
d d dl d d

For submerged backfill, Li & Aubertin (2009d) observed that effective stresses in barricade drifts

are less than those obtained for drained conditions, while total stresses on barricades can be

significantly increased by the PWP.
2.4.5.2 Design method for barricade

As mentioned previously, barricades are mainly built with bricks, concrete blocks, shotcrete and
fibrecrete. The methods for designing these traditional barricades are mostly based on the flexural
failure mechanism (Duffield et al. 2003).

Beer (1986) considered square barricades as simply supported slabs and assumed that the
barricade fails with tension cracks developing along the diagonal lines and barricade-rock
interface. The following solution was proposed to calculate the maximum load on the barricade:

24mp
p = b2

(2-42a)
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m =o, — (2-42b)

where w, (MPa) is the ultimate uniformly distributed pressure; m, (MNm/m) is the ultimate
moment capacity per unit length; o. (MPa) is the UCS of the mortar; b (m) and t (m) are the

width and thickness of the barricade.

Beer (1986) suggested that Eq. 2-42 has an implied safety factor of 1.72 based on the back-
analysis of a controlled experiment for barricade failure at the Mont Isa mine. Although
originally developed for masonry barricade, this solution has been widely applied to design
shotcrete barricades in Australia (Revell & Sainsbury 2007b; Rajeev & Sivakugan 2016). Beer’s
(1986) solution has been partly validated (with FS = 1.72) using numerical simulations conducted
by Revell & Sainsbury (2007D).

Rajeev & Sivakugan (2016) statistically investigated the effect of variability/uncertainties in
barricade geometry, material and backfill pressure on the barricade performance. They suggested
using a capacity reduction factor in Eq. 2-42 to account for uncertainties of these factors in

barricade design. However, the actual value of the reduction factor requires further study.

As an alternative, waste rock barricades are gaining popularity (due to their easy and cost
effective construction), particularly in some Canadian mines. Constructing barricades with waste
rock from the underground development can also help reduce surface disposal of mine wastes.
However, the traditional design methods based on the theory of simply supported slab are not

applicable to waste rock barricades.

Considering the limit equilibrium state of the idealized rectangular block, Li & Aubertin (2011)
proposed an analytical solution to calculate the length of waste rock barricade (WRB) for fully
drained and submerged (partly to fully) conditions. The minimum required length (Lg) of the
WRB (for FS = 1) for fully drained backfill is as follows:

p p
Lo = =
B = yr(1+KHg/Lg)tans  ywrHa(Lg+KHg)tan s

(2-43)

where p (kPa) is the average backfill pressure on the barricade (this pressure is linearly
distributed from top to bottom on the barricade); P (= pH,L,4, KN) is the force exerted on the
barricades by the backfill; yur (kN/m?) is the unit weight of waste rock; & (°) is the friction angle
along the interfaces between the waste rock and the drift walls and floor; K (-) is the earth
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pressure coefficient within the waste rock along the transversal direction of the drift. Ly and Hg
are the width and height of the drift.

For a fully drained condition, the barricade pressure p or load P can be obtained from the solution
proposed by Li & Aubertin (2009c). For CPB, the common practice is to estimate the backfill

pressures from isostatic stresses based on overburden.

In practice, WRB constructed in drifts have a shape that is close to a trapezoid. The design based
on the rectangular block solution may be overly conservative depending on how it is applied in
practice. Modified solutions with more representative barricade shape and failure modes have
been proposed (and validated using FLAC) by Yang et al. (2014, 2016a) to improve the design of
WRB. These will be presented in Chapter 4.

2.4.6 Summary

In the early stage of a project, analytical solutions can offer simple and low-cost tools for a
preliminary estimate of the stress state in backfilled openings. It has been shown that arching
theories can be well suited for estimating the stress state in narrow backfilled stopes and the loads
on barricades if properly applied. These arching solutions differ mainly in the way how the

values of earth pressure coefficient K and interface friction angle &are assumed.

However, it is known that existing analytical solutions to estimate the stresses in stopes have

some limitations due to the simplifying assumptions; for instance:

e Most analytical solutions assume a uniformly distributed vertical and horizontal stress across
the span of the stope (or drift); this is not valid for most cases (e.g., Drescher 1991; Li &
Aubertin 2008, 2010);

e The backfill is assumed to be at a critical state near rock walls so that the shearing strength is
fully mobilized, due to the use of limit equilibrium with the Coulomb criterion. This may

overestimate the arching effect;

e The contact stress between the fill and walls is expressed as a function of a constant earth
pressure coefficient K. However, the actual value of K is unclear even when material

properties are known;
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e Drainage, water flow and progressive dropdown of the water table in hydraulic backfill are

not considered;

e The effect of consolidation (dissipation of excess PWP), strength gain with curing time and

cementation (hydration) are neglected;
e The effect of filling rate (sequentially) and excavation sequence are ignored;
e The effect of negative PWP (or suction) is neglected,;

e All solutions are developed for regular stope shapes (square, rectangular circular); these may

not be applicable to more complex stope geometries.

It is noted that most existing analytical solutions presented above were developed for isolated
stopes. These solutions may be satisfactory at the early stage of projects for preliminary estimates.
However, they may also encounter many limitations in more complicated conditions. For
instance, the extraction in open stoping and underhand C&F mining can induce stress
redistribution (or even failure) of backfill in adjacent stopes. Multiple stoping (close to reality)
can significantly affect the stress state of fill. Thus, the numerical modelling is a better tool to

address design issues in more complicated conditions.

2.5 Numerical simulations for evaluating the stress state and stability of

backfilled stopes

Numerical simulations are able to account for complex stope geometries, fill-wall interactions
and boundary conditions to simulate more realistic conditions. They can also consider complex
processes such as wall convergence, filling sequence, and drainage and consolidation of backfill.
Furthermore, numerical methods can incorporate more advanced constitutive models. Hence,
they can provide more representative solutions than analytical methods, but they are usually more

costly and time consuming.

In the following, numerical simulations conducted to evaluate the stress state in backfilled stopes
and drifts are first reviewed. Numerical analyses for assessing the stability of side-exposed
cemented fill and earth pressure coefficient in backfilled stopes are then recalled. The review also

includes the numerical study of wick drains in backfilled stopes.
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2.5.1 Stress state in backfilled stopes

Most numerical analyses presented below consider backfill as an elasto-plastic Mohr-Coulomb
material and the rock mass as a linear elastic material (if not specified). In most cases, the
commonly used assumption with unrelated Poisson’s ratio v and internal friction angle ¢ is used
for backfill (unless specified). The dilation angle y is usually taken as nil. The backfill is usually
placed instantaneously or in layers after the completion of the wall convergence. Also, most
numerical analyses do not consider interface elements between the fill and rock mass; yielding

then occurs within the backfill near the rough and irregular rock face due to production blasting.
2.5.1.1 Vertical backfilled stopes

Askew et al. (1978) conducted simulations, using a 2D finite element method (FEM) code, to
verify their analytical solution presented above in Section 2.4.2.1. A good agreement was
obtained between the two approaches for the vertical stress along fill depth (except for the stope
base). It was shown that the arching is more developed in the cemented fill compared to the
uncemented fill. The cohesion used in the cemented case is unknown, but their results tend to
indicate that the stress would remain in the same order of magnitude, independently on fill

cohesion.

Aubertin et al. (2003) showed simulation results obtained with PHASE 2 (RocScience 2002) to
assess the stress state in narrow backfilled stopes. The horizontal and vertical stresses are much
greater than the overburden stress around the mid-height of the stope. This is partly caused by the
squeeze effect of the inward convergence of the stope walls (Aubertin et al. 2003). In fact, the
stress state of fill may be largely affected by the wall convergence depending on the mining
methods and geological conditions. In C&F mining, the backfill may be squeezed due to inward
wall convergence, which may induce the passive state (Li et al. 2003). Such effect may become
more pronounced in deep mining. For isolated stopes in open stoping, the inward convergence

has little influence on the (delayed) backfill placed after the occurrence of the convergence.

Aubertin et al. (2003) studied the stress state of a backfilled stope inclined at 45° with PHASE 2.
They reported that arching effect of inclined stopes turns out to be less developed compared to
that of vertical stopes. They stated that the non-uniform stress distribution is primarily due to the
transfer of fill weight to the footwall. So the analytical solutions for vertical stopes are not

representative for inclined stopes.
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Li et al. (2003) conducted simulations using FLAC (ltasca 2002) to evaluate the stress state in
narrow backfilled stopes. Fig. 2-26 shows the stress distribution in a narrow backfilled stope. The

arching effect is clearly seen in the stope.
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Figure 2-26: Numerical results of the distribution of (a) vertical and (b) horizontal stresses in
FLAC (Li et al. 2003)

For a vertical stope, the numerical results of Li et al. (2003) indicated that the horizontal stress is
somewhat uniform across the stope width, while the vertical stress is less uniform (e.g., Rankine
2004; Pirapakaran 2008). These results indicate that the uniform distribution of vertical stress

postulated in many analytical solutions is not strictly valid.

Li et al. (2003) showed that the value of K (= o'nw/o’y) near the walls (between K, and Ko) is
greater than that at the center (close to K,). Also, the stress state can be well described with the
arching analytical solutions (see Section 2.4.2.2) by assuming the backfill at an active state K,

along the vertical centerline. They also studied the stress state in a backfilled stope inclined at 60°.

Li & Aubertin (2009a) applied the code FLAC to evaluate (and validate) their analytical solutions
considering the influence of water on stress state. Fig. 2-27 shows comparisons between the
effective and total stresses obtained from the analytical solution and numerical modelling along
the vertical centerline (VCL) for submerged backfill. In general, the analytical solution (K = Kj)

correlated quite well with the numerical results.



60

(a) effective stresses (kPa) (b) total stresses (kPa)
0 100 200 300 0 200 400 600
04 — according to 0
overburden
91 —proposed 9-
solutton
2 18 1 A FLAC-2D 18 -
271 7
— according to
36 1 36 4 overburden
— proposed
| solution
4 45° A FLAC-2D

Figure 2-27: Vertical and horizontal effective (a) and total (b) stress along the VCL, obtained

from numerical calculations and analytical solution (K = K3) (Li & Aubertin 2009a)

Fahey et al. (2009) performed simulations with PLAXIS (version 8.6) to investigate the
influencing factors on arching in vertical backfilled stopes, with dry (drained) and saturated
(undrained) fill. Interface elements are included along the walls. The frictional properties of the

interface elements are identical to those of the backfill.

Fahey et al. (2009) reported that a positive dilatation angle results in increased horizontal stress
and reduced vertical stress, indicating an enhanced arching (see also Li et al. 2007; Pirapakaran
2008; Li & Aubertin 2009e). Conversely, the negative dilation angle would reduce the arching
effect. Fahey et al. (2009) pointed out that a zero (even a negative) dilation angle may exist for
fill since it is usually placed hydraulically and deposited in a loose state. They also reported that
increasing Young's modulus of backfill from 10 MPa to 1 GPa has almost no influence on the
stress state (see also Li & Aubertin 2009¢).

Numerical results of Fahey et al. (2009) indicated that the horizontal stress increases as Poisson’s
ratio v increases for the whole range. For v < 0.4, the vertical stress reduces as the v value
increases. But a reverse relationship is found when the v value varies from 0.4 to 0.499.
Essentially, it is noted that Poisson’s ratio (compressing) influences the arching effect (stress

state) in a somewhat similar manner as the dilation angle.
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Fahey et al. (2009) also investigated the influence of hydraulic conductivity k of backfill on the
stress state. Fig. 2-28 shows the total vertical and horizontal stresses profiles at the end of filling.
The results indicated that the greater k value tends to produce smaller final total stresses in depth,
especially for the total horizontal stress. Hence, consolidation (even partially) during filling may

significantly reduce the load on barricade.
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Figure 2-28: Profiles of total (a) vertical and (b) horizontal stresses at the end of filling for

different k values in a plane strain stope: (Fahey et al. 2009)

In practice, the drift (barricade) width is less than the stope length (along the strike). In the case
of plain strain, Fahey et al. (2009) used reduced drawpoint hydraulic conductivity to simulate (“in
a crude way”) this effect. This reduction in k of the drawpoint significantly increases the

consolidation time.

Fahey et al. (2009) stated that the final stress state is independent of the filling type (drained or
undrained) and backfill permeability. Their results also indicated that the behavior of saturated
backfill is affected by the hydraulic conductivity of the backfill (through coefficient of

consolidation) relative to the rate of filling.

As mentioned previously, consolidation (and drainage) of CPB can take a fairly long time due to
its extreme low permeability. Hence, the evolution of stress state in stopes with CPB largely
depends on the consolidation. Based on Terzaghi’s 1D consolidation theory, Gibson (1958) has
theoretically studied the 1D consolidation in an accreting clay fill under different boundary

conditions. In one case shown by Gibson (1958), the backfill is placed at a constant rate on a
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permeable base with zero pore pressure on the top of the fill, which can be highly related to the
stope filling. The Gibson (1958) solution has been compared to the numerical results reported by
Fahey et al. (2010) and Shahsavari & Grabinsky (2014), who considered constant material
properties as assumed by Gibson (1958). The drift and barricade were not taken into account and

the base drainage was considered through a permeable stope base.

Fahey et al. (2010) performed numerical modelling with the MinTaCo program (Seneviratne et al.
1996). Their results indicated that the Gibson (1958) solution can be used to predict the
consolidation of CPB during stope filling at the initial design phase. However, the MinTaCo
program was initially developed to model the 1D consolidation and evaporation of surface
deposition of slurried tailings. Therefore, the numerical simulations of Fahey et al. (2010) were

unable to consider the realistic stope geometry and interactions between fill and walls.

Shahsavari & Grabinsky (2014) stated that the pore pressure on the top of the consolidating CPB
layer during filling is not nil, based on in-situ measurements. They numerically studied the 1D
consolidation of CPB with a nonzero pore pressure boundary condition on the fill top with
FLAC®. The results indicated that the nonzero pore pressure on top of the consolidating layer
tends to induce higher pore pressure. However, an hour interval was maintained between two

layers for consolidation.

El Mkadmi et al. (2014) investigated the behavior of backfill within narrow vertical stopes using
SIGMA/W. Softer and thin layers of materials were used to represent the interfaces (discussed
below in Section 2.5.1.3). They conducted transient analyses, where the initially saturated fill is
instantly deposited and followed by progressive drainage at the stope base. The evolutions of
total and effective vertical stress along VCL, and PWP along the stope height are shown in Fig.
2-29. Shortly after the filling, the fill is at a geostatic static like heavy fluid (see also Fahey et al.
2009). The effective stress then increases with the dissipation of excess PWP, while the total
stress and PWP decreases. EI Mkadmi et al. (2014) further reported that after some time, an
unsaturated zone (0 to 15 m) in the upper part of the stope appeared. Therefore, the vertical
effective stress is positive at this unsaturated zone. This is the first time the unsaturated zone was

modeled.
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Figure 2-29: Evolution of (a) total vertical stress, (b) effective vertical stress and (c) PWPs (EI
Mkadmi et al. 2014)

El Mkadmi et al. (2014) modeled sequential filling, involving placing saturated fill in layers on
top of previously deposited layer under drainage. The deposition of a new layer would generate
excess PWP within itself; meanwhile the lower layers may have a smaller or negative PWP. As
the drainage and consolidation take place, the effective stress progressively increases in the new

layer.
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El Mkadmi et al. (2014) simulated the effect of cementation by evolving the fill properties during
filling in the way similarly to experimental results, in terms of cohesion, stiffness, and hydraulic
functions. They reported that cohesion due to cementation can significantly speed up the strength
gain in backfill. They also stated that the faster filling rate would induce higher total stress in
backfill (see also Askew et al. 1978).

Falaknaz et al. (2015a) investigated the response of two adjacent backfilled stopes excavated and
filled sequentially using FLAC, for related fill parameters ¢’ and v (see also Falaknaz et al.
2015b). Fig. 2-30 illustrates the stress state in two adjacent stopes obtained at the end of filling
the second stope. Although the arching effect develops in both stopes, the stress distributions
differ in the two stopes and the stress state in the first stope is also different from that obtained
for a single stope. This is due largely to the fact that the backfill stresses of the first stope are
altered by the excavation and filling of the adjacent stope. Falaknaz et al. (2015a, 2015b) also
analyzed the stress path at different locations of backfilled stopes induced by the excavation and

backfilling sequence.

Figure 2-30: Stress (Pa) isocontours in two adjacent backfilled stopes obtained at the end of
filling the second stope (right-hand side; Falaknaz et al. 2015a)

Falaknaz et al. (2015b) used an elasto-plastic model for rock mass and their results showed that
the stresses are less uniform compared to those obtained with linear elastic rock mass. This

indicates that the mechanical behavior of the rock mass has an impact on the stress state of
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backfilled stopes, attributed to the differences in the strains of the backfill and displacements of

the rock walls.

Falaknaz et al. (2015c) conducted simulations with independent backfill parameters ¢’ and v and
their results showed that the way how ¢’ and v are treated (related or not) may affect the stress

state in backfilled openings (see also Jahanbakhshzadeh 2016).
2.5.1.2 Inclined backfilled stopes

For convenience, some preliminary numerical modelling of inclined backfilled stopes (Aubertin
et al. 2003; Li et al. 2003) have been presented above in the Section 2.5.1.1 together with the
simulations for vertical backfilled stopes.

Hassani et al. (2008) performed simulations with FLAC to evaluate the fill-rock interactions in
narrow and deep vein mining. The stope walls are inclined at 65°. A strain softening response
was used for the rock mass and strain hardening for backfill. The post-peak behaviors of rock
mass and backfill were considered. Interface elements were used at fill-rock contact and their
friction angle was taken the same as that of backfill. Their results showed that the placement of
backfill can mitigate the stress concentrations (due to excavation) and prevent the development of

tensile stress in the rock mass.

Hassani et al. (2008) reported that the stress state (and arching) of inclined stope is quite different
from that of vertical stope. Their results also showed that the wall inclination could significantly
affect the stress distribution in backfill and rock walls. Therefore, the arching solutions developed
for vertical openings are not applicable to inclined stopes. Hassani et al. (2008) further reported
that a small void left unfilled at the stope top significantly affects the fill-wall interactions

throughout the stope.

Li et al. (2007) and Li & Aubertin (2009e) conducted simulations to evaluate the stress state in
inclined backfilled stopes using FLAC. The stope is inclined at an angle from 90° (vertical) to
60°. Their results show that the horizontal stress is almost insensitive to the inclination along the
stope width and height. The vertical stress decreases significantly along the hanging wall and CL
when the stope becomes more inclined from the vertical. These results are confirmed by those
presented by Jahanbakhshzadeh (2016), who used numerical simulations to validate his 2D

analytical solutions (Eq. 2-19) for inclined stopes using related backfill parameters ¢’ and v.
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Fig. 2-31 shows the stress variations with the fill Poisson's ratio in an inclined stope (a = 75°). It

is seen that the horizontal stress slightly increases and the vertical stress largely reduces as
Poisson’s ratio v of backfill increases from 0.2 to 0.4.
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Figure 2-31: Stress variation with backfill Poisson's ratio: along (a) VCL, (b) hanging wall and (c)
footwall in FLAC (Li & Aubertin 2009¢)

Fig. 2-32 shows the stress variations with the backfill friction angle ¢’ from 10° to 40° in an
inclined stope (a = 75°). The results indicated that both stresses decrease with an increased
friction angle along the three profiles (see also Jahanbakhshzadeh 2016). They showed that the
vertical stress becomes less sensitive to the increase in ¢’ for ¢’ > 20°. This can also be estimated

from a few analytical arching solutions introduced in Section 2.4.2 (e.g., Aubertin et al. 2003;
Singh et al. 2010), but in a different manner.

04 a0, ¢ o 034 0y ¢ 0. 047 o ¢' O«
0° al0° a 10°
: ;Oo A A d am *20° o a “"“ﬁ : 20° o A
~031 ®30° y & = " 20° ‘“Aé 223 S Wi ‘f"
o * 40° A Ry r $02 ) a 5 *40° an H t.:ﬁ
% center a guitened - % haogngwal o4 e % foot wall At p R &
02 t-ﬁ.ﬁoO PA oo O y “ 0.2 - “5 LN
] 2N 8 o o Ve Ape, &
g oy 2 o 0% -] 35"
g PRy ° o W g s
Co1 % . * ALs " 011 3?6
}2: 0 w A:e. oo
& 5 st
0 ...: - \ 0 Y T T T \ 0 &~ T T T T 1
0 9 18 27 36 45 0 9 18 27 36 45 0 9 18 27 36 45
(a) h (m) (b) h () (€) & ()

Figure 2-32: Stress variations with the backfill friction angle: along (a) VCL, (b) hanging wall
and (c) foot wall in FLAC (from Li & Aubertin 2009¢)

The stress can be quite sensitive to the magnitude of the fill cohesion for both a single step (Li et
al. 2007) and multistep filling (Li & Aubertin 2009¢; see also Jahanbakhshzadeh 2016; Liu et al.

2016a, 2016b). The vertical stress decreases with increased c value along three profiles, but the
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stress becomes insensitive to ¢ value above 50 kPa. A smaller stope width leads to enhanced
arching effect along all three profiles, but such effect is less pronounced near the hanging wall (Li
& Aubertin 2009e; Jahanbakhshzadeh 2016). Also, a greater dilatation angle (from 0° to 30°)

results in a smaller vertical stress.

Jahanbakhshzadeh et al. (2016c) conducted simulations with FLAC®" in part to validate their 3D
analytical solutions (Eq. 2-22) proposed for inclined stopes using related fill parameters ¢ and v.
Their results indicated that increasing the stope length L generally increases the stresses at depth,
due to the decreased arching effect. An increase in the angle ¢’ (from 30° to 40°) leads to

reduction in horizontal stresses along the four walls.
2.5.1.3 Effect of interface elements

Pirapakaran (2008) introduced interface elements (softer than backfill) between backfill and rock
walls in FLAC. El Mkadmi et al. (2014) used two thin layers (softer backfill) to represent the
interfaces in SIGMA/W. Their intent was to have the stress state close to that obtained by FLAC
without interface elements. In the presence of these elements, the vertical stresses (and
displacement) become greater than the cases without interface. Interface elements allow larger
movements of backfill, thereby reducing the retaining effect of the rock walls. Inclusion of

interfaces seems to have little influence on the horizontal stress.

Liu et al. (2016a, 2016b) conducted simulation using FLAC®® (for 2D models) to analyze the
effect of interface elements, between the fill and rock mass, on the stress state along the VCL of

backfilled stopes. The backfill parameters ¢’ and v are related.

Numerical results of Liu et al. (2016a) obtained with planar interface elements indicated that both
vertical and horizontal stresses are reduced with an increase in the interface shear strength (¢ and
ci). This indicates that the arching is mainly controlled by the shear strength of interfaces (not that
of the backfill). It is noted that the stresses became unchanged as the interface cohesion increases
beyond a certain value (i.e., 25 kPa for the cases considered). They also showed that interface

elements are required when the local shear strength is significantly lower than that of the fill.

Liu et al. (2016a) also reported that the vertical and horizontal stresses become nearly insensitive
to the normal (K,) and shear (K;) stiffness of interface elements as they exceed the values
obtained with the method suggested by the FLAC®P manual (Itasca 2013).
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Numerical results of Liu et al. (2016b) obtained with nonplanar interface elements showed that
stresses in backfilled stopes reduce as the interface roughness rises. This study also showed that
interface elements are unnecessary when fill-wall contacts are sufficiently rough (normally the
case of stope walls due to blasting).

2.5.2 Stress state in the backfilled drift and onto barricades

Li & Aubertin (2009c) have developed analytical solutions to estimate stresses in drifts when the
backfill is in a fully drained (zero PWP) and submerged conditions, presented above in Section
2.4.5.1. To verify these solutions, they conducted numerical simulations with FLAC in plane

strain conditions.

Fig. 2-33a shows the numerical and analytical results of normalized horizontal stress at the mid-
height of access drift for different barricade positions. On this figure, ongo is the horizontal stress
at the base of the drawpoint; L is the distance from the barricade to the stope back-wall (Fig. 2-
25); B is the stope width; | is the distance between the calculation point and the brow; Hy is the
drift height. Within a certain distance (I/Hg < 4 in this case) in the drift, the results indicated a
good agreement between the two different methods. The horizontal stress of numerical results in
the drift drops to a minimum (constant) value when I/Hg > 4. It is also found that the horizontal

stress on barricade becomes insensitive to barricade position for L > 2B in this case.
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Figure 2-33: Normalized horizontal stress along the access drift (a) for a fully drained and (b)

submerged conditions, obtained with numerical and analytical solutions (Li & Aubertin 2009c)

Fig. 2-33b shows numerical and analytical results in submerged conditions for the normalized

effective and total horizontal stresses at the mid-height along the access drift. A good agreement
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is observed between the two approaches, especially for the total stresses. It is seen that the
effective stresses decline with the increased distance, while the total stresses are less sensitive

(almost constant) to the distance.

2.5.3 Design of side-exposed backfill

The stability of cemented backfill during adjacent excavation is critical. Fig. 2-34 illustrates the
displacement isocontour of the exposed cemented fill of primary stope (along the vertical plane
of symmetry) at failure (critical state). A number of numerical analyses have been conducted in
2D and 3D to evaluate the stability of exposed cemented fill. The former may represent the cases

of very large exposure length. These analyses are briefly reviewed in the following.
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Figure 2-34: Displacement isocontour of the exposed cemented fill in primary stope along the

vertical symmetry plane at failure (adapted from Chapter 5)

Cowling & Gonano (1976), Barrett et al. (1978) and Barrett & Cowling (1980) performed 2D and
3D calculations using finite element method (FEM) to assess the stability of cemented rockfill
(CRF) and cemented hydraulic fill (CHF) at Mount Isa mine, Australia. It was shown that the fill
stability depends on its strength, size of exposure and extraction sequence; the fill is more stable
when the open face is close to the fill top than near the base. Barrett et al. (1978) indicated that if

redistribution of excess stresses in the fill has not converged within 30 iterations, numerical
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instability has usually occurred. The extent of tensile failure and plastic yield are also used to
identify the failure.

Cundall et al. (1978) used a 3D explicit FDM code to evaluate the stability of exposed CHF and
CRF in deep mining conditions (1200 m). The wall closure is found to be higher with CHF
(modulus ratio to rock is 0.002) than with CRF (modulus ratio to rock is 0.1). By evaluating the
yield state, it is shown that the stability of CHF is controlled by gravity, while the crushing
failure due to wall closure appears in the case of CRF. The effect of fill strength and sequential

exposure on fill stability was also studied.

Coulthard & Dight (1980) back-analyzed, using 2D FEM, a major failure of exposed CHF at
ZC/NBHC mine, Australia. Their results suggested using a FS of 1.5 for backfill design. Similar
2D simulations conducted by Dight & Coulthard (1980) show the effect of exposure sequence on
fill stability. Coulthard (1980) investigated the effect of wall closure on stability of exposed fill
with 3D FEM. It was found that a small value (20 mm) of wall closure could stabilize the backfill
by limiting the built-up of tensile stress, while a large one (100 mm) is likely to destabilize the
exposed fill. A similar approach used by Barrett et al. (1978; see above) is adopted in these

analyses to judge the failure.

Bloss (1992) carried out numerical modelling with a FEM code to assess the stress state and
stability of CRF and CHF following side exposure at Mount Isa Mines, Australia. His numerical
results illustrate the occurrence of arching along the depth, especially near the middle and bottom
of the stopes. He also observed that the stability of the cemented backfill and the rock mass is
positively related to the binder content, while the stability of exposed cemented fill is negatively
related to the exposure width (square stope) for a given stope height. The effect of sequential

extraction around a primary backfilled stope on backfill stability was also investigated.

Pierce (1997) assessed the stability of CPB upon vertical exposure (with FLAC®) at Golden
Giant mine, Canada. The effect of fill strength and exposure length on fill stability was
investigated. Pierce (2001) evaluated the required strength of CPB upon vertical and horizontal
exposures using FLAC®P at Brunswick mine, Canada. He conducted parametric analyses for the
stability of exposed CPB to predict optimal binder content. The failure was identified by the
extent of displacement and yielding. The required strength determined by the numerical analyses

is found to be generally smaller than the backfill strength measured in the lab.
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Coulthard (1999) conducted simulations with FLAC" to study the stability of side-exposed CRF
at Mount Isa mine, Australia. His results showed that tensile yield could occur near the fill top

and on the open face.

Rankine et al. (2002) studied the stress state within a primary stope filled with CPB during the
sequential removal and filling of the surrounding secondary stopes with FLAC®®. Their results
show that the vertical stress in the center of backfill in the primary stope generally increases

throughout the mining/filling sequence (see also Bloss 1996).

Sainsbury & Urie (2007) used FLAC®® to assess the stability of narrow and inclined CPB filled
stopes upon simultaneous horizontal and vertical exposures at Raleigh mine, Australia. A Mohr-
Coulomb strain-softening model is used in which the tensile strength and cohesion degrade
linearly from their maximum values at zero plastic strain to nil at a critical plastic strain (i.e., 1.5%
as suggested by Swan & Brummer 2001). It is shown that the increase in UCS of CPB above a
certain value has little effect on fill stability due to increased brittleness and modulus. By
evaluating the cohesion and yield state, the exposed CPB could show crushing failure under large

wall closure.

Emad et al. (2012, 2014) back-analyzed the failure of exposed CRF under static and dynamic
loading conditions at a Canadian mine using FLAC®P. Their results indicate that the exposed fill
stable under static condition but it may fail due to blasting. Such failure is indicated by the

development of tensile stresses.

Dirige & De Souza (2013) evaluated the stability of exposed CPB with a sillmat in an inclined
stope using FLAC®P. The plastic state and extent of displacement are used to identify failure.
Results of centrifuge tests show that the failure is initiated by a tension crack starting from the fill
top. A sliding plane is also developed upwards to meet the tension crack. Similar failure mode
was also observed in centrifuge tests performed on CHF in vertical stopes (e.g., Smith et al. 1983;
Mitchell 1986; Dirige & De Souza 2000).

Karim et al. (2013) evaluated (using 3DEC) the stability of three CPB backfilled stopes
surrounding an open stope at Kencana mine, Indonesian. The failure of fill is identified by the
displacement. Laboratory tests were performed to assess the effect of curing time and binder
content on fill strength. Their results show that the pillar (16 m wide, 35 m long and 25 m high)

can be mined after 14 days curing for backfill with cement content from 6% to 14%.
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Li & Aubertin (2014) analyzed the response of backfill upon removing a rock wall with FLAC®®.
Their results suggest that the critical backfill strength can be based on the assessment of the total
displacement. An analytical solution, presented above in Section 2.4.4, was proposed (partly)
based on these simulations.

Bagde & Mitri (2015) used PHASE 2 to evaluate the stability of exposed CRF. Their results
indicate that the fill design should allow for stress concentration in rock mass with high in-situ

stress conditions.

Falaknaz et al. (2015d, 2016) analyzed the stress state within the backfill upon vertical exposure
using FLAC®P. Their results show that arching is largely decreased and non-negligible stresses
exist along the fill-wall interfaces upon exposure. The required strength of the exposed fill is
evaluated, based on the total displacement and strength to stress ratio (equivalent to FS). The
effect of excavation sequence on fill stability was also investigated. The results indicate that the
required strength increases with the increase in the stope length and height, but it is not much
influenced by the stope width. It is also shown that the effect of stope geometry on the stability of
exposed cemented fill is usually not well reflected by the existing analytical solutions of Mitchell
et al. (1982) and their modifications (presented above in Section 2.4.4). There is thus a need to

develop a new analytical solution.

Liu et al. (2016c¢) reproduced the physical box tests performed by Mitchell et al. (1982) using
FLAC®P. These tests were conducted in part to validate the well-known Mitchell et al. solution
(presented above in Section 2.4.4) for the design of the side-exposed cemented fill under fully
drained (long-term) condition. However, good agreement was achieved between the analytical
solution and experimental data of Mitchell et al., and numerical results obtained with undrained
(short-term) conditions. The box stability tests were performed under a condition close to a short-
term undrained condition and the fill strength parameters used in the tests were also obtained
under a condition close to the short-term undrained conditions (Liu et al. 2016c). Consequently,
the Mitchell et al. solution may place the backfill design in a conservative side; but this limitation
is probably somewhat overcome by the use of effective strength and strength gain with curing. It
is noted that the failure of exposed cemented fill is evaluated by the yield state and strength-stress

ratio.
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In numerical simulations, the yield state, shear strength ratio, and the development of
displacements and tensile stresses have been commonly used to assess failure of exposed
cemented fill. In some cases however, these methods may become limited and somehow
subjective. To reduce this subjectivity, Yang et al. (2016a, 2016b) have proposed a novel
instability criterion to explicitly judge the onset of instability of waste rock barricades (see

Chapter 4) and exposed cemented fills (see Chapter 5) in numerical simulations.

2.5.4 Earth pressure coefficient K

As mentioned previously, the backfill was considered as elasto-plastic and governed by the

Mohr-Coulomb yield criterion (unless specified).

Li et al. (2003) used FLAC to investigate the stress state in backfilled stopes. Their results
indicated that the earth pressure coefficient K (= o 'w/o ;) near the stope walls (between K, and K)
is larger than that at the center (close to K,). Simulated stresses can be well predicted by the

arching solutions using K = K, along the vertical centerline of the stope.

Caceres (2005) conducted simulations with FLAC to study the effect of friction angle of backfill
¢’ on the value of K in the backfilled stope. A constant Poisson’s ratio v = 0.25 was used. The
results indicated that the K value agrees well with the Rankine’s coefficient K; when ¢’ < 30°.
For 30° < ¢’ < 40°, the K value becomes almost constant and tends to approach Jaky’s Ko.
Appling curve fitting technique to these numerical results, Caceres (2005) proposed a second
order polynomial equation [Eq. (2-12)] to correlate the K value with the friction angle.

Fahey et al. (2009) performed simulations using FEM code PLAXIS. Their results showed that
the K value along the VCL of vertical stopes agrees better with Ko than K,, for backfill
parameters v =0.2, ¢’ = 45° and ¥ = 0°. Fahey et al. (2009) also showed that the positive dilation
angle can result in a passive K, state (need further validation), while the negative one would

make a state close to active K, in some locations.

Sobhi et al. (2014, 2016) conducted simulations using PLAXIS to assess the influence of stope
geometry and fill properties on the value of K along the VCL of backfilled stopes. The commonly
used assumption with independent ¢’ and v (= 0.2) was used. Their results indicated that the K
value along the VCL of vertical stopes is close to K,, suggesting that the fill is approaching an

active state. These numerical results appear to be partly confirmed by laboratory data
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(Pirapakaran & Sivakugan 2007b) and in-situ measurements (Hughes et al. 2010; Thompson et al.
2012; these will be presented in Section 2.6.3).

Numerical simulations conducted by Jahanbakhshzadeh (2016) indicated that the value of K
across the width of vertical stopes lies between K, and K, (and somewhat closer to the former).
For inclined stopes, he showed that the K value tends to decrease from the hanging wall to the
footwall. Thus, the use of a constant K within the whole opening is not representative, especially
for openings with inclined walls. These results were obtained with related backfill parameters ¢’

and v.

These numerical results indicate that the actual value of K in backfilled stopes remains unclear.
Yang et al. (2016c) have conducted a numerical study to analyze the value of K in backfilled

openings (see Chapter 6).

2.5.5 The application of wick drains in stopes backfilled with CPB

A relatively large amount of water is added into CPB to produce a flowable mixture for pipe
transportation. The excess PWP generated during the self-weight consolidation of CPB may
jeopardize the barricade stability. Consequently, filling is usually performed in two stages: plug
pour and final pour, separated by a few days’ interval to allow the dissipation of excess PWP
(e.g., Thompson et al. 2012, 2013). However, this interval may impair the production and cause
pipe clogging. It is thus preferable to maintain a continuous and relatively fast filling by

improving drainage and accelerating consolidation in the CPB.

Efforts have been commonly devoted in promoting the characteristics of barricade using porous
materials to hold HF (e.g., Sivakugan et al. 2006a) and CPB (e.g., Li & Aubertin 2011; Yang et
al. 2016a). Drain pipes are often installed in impervious barricades to accelerate the drainage in
stopes with HF (e.g., Bloss & Chen 1982; Potvin et al. 2005) and CPB (e.g., Grabinsky et al.
2007; Thompson et al. 2009; 2011a).

In some other cases, drain pipes are used in stopes to remove the pond, generated on the surface
of HF, and to facilitate filling (Neindorf 1983; Soderberg & Busch 1985; Hustrulid & Bullock
2001). As will be shown in the thesis, water ponding may endanger the barricade stability (see
Chapter 3). However, the installation of drain pipes in stopes is usually difficult. This is probably

why few applications were found in practice, particularly for CPB.
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Recently, Li (2013a, 2013b) proposed to use wick drains in stopes to improve drainage and
accelerate consolidation of CPB. It is believed that wick drains are easier to install due to its
small volume and flexibility compared to regular drains pipes. With wick drains, 2D drainage can
occur within backfill. Analytical solutions are available for the vertical and radial drainage
around vertical drains (Hansbo 1981; Leo 2004).

Li (2013a, 2013b) performed numerical simulations using SIGMA/W to assess the effect of wick
drain on drainage and consolidation of CPB. These models considered only one or two wick
drains vertically placed in the stope with instantaneous filling. The drift and barricade were
neglected. Fig. 2-35 shows that the maximum PWPs decrease to 200 kPa without wick drain and

to 50 kPa with wick drain, 10 days following the filling.
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Figure 2-35: Distribution of pore water pressure in CPB; 10 days after filling (Li 2013a)

Li & Yang (2015) conducted numerical simulations with multi-layer filling sequences, more
realistic stope geometry, and different configurations of wick drain (see Fig. 2-36). Their results
showed that drainage and consolidation can occur during filling, depending on the hydraulic
properties and rising rate of CPB. Hence, the complete neglect of the arching effect in CPB may
place the barricade design in an over-conservative side. Li & Yang (2015) also showed that a

stope can be filled continuously by using wick drains.
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These results indicate that the use of wick drains in backfilled stopes is promising to facilitate the

filling and production. Nevertheless, this study should be considered as conceptual due to several

limitations involved in the numerical modelling discussed by Li & Yang (2015). More details on
the application of wick drains can be found in Li (2013a, 2013b) and Li & Yang (2015).
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Figure 2-36: GeoStudio models of a backfilled stope: (a) with no wick drain but 5 drain holes on
the barricade; (b) with 5 wick drains in the stope and through the barricade (Li & Yang 2015)

2.6 Experimental tests for assessing stresses in backfilled openings and drifts

Laboratory tests and in-situ measurements can provide reliable data that can be compared to

analytical and numerical solutions, as long as the measurements are performed in a reliable

manner. Thus, experimental data are desirable for engineering applications.

Laboratory tests and in-situ measurements have their advantages and limitations. In laboratory

tests, it is easier to control or measure the properties of the materials, model geometries and

loading conditions. But these usually suffer from the limited representativeness of field

conditions. For field measurements, the complex geometry, material behavior and many
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influencing factors may render the interpretation of test results a veritable challenge. Besides, the
calibration of instruments for in-situ measurements before and after installation in mining stopes
and drifts is very difficult. But this aspect is critical for successful instrumentation and field
measurements. Another limitation of most experimental measurements is related to the cost and

time.

In the following, some small-scale laboratory tests conducted to study arching effect (dry fills)
and consolidation in backfilled openings will be first reviewed. Some in-situ measurements
within hydraulic fill (HF) and cemented paste backfill (CPB) will then be presented. It is noted
that the geochemical and microstructural properties of CPB have been intensively evaluated,
mainly in the laboratory (Benzaazoua et al. 1999, 2002; 2004, 2008; Belem et al. 2001, 2007;
Fall & Benzaazoua 2005; Ouellet et al. 2006, 2007, 2008; Fall & Samb 2007, 2008; Fall &
Pokharel 2010; Ghirian & Fall 2013, 2014, 2015, 2016). However, these aspects are not
discussed here as they are considered beyond the scope of this work.

2.6.1 Laboratory measurements using physical models

2.6.1.1 Vertical stopes

Pirapakaran and co-worker

Pirapakaran and co-worker (Pirapakaran & Sivakugan 2007b; Pirapakaran 2008) designed a
1:100 scaled laboratory apparatus to study the vertical stress distribution in backfilled stopes.
Laboratory tests results were used to validate their 3D analytical solutions (Pirapakaran &
Sivakugan 2007a; see Section 2.4.2.2) and numerical simulations (see Pirapakaran 2008).
Significant arching effects were observed in the backfilled openings in the lab. Pirapakaran (2008)

pointed out that the arching effect significantly increases with increased surface roughness.

Sivakugan and co-worker

Sivakugan and co-worker (Sivakugan & Widisinghe 2013; Widisinghe et al. 2013) conducted
laboratory tests to investigate the stress state of granular fill using the similar apparatus of
Pirapakaran & Sivakugan (2007b). Widisinghe et al. (2013) also performed numerical modelling
with FLAC®® for comparison with the experimental results. The analytical and numerical models,
based on continuum theory, indicate that the vertical stress tends to become almost constant

beyond a certain depth. As a particulate (granular) medium, however, the granular fill exhibits



78

less arching in laboratory tests. Up to 3B depth, Widisinghe et al. (2013) illustrated that the
interlocking of particles (or the formed matrix) between fill grains tends to maintain the
continuum behavior. As the filling progresses, the interlocking become less due to higher loads
and therefore, the vertical stress increase linearly at the lower part of the stope. It should be noted
that this was only based on the interpretation of their experimental results; no interlocking was
actually observed. The similar phenomenon can also be observed from the laboratory results of
Pirapakaran (2008) and Sivakugan & Widisinghe (2013).

Belem et al. (2016)

Belem et al. (2016) conducted 3-m high column tests (Fig. 2-37) to investigate the self-weight
consolidation and strength development of CPB at mine backfill plants. Their results showed that
water drainage and settlement induced by self-weight consolidation occur mostly in the first 48-
72 h (also depends on the size of column and hydraulic properties of CPB) after the columns are
completed filled. The maximum content of water collected (drained through the walls and base)
varies from 9% (PLD - partial lateral drainage; middle one in Fig. 2-37) to 26% (a case with FLD

- full lateral drained; not shown here) of the initial total water in CPB.
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Belem et al. (2016) reported that the vertical strains lie between 2.5% (UD - undrained column; at
left in Fig. 2-37) and 5.5% (FLD - full lateral drained column; at right in Fig. 2-37). Compared to
the in-situ volumetric strain range of 3.3 - 5.0% observed, they stated that the in-situ backfilled
stopes may behave somewhat similarly to the FLD or the PLD (middle column in Fig. 2-37)
conditions. These results suggest that neglecting drainage (during consolidation) through stope

walls may not be entirely true for fractured rock mass.
2.6.1.2 Inclined stopes

Ting et al. (2012) modified the laboratory apparatus of Pirapakaran & Sivakugan (2007b) to
plane strain conditions to evaluate the vertical stress in inclined stopes filled with granular
material. This laboratory apparatus was developed to validate their 2D analytical solution (Ting
et al. 2011; see Section 2.4.2.3). The opening had a length (500 mm) to width (100 mm) ratio of 5,
to represent a plane strain condition. The height of the stope was 900 mm and the inclination of
the stope could be adjusted to 90°, 80°, 75° and 70° (to the horizontal).

The average vertical stress at the stope base increases slightly with the change of stope inclination
from 90° to 80° and then, it decreases with the stope inclination varying from 80° to 70°. The
average vertical stress peaks at the stope inclination of around 80°, which is inconsistent with the
average vertical stress determined by analytical solutions (Ting et al. 2011) and numerical
modelling (Li & Aubertin 2009¢) of inclined stopes. It is noted that Li & Aubertin (2009¢)
numerically found the maximum vertical stress near the FW for an inclination of about 70°. The
experimental results indicated that the vertical stress near the FW peaks when the stope tilts
slightly from the vertical (e.g., less than 20°). Li & Aubertin (2009¢) and Ting et al. (2012) both
indicated that the variation of vertical stress is insignificant when the inclination angle is between
80° and 90°.

Ting et al. (2012) indicated that the magnitude of stress transferred to the base of stopes largely
depends on the wall roughness, aspect ratio and stope inclination.
2.6.2 In-situ measurements

Reported experimental results indicate that samples of in-situ backfill usually show somewnhat
different properties from lab-prepared samples, with higher shear strength, shear modulus, and

lower water content for the same period of curing (Revell 2004; le Roux et al. 2005; Fahey et al.
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2011; Thompson et al. 2011b, 2012). These differences may be due to scale effect, different
stress state, enhanced field mixing, higher stope temperatures (Grabinsky & Thompson 2009;
Fall et al. 2010; Thompson et al. 2014a, 2014b; Walske et al. 2016), wall convergence (Hassani
et al. 1998, 2001), drainage and consolidation of backfill (Fahey et al. 2011).

The evolution of the PWP and total/effective stresses in stopes and drifts need to be assessed for
a successful application of backfilling. Therefore, it is useful to implement in-situ instrumentation

to better understand the backfill response under complex field conditions.
2.6.2.1 Hydraulic fill

US Bureau of Mines

In the early 1960s, a series of field instrumentations were initiated by the US Bureau of Mines.

These measurements were performed in mine stopes backfilled with HF.

McNay & Corson (1961) performed some in-situ measurements in some mines of the Coeur
d’Alene district in Idaho, USA. The field instrumentation was designed to monitor the in-situ
behavior of hydraulic sandfill and evaluate the backfill pressure due to wall displacement. Corson
& Wayment (1967) conducted field instrumentation in a subvertical vein stope at the Star mine in
Idaho, USA. They investigated the variation of stresses with displacement in a backfilled stope, 3
m wide and 2000 m deep. They reported that the pressures (total stresses) across the vein
increased more rapidly than the pressures in the plane along the orebody strike during filling. The

closure measured in the stope was approximately 10 cm.

Corson (1971) conducted field instrumentation at the Luck Friday mine in ldaho, USA. Around
the instrumented stopes, rockbursts due to the resumed mining would cause increases in backfill
pressures. Corson (1971) indicated that large portions of wall loads resulting from rockbursts
were transferred to the backfill. The backfill of one trail stope was compacted (with hand-held
vibrator and immersion-type vibrator) after filling, and the backfill of the other trial stope was
filled naturally. Corson (1971) pointed out that strain rate increased significantly as the

rockbursts occurred. The average strain of the compacted fill is less than that of the natural fill.

Askew et al. (1978)

Askew et al. (1978) monitored the pressures of uncemented HF during stope filling at Broken

Hill, Australia. Askew et al. (1978) demonstrated a fluctuation of backfill pressures relative to
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filling rate. The measured earth pressure coefficient K at the center of the stope was 0.58, which
correlated well with their numerical results. The measurement indicated total pressures around 20
kPa on the timber barricades when they were completely covered and then, the pressures slightly
increase until the end of filling. Askew et al. (1978) attributed these low pressures to the arching
effect in the drift.

Knutsson (1981)

Knutsson (1981) conducted in-situ stress measurements in three HF filled stopes (inclined at 23°
to the vertical) at the Nasliden mine, Sweden. These stopes are narrow with high length to width
ratio (> 10). Knutsson (1981) considered the stresses within HF were theoretically the sum of two
parts: one due to the self-weight of the backfill and the other due to wall convergence. The
former was determined by the silo (arching) theory and the latter by means of soil mechanics (1D
compression). But the details of the latter calculation were not given. The stresses calculated in
this way correlated fairly well with in-situ measurements. It is noted that Jaky’s equation (i.e., Ko
=1 - sing where ¢ = 36°) was used to relate the stress perpendicular to the wall and the vertical

stress, although wall convergence occurred for this case.

Thibodeau (1989)

Thibodeau (1989) reported field instrumentation at Levack Mine in Canada. It was found that
arching theory and the elastic beam theory could not be applied since the principal stresses
measured in the fill were much larger than the maximum stresses calculated using arching

equations, attributed to pillar convergence.
2.6.2.2 Cemented paste backfill

Hassani and co-workers

Hassani and co-workers (Hassani et al. 1998, 2001) reported some in-situ measurements for CPB
at the Chimo mine, Canada. At the end of first filling (to 13 m), the measured vertical pressure
180 kPa was almost equal to the geostatic pressure 189 kPa. But the lateral stresses were 245

(across the orebody) and 149 kPa (along the orebody), respectively.

The temperature in backfilled stope increased during filling. During the curing period, Hassani et
al. (1998, 2001) mentioned that the backfill pressures declined. Hassani et al. (2001) found that

the stress along the orebody dropped significantly to zero (tension reaction) due to the opening of
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the adjacent stope. As the mining advances in the adjacent stope, their results indicated that both
the vertical stress and stress across the orebody rose, but the stress along the orebody hovered
around zero and started to increase when the last layer of the orebody was blasted in the adjacent
stope.

Hassani et al. (1998) stated that the HW displacement plays an important role in the increased
backfill pressure. They also pointed out that CPB was capable of absorbing the energy released
by rockburst.

Belem and co-workers

Harvey (2004) and Belem et al. (2004) investigated the evolution of pressures within CPB during
placement and consolidation in a trial stope at Doyon Gold mine, Canada. When the filling was
resumed, the pressures at the base increased at a rate less than that at the plug/final pour interface,
demonstrating the effect of this plug. Belem et al. (2004) mentioned that the third filling step
(882 tons CPB added from the 13" day) had little influence on the pressures at the stope floor due
to the arching effect. Belem et al. (2004) also pointed out that the pressures during the curing

period underwent a slight drop (also observed by Hassani et al. 1998).

Unlike the pressures within the stope, the barricade pressure slightly rose during the curing
period. The cause of this increase was not addressed. The barricade pressure peaked around 55
kPa. Following the peak, the barricade pressure fell, showing no pressure increase due to the
placement of additional CPB.

le Roux et al. (2005)

le Roux et al. (2005) studied the in-situ performance of CPB at the Golden Giant mine in Ontario,
Canada. A self-boring pressure (SBP) meter was used to assess the in-situ strength properties and
stress state of CPB after stope filling. The SBP meter was also used at the Bouchard-Herbert
mine (Ouellet & Servant 2000).

The SBP results demonstrated that the undrained shear strength of CPB ranges from 435 to 641
kPa and the modulus ranges from 239 to 514 MPa. le Roux et al. (2005) mentioned that the stope
was filled after excavation when the destressing of rock walls completed; so the initial stress state

of CPB is mainly controlled by its self-weight and later by arching as the CPB gains strength.
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le Roux et al. (2005) also conducted laboratory tests on CPB prepared in the lab. The comparison
between the in-situ measurements and laboratory results indicated that the lab-prepared CPB has
a lower strength (50% - 80%) than the field CPB. Thus, they suggested that design based on the

laboratory material may be conservative.

Helinski et al. (2011)

Helinski et al. (2011) conducted in-situ measurements within CPB at the Kanowna Belle (KB)
Mine and Savannah Nickel (SN) Mine, Australia.

At the KB mine, a geostatic condition was observed during initial filling. After about 20 h, the
deviation of PWP from overburden indicated the development of effective stress. Helinski et al.
(2011) attributed this to cement hydration during which the PWP decreases as the volume
reduces due to “self-desiccation” (Grabinsky & Simms 2006; Helinski et al. 2007). This may be
incomplete because the consolidation within CPB also contributed to the reduction in PWP and

hence the increase in effective stress.

At the end of filling, the vertical stress was significantly lower than the overburden pressure, due
to arching effect. However, it is worth mentioning that the stresses were measured within a
continuum that experiences stiffness change due to consolidation and cement hydration (Take &
Valsangkar 2001), hence the total pressure readings can only be treated somewhat as an
indication of the true total stress (Helinski et al. 2011). During the one day curing period, the

pressures drop slightly.

At the SN mine, the PWP increased at a rate significantly less than that of the overburden stress,
demonstrating a significant consolidation during filling. Helinski et al. (2011) attributed the low
PWP values to a combination of the high permeability and high stiffness of the material shortly
after placement, and the low rising rates. Under such conditions, the CPB behaves somewhat as a
typical HF, whose drainage and consolidation can be completed rapidly. The magnitude of PWP
is governed by the “steady state” drainage conditions in the fill, which depend on the restriction
to flow created at the base of a stope due to a reduced flow area through the stope drawpoint
(Cowling et al. 1988; Traves & Isaacs 1991; Yang & Li 2016).

Hasan et al. 2014
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Hasan et al. (2014) conducted full-scale monitoring of CPB during and post-filling at the
Lanfranchi Nickel mine, Australia. The average rising rate was 0.7 m/h. The stope can be

regarded as low and wide.

During initial filling, an almost undrained state was observed. As the filling continued, PWP
gradually deviated from total stress, marking the start of consolidation and arching. During the
first curing period (13 hours), Hasan et al. (2014) reported a drop of PWP and total stress due to
consolidation and hydration. When the filling was resumed, the total stress and PWP again
climbed until the second curing period. At this point, the total stress and PWP are much lower

than geostatic stress, indicating a continuous arching.

During the second curing period, the total stress started rising following an initial decline while
PWPs continuously decreased. The increase of total stress during curing period is against the
results of Belem et al. 2004 and Hassani et al. (1998, 2001). However, Hasan et al. (2014) stated
that “this anomalous behavior has been observed a number of times and should not be dismissed
as instrument malfunction”. No detail was given on this response. The pressure increase during
curing time is probably due to the temperature increase. However, the increase was not observed
during the first curing time and the temperature was not recorded. Hence, the cause of this

anomalous response is unclear.

Thompson, Grabinsky and co-workers

A team of University of Toronto has performed a comprehensive monitoring program at three

different underground mines: Williams Mine, Kidd Mine and Cayeli Mine.

Grabinsky et al. (2007) measured the backfill pressures in the drift at Williams Mine, Canada.
They reported quite low barricade pressures during the plug pour. It was found that the total
stresses in the drift fall as the measuring points are farther away from the brow, even evident for
the initial filling. This is supported by the analytical solutions of Li & Aubertin (2009c, 2009d)
showing that the pressures on barricades are inversely proportional to the distance between the
barricade and stope. Thompson et al. (2011a) conducted in-situ measurements during
continuously filling a stope at Williams Mine. The geostatic loading was observed for less than
five hours. After that, the vertical pressures increased at greater rates than the horizontal

pressures.
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Thompson et al. (2009) performed field instrumentation at Kidd Mine, Canada. At the end of
filling, the horizontal stress deviated significantly from the vertical stress, indicating a well-
developed arching in CPB. Fig. 2-38 shows the evolution of total stress acting along the drift
towards barricade for four TEPCs. The pressures are close to each other for the first 1.5 days and
then varied in different manners. Again, it is seen that the pressures decline with increased

distance from the stope brow, indicating arching effect.
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Figure 2-38: (A) Total pressures during the filling for TEPCs on the barricade, in the drift and

under the brow as shown in (B) (Thompson et al. 2009)

At Kidd Mine, Thompson et al. (2014a) showed that a positive correlation is found between
pressure and temperature (binder hydration). They mentioned a 300 kPa pressure increase due to
an 11°C temperature increase at one location. The thermal expansion-induced pressures could
constitute 50% and 63% of the vertical and horizontal pressures at the end of the first pour, at a

stope. Similar phenomenon was found in CHF.

Thompson et al. (2012) instrumented two stopes (denoted as 685 and 715) at Cayeli Mine,
Turkey. For both stopes, three cages were mounted vertically in the center of the stope and two
cages were installed under the stope brow. TEPCs and piezometers were also fixed on the 5m
high barricades.

The 685 stope was the larger of the two stopes; it was 16 m high with a plan section of 25 m by
12.5 m. The average rising rate was about 0.25 m/h. The binder contents of the plug pour and
final pour are 8.5% and 6.5%, respectively. The stope was filled continuously in 2.85 days. The

plug pour was completed at 1.8 days.
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Thompson et al. (2012) reported that a geostatic loading period was recorded in the plug pour
(from 12 to 15 h) and the final pour (20 h). They attributed the longer geostatic loading of the
final pour CPB to slower cement hydration due to the lower binder content.

The evolution of total earth pressure (TEP), pore pressure (PP), and temperature for barricade and
Cage 3 are depicted in Fig. 2-39 for the initial 5.5 days. The barricade pressure peaked at 47 kPa
the end of filling. For Cage 3, the vertical pressures continued climbing at a much greater rate
than horizontal pressures after the geostatic loading period. The pore water pressures at the

barricade location are significantly lower due to the enhanced drainage around the barricade.
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Figure 2-39: TEP, PP and temperature measured at the (a) barricade and (b) Cage 3 in 685 Cayeli
Mine stope. TEP orientations H1 and H2 are horizontal and V refers to vertical pressure
(Thompson et al. 2011a)

The 715 stope had an undercut area of 10 m and 15 m, with a height of 15 m. The rising rate is
between 0.35 and 0.42 m/h. The binder content is 6.5%. The backfilling was completed in two
pours separated by a three day’s curing period.

The evolution of total earth pressure (TEP), pore pressure (PP), and temperature for barricade and
Cage 3 are depicted in Fig. 2-40 for the initial 5.5 days. During the first pour (20 h), Thompson et
al. (2012) reported a geostatic loading at all the cages (only Cage 3 is shown). The barricade
pressures climbed to 99 kPa. During the curing period, pressures first declined. It is noted that the
temperature began rising around 2.5 days, demonstrating the acceleration of cement hydration.

Around 12 h after the rising of temperature, total pressures were found to climb at most locations.
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This increase agreed quite well with temperature increase and was attributed to thermal
expansion of the CPB in a confined volume (Thompson et al. 2009, 2014b). However, the
variation of PWPs with the increasing temperature appears to be less regular and was not
explained. There was no significant change in pressure at the barricade during the second pour
(21 h), emphasizing the contribution of plug to the barricade stability. Thompson et al. (2012)
mentioned that the development of effective stress is more rapid in CPB with higher binder

content. They also reported that the rising rate is positively related to the rate of pressure increase.
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Figure 2-40: TEP, PP and temperature measured at the (a) barricade and (b) Cage 3 in 715 Cayeli
Mine stope. TEP orientations H1 and H2 are horizontal and V refers to vertical pressure
(Thompson et al. 2011a)

Doherty et al. (2015)

Doherty et al. (2015) conducted instrumentation in three CPB filled stopes at the Raleigh gold
mine, Australia. The three stopes are inclined between 20° and 25° (to the vertical), and their
geometries are about 17 m high, 18 m long and 3.5 m wide. It was aimed at investigating the
effect of the filling sequence, barricade drainage and binder content on the stress state in the
backfilled stopes and drifts. Their results indicated that the filling sequence significantly
influence the development of PWP and total (effective) stresses of CPB during filling. They also

showed that the PWP significantly reduces during the rest time, even for very short rest periods.

The barricade was built with (about) 30 cm-thick shotcrete. Doherty et al. (2015) found that the

PWP increases for the barricade with no drain pipe but decreases for the barricade with drain
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pipes, near the drawpoint and barricade during rest time. They also reported that the water
collected from the drain pipes (on the barricade) is less than 0.1% of the water poured into the
stope. Based on the column test results of Belem et al. (2016), it might be inferred that the water
may also drains through the (fractured) stope walls and elsewhere.

The stability of cemented backfill upon exposure (subject to dynamic loading conditions) is
another concern. The stability of exposed CRF due to blast-induced vibration has been monitored
by Emad et al. (2015b) at a nickel mine located in Manitoba, Canada. The results indicate that the
CRF is subjected to high vibration levels during blasting and the backfill failure due to blasting
can occur near the top of the fill. It was also shown that excessive blast-induced vibrations are the

main reason of ore dilution.

2.6.3 Earth pressure coefficient

Thompson et al. (2012) demonstrated that the values of K (= ¢'v/o,) evolve with backfilling,
pore pressure dissipation, and curing. However, a consistent pattern is observed if only the

hanging cages in the center of the stope are considered.

In the continuously poured trial stope, the lower central portion of the CPB appears to be close to
the Rankine’s active state while the upper portion appears to be closer to the at-rest state. Hughes
et al. (2010) monitored the barricade pressures at the Red Lake mine located in Ontario, Canada.
Their results indicated that the value of K during initial placement of CPB is close to Rankine’s
coefficient K,. These results are somewhat consistent with the values of K obtained from

numerical simulations by Sobhi et al. (2014; 2016; presented above in Section 2.5.4).

In the staged-poured trial stope, however, Thompson et al. (2012) reported that the lower central

portion of the stope appears to be close to the at-rest state while the upper portion is higher.

There are still uncertainties on the actual value of K in backfilled stopes. Numerical analyses
have been performed by Yang et al. (2016c) to assess the K value in backfilled openings (see
Chapter 6).
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CHAPTER 3 ARTICLE 1: EVOLUTION OF WATER TABLE AND
PORE WATER PRESSURE IN STOPES WITH SUBMERGED
HYDRAULIC FILL

Pengyu Yang & Li Li

This article was submitted to ASCE - International Journal of Geomechanics, accepted with

changes in October 2016.

Abstract: Hydraulic fill is often used to fill large underground voids created during mining
operations. It is produced and distributed as a slurry at a pulp density, P of 65-75% (solids
content). Consequently, a substantial amount of water needs to drain after placement. Inadequate
drainage has been regarded as the main cause of barricade failure for stopes with hydraulic fills.
Therefore, a good understanding of the evolution of total and effective stresses within such
backfilled stopes is critical for barricade design. Most existing analytical solutions for assessing
stresses in stopes were based on Marston’s approach by considering a fully drained (without pore
water pressure) or hydrostatic state. These conditions are not always representative of the stress
state in stopes and behind barricades. When slurried hydraulic fill is placed into a stope, the self-
weight consolidation or sedimentation of the fill can take place fairly rapidly. Ponding could first
occur on the top of backfill if the drainage through barricades is not sufficient. Drainage through
the barricade then allows the water table to descend, changing the pore water pressures with time.
In this paper, the authors present analytical solutions for estimating the evolution of the water
table and pore water pressures in stopes with submerged hydraulic fills. These solutions are
validated using numerical simulations conducted with SEEP/W. The results show that the
ponding on the top of the settled fill has a negative impact on the barricade safety. The 2D
modelling without considering the reduced drift area tends to underestimate the pore water
pressures in stopes and behind barricades, which may render the barricade design non-
conservative. Discussion follows on some particular features and limitations of the proposed

analytical and numerical solutions.

Keywords: Mine stopes; Hydraulic fill; Drainage; Pore water pressure; Analytical solution;
SEEP/W.
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3.1 Introduction

The history of backfilling underground mined-out voids (stopes) probably dates back to the
beginning of mining several centuries ago (Potvin et al. 2005). In recent decades, the practice of
mine backfill has significantly increased worldwide. In general, mine backfill is mainly used to
ensure stope stability, increase recovery and minimize dilution (Thomas 1979; Hassani &
Archibald 1998). The surface disposal of mine wastes (i.e., waste rock and tailings) can also be
reduced by filling underground stopes with these wastes, as an environmentally friendly method
(Aubertin et al. 2002, 2016; Bussiere 2007; Benzaazoua et al. 2008; Li 2014; Falaknaz et al.
2015; Liu et al. 2016a; Yang et al. 2016a).

A variety of mine backfills have been developed to meet specific engineering goals depending on
the mining methods utilized. The most commonly used mine backfills are rockfill (RF), hydraulic
fill (HF), and cemented paste backfill (CPB). HF was initially used in some coal mines in the
U.S.A. since 1884 and quickly spread around the world (Peele 1941; Potvin et al. 2005). While
CPB is gaining popularity, HF remains common (e.g., Martic et al. 2014; Thompson et al. 2014;
Liu et al. 2016b). It is defined as slurry with relatively low solids content (normally from 60% to
75%), consisting of classified mill tailings and/or sands (cemented or not), transported through

boreholes and pipelines to underground stopes (Hassani & Archibald 1998; Potvin et al. 2005).

Due to the high permeability and the workability requirement for hydraulic delivery
(transportation), HF contains a substantial amount of water that drains fast after placement and
becomes free water. When the drainage through the barricade is not as efficient as water
bleeding, a pond can form on the top surface of the fill, generating high pore water pressures
(PWP), threatening the stability of the support structure (barricade). The barricade usually
identifies low pressure and porous structures while the bulkhead usually means high pressure and
impervious structures (Grice 1998). As drain pipes are usually installed through the impervious
structures (i.e., bulkhead), these two terms are sometimes used interchangeably. Here, the term
“barricade” is used to represent both of them. The pressure exerted by the backfill on the

barricade must be adequately evaluated to ensure a secure barricade design.

Most existing analytical solutions for assessing stresses in backfilled stopes were developed for
the case of a fully drained (zero PWP; e.g., Askew et al. 1978; Aubertin et al. 2003; Li et al. 2005)
or a hydrostatic state (e.g., Li & Aubertin 2009a, 2009b). These solutions are valid when the
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backfill is fully dry or when a hydraulic equilibrium is achieved within the HF retained by an
impervious barricade. Alternately, Sivakugan and coworkers (Sivakugan et al. 2006b; Sivakugan
& Rankine 2006) made use of the method of fragments to estimate the maximum PWP in a 2D
stope with hydraulic fill and a porous barricade. These solutions are valid for the case of steady-
state flow when the height of the water table is constant in the backfilled stope. When HF is
retained by pervious barricades, the water table in a stope could first rise to form a pond by the
decant water, followed by a lowering with time due to the drainage through the barricade; this is
usually the case with a porous brick barricade that has a hydraulic conductivity as high as 1 to 3
mm/s (e.g., Rankine 2005; Sivakugan et al. 2006a). It can thus be expected that the water table,
PWHP, total and effective stresses in the stope evolve with the drainage and water flow through the

barricade.

In this paper, a simple solution is first proposed for estimating the initial height of free water
above the fill surface generated by the placed HF. Analytical solutions are then proposed for
evaluating the evolution of the water table and pore water pressures in the backfilled 3D stope
with a free-draining barricade. The proposed solutions are validated using numerical simulations
conducted with SEEP/W. Sensibility analysis are performed using typical geometric and

hydraulic properties to analyze the key influencing factors.

3.2 Proposed solution

Fig. 3-1 schematically shows a typical backfilled stope with submerged hydraulic fill. A pond
above the fill surface is formed by decant water due to the quick drainage and self-weight
consolidation of the HF. In this figure, Hy, (m) is the pond height and Hy (m) is the height of
settled HF in the stope. B (m) is the stope width and L (m) is the stope length. Hq (m) and Ly (M)
represent the drift height and width, respectively. The distance of the porous barricade to the

stope is denoted by | (m).



92

Stope

Porous barricade

Hy

)

H, Hydraulic

fill

7

B Drift

Figure 3-1: Schematic model of a typical backfilled stope with a pond above the fill surface
(adapted from Li & Aubertin 2009b)

3.2.1 Initial height of pond Hy,g

Particles of slurried fills tend to sediment under self-weight to a denser state once placed into a
stope. This leads to the generation of excess PWP within fill. The drainage and consolidation
accompanied with the dissipation of the excess PWP is a well-known phenomenon, called self-
weight sedimentation or consolidation (e.g., Wickland & Wilson 2005; Pedroni 2011; Aubertin
2013; Lietal. 2013; Yang & Li 2015).

Fig. 3-2 illustrates the self-weight sedimentation and generation of a pond above the fill surface
in a HF filled stope (the third dimension L and drift are not shown). HF usually has a high
hydraulic conductivity and behaves similarly to a sandy material. The self-weight sedimentation
can thus take place very fast with bleeding of substantial free water. As shown in Fig. 3-2, the
upward drainage could develop within a backfill when the drainage through barricade is not as
efficient as the water bleeding, thereby leading to a formation of a pond (with initial height Hyo)
on the fill top (e.g., Neindorf 1983; Soderberg & Busch 1985; Fourie et al. 1994; Bloss & Chen
1998; Hustrulid & Bullock 2001; Kuganathan 2001; Rankine 2005; Sivakugan et al. 2006a;
Helinski & Grice 2007). The pond can accumulate to 10% of the fill height (Kuganathan 2001).
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Figure 3-2: Illustration of the generation of a pond above the fill surface in a stope backfilled with
hydraulic fill; the cross section shown is taken along the vertical symmetry plane through the
drift axis (see Fig. 3-1)

The fill particles tend to sediment to a denser state. By considering the water balance before and
after the fill sedimentation (with the detailed formulation presented in Section 3.6 of this chapter),
the initial pond height Hyo and the settled fill height Hy can be obtained from the following

expressions:

_ 7/(1_ P)_}/wns

H,o =Q J LN (3.1a)
_Zu—¥A-P)

RRPETEY -

where Q (m°) is the total volume of HF placed in the stope; y (kN/m®) and y, (kN/m) are the unit
weight of HF and water, respectively; P is the solid weight content (usually from 65% to 75%) of
HF, defined by the ratio of the solid weight to the total weight of HF; ns (%) is the porosity of the

settled fill (see below).

The ratio of Hyo to Hy, is thus given by:

HWO _ 7/(1_ P)_ywns
= (3.2)

H,  7,-7{-P)
Herget & De Korompay (1978) reported that the values of in-situ ns of settled HF are 45% and

48%, while Rankine and coworkers (Rankine 2005; Rankine et al. 2006) showed that the ns value
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varies between 37% and 48% (typically 44%) based on laboratory tests performed on hydraulic
fills from 25 Australian mines. Eg. (3.1) can thus be used to estimate the initial height of the free

water above the settled fill using a typical value of n..

3.2.2 Evolution of water table and pore water pressure (PWP) with time

Fig. 3-3 schematically shows the cross section of the water table drawdown and water flow
within the HF filled stope. The stope (and drift) base is taken as the datum. It is assumed that the
transient seepage takes place once the self-weight sedimentation of fill particles is completed.
The height of the water table H and pond height H,, then become functions of time t. The water
flow (drainage) is assumed to be one dimensional, i.e., vertical in the stope and horizontal in the
drift (Fig. 3-3). This simplification is necessary to render analytical solution possible with a
reasonable complexity. It is made by observing the water flow in backfilled stopes, shown in
previous investigations (e.g., Bloss & Chen 1998; Ouellet & Servant 1998; Kuganathan 2001;
Helinski & Grice 2007). It is further (partly) confirmed by numerical simulations presented later
(discussed below). The hydraulic head of the barricade hparricade (M) IS taken as zero due to free
draining of porous bricks (e.g., Rankine 2005; Sivakugan et al. 2006a). It is also assumed that the
head of discharge velocity is negligible compared to the elevation and pressure heads. These

assumptions will be further addressed in the Discussion section.
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Figure 3-3: Illustration of the water table drawdown in the stope and water flow within hydraulic
fill; the cross section is taken along the vertical symmetry plane through the drift axis (see Fig. 3-
1)
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When considering the water balance during the transient seepage (with the detailed formulation

presented in Section 3.7 of this chapter), the PWP at the stope base upase Can be given by:

7W(Hb + Hw)

" 14+H,H,L, /(BLI) (33)
Eq. (3.3) reduces to the following 2D expression when L = Lg:
H, +H
_ 7w( b w) (34)

%m_1+H¢uKm)

By considering the variation of the water table height dH (= dH,y) during a time interval dt (with
the detailed formulation presented in Section 3.8 of this chapter), the pond height H,, can be
expressed as a function of time t:

HW:(HW0+Hb)eXp(_Ct)_Hb (35)

where the constant C = (ksatHg Lg)/(HpHg Lg + BLI) for 3D condition and C = (KsatHg)/(HpHg + Bl)

for 2D conditions; where ksa: (M/s) is the saturated hydraulic conductivity of the HF.

One can then obtain the evolution of the water table H in the HF filled stope as follows:
H=(H,,+H,)ep(-Ct) (3.6)

The total time T needed to drain the pond is obtained by introducing Hy, = 0 into Eg. (3.5):

T:ém@+%%] (3.7)
b

Eq. (3.6) [or Eqg. (3.5)] can be used to describe the evolution of the water table in the stope with
submerged HF. The evolution of PWP at the stope base can then be predicted by Eq. (3.3). The
total time required for draining the free water above the fill surface is estimated using Eq. (3.7).

3.3 Numerical simulations

3.3.1 Modelling approach

The finite element code SEEP/W (GEO-SLOPE 2010) has been proven to be a good tool for

simulating various steady-state and transient problems in unsaturated and saturated mediums
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(e.g., Ouellet & Servant 1998; Chapuis & Aubertin 2001; Chapuis et al. 2001; Chapuis 2009). It
is thus used here to validate the proposed analytical solutions [Egs. (3.3) and (3.6)].

The numerical analysis includes modelling the transient seepage within the saturated HF and
dropdown of the phreatic surface of the pond. The backfill is modeled as a saturated material and
its hydraulic behavior is mainly governed by the saturated hydraulic conductivity k. The pond
is simulated using “reservoir elements” proposed and validated by Chapuis (2009) in numerical
modelling with SEEP/W. The reservoir elements are modeled as unsaturated/saturated material

with the hydraulic properties depicted in Fig. 3-4.
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Figure 3-4: Hydraulic functions of reservoir elements used for simulating the pond with
SEEP/W: (a) water retention curve; (b) permeability (data taken from Chapuis 2009)

Fig. 3-4 shows the water retention curve [Fig. 3-4(a)] and permeability function [Fig. 3-4(b)] of
the reservoir elements used for simulating the pond with SEEP/W (data taken from Chapuis
2009). It is seen that the volumetric water content 6,, [Fig. 3-4(a)] remains constant for both
saturated (free water) and residual (void) water contents. As the PWP changes from 0 to -1 kPa,
the 6, value decreases dramatically from 0.99 to 0.01. This behavior can mimic the retaining
capacity of a real reservoir (Chapuis 2009). As shown in Fig. 3-4(b), the hydraulic conductivity k
of reservoir elements should be much greater than that of the backfills even when the reservoir
(pond) is empty. The large k value causes the reservoir elements to easily store and release water
with almost unchanged hydraulic head (Chapuis 2009). More details of reservoir elements are
provided by Chapuis (2009).



97

3.3.2 Numerical model

Fig. 3-5 illustrates a typical backfilled stope (plane flow) built with SEEP/W. Quadrilateral
elements with edge lengths of 0.1 m are used based on a mesh sensitivity analysis (details of the
sensitivity analysis are presented in Appendix D). The time step is also optimized to ensure stable
numerical outcomes. The stope and the drift are filled with saturated hydraulic backfill. An initial
phreatic surface is set at the top of the pond that is modeled using reservoir elements described
above. The porous barricade is simulated using a free-draining surface (PWP = 0) due to the large
contrast of the permeability between porous materials (e.g., bricks) and hydraulic fills (e.g.,
Isaacs & Carter 1982; Quellet & Servant 1998; Traves & lIsaacs 1991; Rankine et al. 2003;
Sivakugan et al. 2006a). Other outer boundaries of the model are modeled as impervious. Table
3-1 gives the backfill characteristics used in the simulations. The numerical simulation is solved
as a “transient seepage” analysis (GEO-SLOPE 2010).

z /-Pond modeled as

reservolr elements

Saturated hydraulic

fill in stope
Stope f

Saturated hydraulic

fill in drift Free dl:ainjng
/ surface
y J
Drift

Figure 3-5: A SEEP/W model of a backfilled stope with pond above the fill surface
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Table 3-1: The geometric and hydraulic parameters used in the numerical simulations

Case | Hoo(m) | Ho (m) Ksat in stope | Reduced kgt in LIy (m) ! (m)
(m/s) drift (m/s)

0 6 50 1.85x 10 1 5

1 Variable 50 1.85% 107 1 5

2 6 Variable 1.85% 107 1 5

3 6 50 1.85x 10 1 Variable

4 6 50 Variable 1 5

5a 27
5 | 6 50 1.85x 107 Variable 5 5
 5¢ | 10°

Note: "the ratio L/Lq is applied in the proposed analytical solution [Eq. (3.6)]; other parameters: B
=6m, Hg=5mand %, = 10 kN/m®.

For a stope with settled fill of H, of 50 m, an initial height of pond, Hyo, is 6 m based on Eg. (3.2)
using 7 = 20 kN/m?, %, = 10 kN/m®, P = 75% and ns = 44%. The value of Hyo can vary from 10
m to 20 m when the solids content of the HF is reduced from 73% to 70%. These typical values

of Hyo are used to investigate the evolution of the water table and PWP in the following.

The in-situ saturated hydraulic conductivity of uncemented HF usually varies between 10 and
10° m/s (Grice 2001). A typical range from 2x10° to 3.5x10° m/s (e.g., Rankine 2005;
Sivakugan et al. 2006a) is used for defining the lower and upper bounds of ks in Case 4 (Table

3-1). An average Ksyt value of 1.85x10™ m/s is used in other cases.

In practice, the drift (barricade) width Ly (along the strike of the stope) is smaller than the stope
length L. For the plane flow condition, the reduced ks, value (Case 5, Table 3-1) of backfill in the
drift is used to represent the restricted flow due to a reduced flow area through the drawpoint. The
reduced ks OF drift fill is obtained from the original ks value divided by the corresponding ratio
of L to Lgq. This modeling technique is deemed representative of the effect of the third dimension
in 2D simulations (e.g., Fahey et al. 2009; Doherty 2015; Doherty & Wood 2016).
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3.3.3 Comparisons with proposed analytical solution

Fig. 3-6 illustrates the evolution of the water table H with time t for different values of initial
pond height H,, obtained with the analytical [Eq. (3.6) in 2D] and numerical solutions (Case 1).
It is seen that the water table drops down with time in an almost linear manner. The time needed
to remove the free water increases from about 100 to 300 h when the value of Hy,c changes from 6

to 20 m. In all cases, the analytical solutions correlate quite well with the numerical simulations.
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Figure 3-6: Evolution of the water table height H with time t for different values of height Hyo,
calculated from the analytical [Eq. (3.6) in 2D] and numerical calculations (Case 1, Table 3-1)
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Figure 3-7: Evolution of water table height H with time t for different values of backfill height Hy,
obtained with the analytical [Eqg. (3.6) in 2D] and numerical calculations (Case 2, Table 3-1)
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Fig. 3-7 shows the comparisons of the evolution of the water table H with time t between the
analytical [Eqg. (3.6) in 2D] and SEEP/W calculations (Case 2), when the settled fill height Hy
changes from 30 to 70 m. The results obtained with both methods reveal that the water table
draws down almost linearly with time. It is seen that the total time T needed to drain the pond
slightly decreases when the value of Hy, increases (from 30 to 70 m). Good agreement is obtained

between the analytical and the numerical approaches.

Fig. 3-8 illustrates the evolution of the water table H with time t obtained with the analytical
solution [Eq. (3.6) in 2D] and numerical simulations (Case 3) when the barricade position |
changes from 1 to 10 m. It is observed that the time needed to drain the free water slightly
increases from 86 to 105 hours when the | value varies from 1 to 10 m. A good correlation is

obtained between the analytical solution and numerical simulations.
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Figure 3-8: Evolution of the water table height H with time t for different values of length I,

obtained with the analytical [Eqg. (3.6) in 2D] and numerical calculations (Case 3, Table 3-1)

Fig. 3-9 shows the evolution of the water table H with time t for different values of K,
calculated with the analytical [Eq. (3.6) in 2D] and SEEP/W calculations (Case 4). Again, a good
correlation is observed between the analytical solution and numerical calculations. Both indicate
a linear relationship between the dropdown of the water table and the draining time. It is also
seen that the time needed to fully drain the pond increases significantly when the value of K

decreases from 3.5x10 to 2x10™® m/s.
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Figure 3-9: Evolution of the water table height H with time t for different values of ks, predicted

by the analytical [Eq. (3.6) in 2D] and numerical calculations (Case 4, Table 3-1)
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Figure 3-10: Evolutions of the water table height H with t; obtained from Eq. (3.6) (in 3D) with

different ratios L/L4 and from numerical results (Case 5, Table 3-1) with values of reduced ks in

the drift

Fig. 3-10 illustrates the evolution of the water table height H with time t, obtained with the
proposed analytical solution [Eqg. (3.6) in 3D] for different ratios of L to Lq. The numerical results
(Case 5) are also plotted using values of reduced ksy Of fill in the drift. The good agreement

between two approaches indicates that the restricted flow due to the reduced drift width in 3D
conditions can be approximated by reducing ks of drift fill in 2D numerical modelling. When the
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reduced ks value of drift fills decreases from 9.25x10° to 1.85x10® m/s, the time required for
emptying the pond increases from about 100 to 200 h. This indicates that the reduced drift area in

3D conditions tends to slow down the seepage through the drawpoint.

Fig. 3-11 presents the evolution of the average PWP at the stope base Upase Obtained from Eq. (3-3)
and the PWP from numerical simulations at three locations for Cases 0, 5b and 5c (Table 3-1).

The former is calculated with different ratios L/Ly and the latter with values of reduced ks in the

drift. It is seen that the analytical solution predicts a reduction in upase With time associated with

the drawdown of the water table (from its initial height to the top surface of the settled fill). A

decrease in the simulated PWP along the stope base is observed from Point A (at the stope wall)

to Point C (at the drawpoint), probably due to the enhanced drainage near the barricade (e.g.,

Sivakugan et al. 2006D).
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Figure 3-11: Evolution of uyase Obtained from Eq. (3.3) and numerical simulations for (a) Case 0,
(b) Case 5b and (c) Case 5c¢; Eq. (3.3) is calculated with different ratios L/Ly and numerical

results with values of reduced ks in the drift (see Table 3-1 for details)
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Fig. 3-11 also shows that the numerical models start the calculations from a hydrostatic state
(with initial Upase = 56 m x 10 kN/m® = 560 kPa), even though the zero PWP boundary condition
is applied along the barricade height. After a short period (about 10 h), the simulated Upase
(especially at Point C) begin to correlate fairly well with Eq. (3-3) until the pond is fully drained.
These indicate that there is a quick transition from an initial hydrostatic state to the (stable)
transient seepage, thereby leading to the dramatic drop in the simulated PWPs. Such numerical
simulations tend to overestimate the PWPs at the beginning and may place the barricade deign on
the over-conservative side, while the analytical solution is deemed more reasonable. The drop in
stimulated upase IS Mmore dramatic when the stope length is equal to the drift width (Case 0, Table
1), as shown in Fig. 3-11(a). Similar trend has been observed for other cases investigated here.

3.4 Discussion

The good agreement between the proposed analytical solution and numerical modeling indicates
that the proposed solution can be useful in estimating the evolution of the water table and PWP
within hydraulic fill placed in the stope. However, simplifying assumptions have been made to
develop analytical solutions with a reasonable complexity, including the one-dimensional flow in

the stope and drift, instantaneous filling, and quick self-weight consolidation.

Fig. 3-12 depicts the vectors of hydraulic velocity when the water table is near the initial height
[close to a stable transient state; Fig. 3-12(a)] and top surface of the settled fill [Fig. 3-12(b)],
obtained from SEEP/W modelling with uniform ks value of fill (Case 0, Table 3-1). It is seen
that the water flow is vertical in the stope and horizontal in the drift, except near the stope base
where the water flow transitions from vertical to horizontal. Somewhat similar numerical results
have been reported in the literature (Ouellet & Servant 1998; Sivakugan & Rankine 2006;
Helinski & Grice 2007). These previous and new numerical analyses indicate that the assumption
of one-dimensional flow made in the theoretical model is deemed representative of relatively
high stopes (with limited drift height). For low stopes (especially when the barricade is very near
the brow), however, it can be expected that the transition zone with two-dimensional flow (and

high PWPs) may affect the transient drainage. Further study is thus required.

Fig. 3-12(b) shows that an unsaturated zone is developed close to the barricade when the water
table is near the top surface of the settled backfill. Similar numerical results have been reported

by Ouellet & Servant (1998). However, the unsaturated zone is not observed in the numerical
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simulations with reduced ks, Of drift fill (Case 5b; not shown here). These results indicate that the
unsaturated zone is due mostly to the faster drainage through barricade in 2D cases (L = Ly),

compared to 3D conditions.

(a)t;l()h (b)t=976h
Pond T Backfill surface Backfill surface
N
Maximum hydraulic Maximum hydraulic
velocity: 1.2x 10+ m/s velocity: 6.6 x 103 m/s

Unsaturated

Figure 3-12: Vectors of hydraulic velocity when the water table is near the (a) initial height t = 10
h and (b) settled fill surface t = 97.6 h, obtained from SEEP/W modelling with uniform kg, of
backfill (Case 0, Table 3-1)

In the theoretical development, it has been assumed that the hydraulic velocity head is negligible
compared to the elevation and pressure heads. This has been confirmed by the very small values
of the maximum hydraulic velocity obtained from numerical simulations, as shown in Fig. 3-12.
It is also shown that the maximum hydraulic velocity reduces from 1.2x10™ m/s [Fig. 3-12(a)] to
6.6x10” m/s [Fig. 3-12(b)] as the water table drops from its initial height to the settled fill surface.

Fig. 3-13 illustrates the isocontour of PWP when the water table is near the initial height [close to
a stable transient state Fig. 3-13(a)] and settled fill surface [Fig. 3-13(b)], obtained from
numerical modelling with uniform ks value of fill (Case 0, Table 3-1). It is seen that the PWP in
the stope increases with depth, but decreases in the drift towards the free-draining barricade. At a
given time, the maximum PWP occurs at the far end corner of the stope base, as shown in

Sivakugan et al. (2006b). Larger PWPs are seen near the beginning of the drainage which
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corresponds to the most dangerous moments for barricade safety. After about 4 days (about 100
hours), the PWP is largely reduced throughout the stope and drift with the water table near the
settled fill surface. This indicates that the formation of the pond on top surface of the settled
backfill has a negative impact on barricade stability.
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Figure 3-13: Isocontour of pore water pressure for the water table close to a stable transient state
when it is near the (a) initial height and (b) settled fill surface, obtained with uniform ks, value of
backfill (Case 0, Table 3-1)

Fig. 3-14 shows the isocontour of PWP in cases of the water table near the initial height [Fig. 3-
14(a)] and settled fill surface [Fig. 3-14(b)], obtained from numerical modelling with reduced kst
value of fill in the drift (Case 5b, Table 3-1). It is seen that the distribution pattern of PWP is very
similar to that observed above in Fig. 3-13 for Case 0 (Table 3-1). However, the values of PWP
are much larger than those shown in Fig. 3-13. The difference is caused by the restricted flow due
to the reduced ks Of drift fill (or equivalent reduced Lg). It is also seen that the PWP reduces
throughout the stope and drift after about 6.25 days (about 150 hours) when the water table is at
the settled fill surface. These results explain that the 2D models without considering the restricted
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flow through the drawpoint tend to underestimate the PWPs near the barricade. A barricade

design based on such solution may not be conservative.
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Figure 3-14: Isocontour of pore water pressure for the water table near the (a) initial height and (b)
settled fill surface, obtained with reduced ks Of backfill in the drift (Case 5b, Table 3-1)

Fig. 3-15 illustrates the distributions of PWP along the VCL of stope at different times after fill
placement, obtained from numerical modelling with uniform ks, (Case 0, Table 3-1) and reduced
ksat Value in the drift (Case 5b, Table 3-1). At time zero, the results give (initial) hydrostatic states
(see also Fig. 3-11). Once the calculation starts, it is first seen that the PWP along the VCL
decrease quickly in early hours (about 10 hours) while the water table remains almost unchanged.
Such decreases correspond to the quick transition from an initial hydrostatic state to the stable
transient seepage as shown in Fig. 3-11. The PWP along the VCL continues to decline with time
as the water table drops to the settled fill surface. For a given time, the PWP reduces more
severely near the stope bottom due to the improved drainage near the barricade. This
phenomenon is more pronounced in the case of equivalent stope and drift length [Fig. 3-15(a)]. It
is also seen that for the same time, the PWP of Case 5b [Fig. 3-15(b)] is higher than that of Case
0 [Fig. 3-15(a)], due to the restricted flow caused by the reduced ksy in the drift (or equivalent
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reduced Lg). These results show again that the 2D models could result in non-conservative

consideration of PWPs behind the barricade, because of the neglect of the reduced flow area in
3D conditions.
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Figure 3-15: Distributions of PWP along the VCL of stope at different times obtained from
numerical modelling with (a) uniform ks, (Case 0, Table 3-1) and (b) reduced ks, in the drift

(Case 5b, Table 3-1)

Fig. 3-16 presents the evolution of the PWP distribution along the horizontal center line (HCL) of
the drift, obtained from numerical modelling with uniform ks (Case 0, Table 3-1) and reduced
ksat Value in the drift (Case 5b, Table 3-1). Again, the initial hydrostatic condition is observed for
both cases at time zero. The PWP along the HCL declines very fast at the beginning (about 10
hours) as the numerical calculation starts, indicating the intermediate period from an initial static
state to transient seepage (as shown in Fig. 3-11). At any given time (except t = 0), the PWPs
decrease towards the barricade and drops to zero at the barricade. Fig. 3-16 also shows that for
the same time, the PWP of Case 5b [Fig. 3-16(b)] is larger than that of Case 0 [Fig. 3-16(a)], due
to the restricted drainage resulting from the reduced ks in the drift (or equivalent reduced Ly).
These results further indicate that the 2D models without considering the reduced drift area could
significantly underestimate the PWPs close to the barricade.
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Figure 3-16: Distributions of PWP along the HCL of drift at different times obtained from
numerical modelling with (a) uniform ks, (Case 0, Table 3-1) and (b) reduced ks, in the drift
(Case 5b, Table 3-1)

Another limitation of the proposed model is related to the instantaneous filling and self-weight
consolidation after the fill placement. Numerical simulations conducted by Isaacs and Carter
(1982) indicated that the water level increases faster with an increased filling rate. The model
with an instantaneous filling ignores the drainage through barricade during filling and
sedimentation, resulting in a maximum estimated pond height. The barricade design based on the
proposed solutions should be on the conservative side. On the other hand, the proposed model
with the assumption of an instantaneous self-weight consolidation of the backfill upon placement
may sometimes overestimate the dissipation of excess PWP, especially for high stopes filled
quickly with a relatively low permeability backfill. The barricade design based on such model
may lead to a more critical scenario for barricade stability. More work is expected to refine the
model by considering more realistic filling rate, hydraulic properties of the backfill, and drainage

efficiency of the barricade.

It has been shown that the high hydrostatic pressure head due to ponding may endanger the
barricade stability in stopes with HF. This justifies the use of drainage pipes (usually suspended
along the footwall or hanging wall) in stopes to accelerate the drainage within hydraulic fill (e.g.,
Neindorf 1983; Soderberg & Busch 1985; Quellet et al. 1995; Bloss & Chen 1998; Ouellet &
Servant 1998; Hustrulid & Bullock 2001). However, attention should be paid to the preferential

flowing channels or internal erosion that may be caused by the use of drainage pipes.
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The proposed analytical solution and numerical results for describing the evolution of the water
table correspond to the case when hydraulic fill is fully submerged (saturated) in the backfilled
stope. This is the critical moment for barricade design due to the presence of free water (pond)
above the settling or settled fill surface. However, the backfill can become partly unsaturated
once the water table is below the fill surface. Then the evolution of the water table (and stresses)

could become very different from the saturated condition. Additional work is thus required.

The results presented above indicate that the variations of the water table and PWP with time
defined by the proposed relationships [Egs. (3-3) and (3-6)] are almost linear. This is because that
the values of constant C in the exponential terms are very small, due largely to the small ks, value
(usually 10°® to 10 m/s for HF). These relationships can become non-linear as the value of C

increases.

3.5 Conclusions

A simple analytical solution is first proposed for estimating the initial height of pond [Eqg. (3.1)]
generated by the sedimentation of hydraulic fills in a stope. The 3D analytical solutions for
describing the evolution of pore water pressures [at the stope base; Eq. (3.3)] and water table [Eq.
(3.5) or (3.6)] are also proposed. Egs. (3.3) and (3.6) are validated using simulations conducted
with SEEP/W by modelling the transient seepage as the water table drops in the stope. The
effects of various parameters on the evolution of the water table and pore water pressures are
analyzed for both approaches. The results show that there is a good agreement between two
different approaches. The limitations of the proposed model and analytical solution have been

discussed. The analyses presented here pave the way to further development.

The results presented above also reveal that the ponding on the top of the settled fill tends to
negatively affect the barricade stability. The 2D modelling without considering the reduced drift
area tends to underestimate the pore water pressures in the stopes and near the barricade. A
barricade design based on such models may be non-conservative. Additional numerical results
indicate that the magnitudes of pore water pressure within hydraulic fill are governed by the

drainage conditions that mainly depend on the restricted flow due to a reduced drift area.
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3.6 Appendix I: Solution development for initial pond height H,y
The total volume of HF Q (m®) poured into the stope can be written as (Fig. 3-2):
Q=BL(H,, +H,) (3.8)

The conservation of water mass before and after the sedimentation of hydraulic fill leads to the

following expression:
7Q(1_ P):ywaBLns_'_ywHwOBL (39)
Rearranging Egs. (3.8) and (3.9), the initial pond height Hyo and the settled fill height Hy in a

stope is given by Eqg. (3.1).

3.7 Appendix Il: Solution development for pore water pressure at the stope

base Upase

At a transient time t (s), the average hydraulic head hyp (M) and hpase (M) along the top and base

of the settling fill in the stope can be obtained from the Bernoulli’s equation (Fig. 3-3):

htop = Hb + HW (3.106)

hbase = ubase/yw (310b)
where Upase (kKPa) is the pore water pressure at the stope base.

The average hydraulic gradient isope between the top and base of the settling backfill in the stope

can then be written as:

i _htop_hbase: Hy +Hy = Upage/ 7

stope Hb Hb (3 11)
=1+ Hw_ubase/yw
Hb

The average hydraulic gradient iqrir; between the drawpoint and barricade in the drift is expressed

as:
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i hbase — hbarricade _ ubase/yw -0
drift — -
| |

U (3.12)

7l

The volumetric water flow rates through a horizontal plane very near the stope base and barricade
should be equal at any time during the transient seepage. The equation of water balance can be

obtained from the Darcy’s Law:

Koo BL = Ky H o L (3.13)

sat'stope sat'drift
where ks (M/s) is the saturated hydraulic conductivity of the hydraulic fill.

Introducing Egs. (3.11) and (3.12) into Eq. (3.13), the pore water pressure at the stope base Upase
can be expressed by Eq. (3.3).

3.8 Appendix Il1: Solution development for water table evolution
The variation of height of water table dH (= dH,,; Fig. 3-3) during a time interval dt is given by:

dH =dH,, = —vdt = —k_i,,dt (3.14)

sat' stope

where v (m/s) is the discharge velocity of water in the stope and is obtained from the product of

Ksat and isiope based on the Darcy’s Law.

Introducing Egs. (3.11) and (3.3) into Eq. (3.14), one can obtain the following expression:

dH
-—Y —Cdt 3.15
H, +H, (3.15)

where the constant C = (k. H,L,)/(H,H,L, +BLI) for 3D conditions and C =
(k..H, )/(H,H, +BI) for 2D conditions.

By considering the initial condition (i.e., Hy = Hyo When t = 0), the integration of Eq. (3.15) leads
to the pond height H,, expressed by Eq. (3.5).
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CHAPTER 4 ARTICLE 2: STABILITY ANALYSES OF WASTE
ROCK BARRICADES DESIGNED TO RETAIN PASTE BACKFILL

Pengyu Yang, Li Li, Michel Aubertin, Marin Brochu-Baekelmans, & Serge Ouellet

This article has been published online in ASCE - International Journal of Geomechanics in

August 2016.

Abstract: Cemented paste backfill (CPB) is widely applied in underground mines around the
world. Prior to stope backfilling, barricades need to be built in drifts near drawpoints to retain the
flowable fill. A number of reported barricade failures have shown that the barricade stability is
critical to ensure successful and safe application of backfill. The barricades are usually made of
high-strength materials like bricks, concrete blocks, or reinforced shotcrete. Alternatively,
barricades made of waste rocks are becoming popular due to their simple and low-cost
construction. A simple solution was proposed for sizing waste rock barricades (WRB) by
considering the limit equilibrium of a 3D-rectangular block. More recently, the authors modified
this solution by considering the global stability of trapezoidal barricades, but the local stability
was not taken into account. Consequently, the size of the crest can be underestimated, leading to
a non-conservative design. In this paper, a more complete solution is proposed, considering both
the global and local stabilities of trapezoidal WRB. The analytical solution is calibrated and
validated using numerical modeling. The flexibility and validity of the proposed solution is
further tested with complementary simulations. Sample calculations are also performed here to
show the application of this solution and to illustrate the effect of key influencing factors on

barricade design.

Keywords: Mine stopes; Cemented paste backfill; Waste rock barricades; Stability analyses;

Analytical solutions; Numerical modeling.
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4.1 Introduction

Stope backfilling is a common ground support practice for underground mines (Thomas 1979;
Singh & Hedley 1980; Hassani & Archibald 1998; Potvin et al. 2005; Hambley 2011). Using
mine waste materials to fill the stopes can also significantly reduce their environmental footprint
(Aubertin et al. 2002; Bussiére 2007; Benzaazoua et al. 2008). This is particularly the case with
cemented paste backfill (CPB), which is a high density mixture (70% to 80% solid content) made
with the full tailings and a binder, with some water (Hassani & Archibald 1998; Potvin et al.
2005). In recent years, CPB has been increasingly used in underground mines worldwide.
Barricades (or bulkheads) must be built near draw points to retain hydraulically transported
saturated backfill. Several documented failures indicate that barricade design is still a major
challenge, as these can lead to serious consequences, including flooding of the drifts, damage to
equipment, and in extreme cases personnel injury or fatality (e.g., Soderberg & Busch 1985;
Bloss & Chen 1998; Grice 1998, 2001; Kuganathan 2001, 2002; Helinski et al. 2006; Sivakugan
et al. 2006a, 2006b, 2013; Yumlu & Guresci 2007).

The factor of safety of a barricade depends on the capacity and demand. The capacity (resistance)
of a barricade depends on its type, shape, sizes and construction method, whereas the demand
(load) is mostly controlled by the pressure applied by the backfill placed in the stope and drift.
Traditionally, barricades have been made of permeable bricks allowing easy drainage; concrete
blocks and reinforced shotcrete with drainage pipes are also used to construct barricades
(Sivakugan et al. 2006b; Yumlu & Guresci 2007; Sivakugan 2008; Grabinsky 2010; Hughes et al.
2010). These types of barricades usually result in relatively high costs and long construction time.
Such traditional barricades are also difficult to remove during the ore recovery from secondary
stopes. An alternative is to build barricades with waste rocks produced underground. This is an
increasingly popular practice in many mines. Compared to more traditional techniques, this type
of barricade can be much simpler and faster to build, while the construction material (waste rock)
can be readily available at a lower cost when provided by the underground development. Waste
rock barricades (WRB) are also somewhat easier to dismantle during ore recovery, and they
contribute to a reduction of the environmental footprint of a mining project.

Although there are many advantages to WRB, few solutions are available for designing such

barricades. In order to size a WRB, several parameters are needed, including the stress state in the
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backfilled stope which in turn influences the pressure distribution in the drift and on the barricade
(e.g., Li et al. 2009; Li & Aubertin 2011). This important need justifies the major effort devoted
to evaluating the stress state in backfilled stopes in recent years (Aubertin et al. 2003; Li et al.
2003, 2005; Pirapikaran & Sivakugan 2007; Li & Aubertin 2009c; EI Mkadmi et al. 2014; Ting
etal. 2011, 2012, 2014; Yang & Li 2015); there is also an interest for the corresponding pressures
on barricades built near draw points (Mitchell et al. 1975; Kuganathan 2002; Li & Aubertin
2009c, 2009d; Thompson et al. 2009, 2010, 2012; Grabinsky 2010; Li 2013).

Recently, analytical solutions for sizing WRB under fully drained (no pore water pressure) and
submerged (hydrostatic water pressure) conditions were proposed (Li et al. 2009; Li & Aubertin
2011). Such solutions have been developed from the limit equilibrium analysis of an idealized
rectangular block. These can be used to calculate the minimal required length (and volume) of a
WRB. In practice, however, WRB are built with a trapezoidal shape instead of a rectangular
block. The design based on the rectangular shape geometry may be overly-conservative,
depending on how the contribution of the inclined sides of the WRB is considered (Yang et al.
2014).

In this paper, the original solution proposed by Li & Aubertin (2011) is first briefly recalled.
Then, a modified solution is formulated for sizing the WRB by considering a more realistic
geometry. Another improvement proposed here is the consideration of both global and local
stability of the barricade. The proposed solution specifically addresses the design of trapezoidal
WRB constructed to retain CPB during the early hours (i.e., critical period) after deposition. The
solution is calibrated and (partly) validated using numerical simulations performed with FLAC
(Itasca 2011). Sample calculations are performed to show the application of this more complete

solution. The effect of key influencing factors on barricade design is illustrated and discussed.

4.2 Original solution

Fig. 4-1 shows a trapezoidal barricade made of waste rock, built near the drawpoint of a
backfilled stope. In this figure, H (m) is the backfill height in the stope. Hy (m) and Ly (M)
represent the drift height and width, respectively; these also correspond to the barricade height
and width. Lgr (m) is the top length of WRB and Lgg (m), the base length. a; (°) is the upstream

slope angle of WRB on the stope side; a; usually corresponds to the repose angle of waste rock
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(typically close to 37°, + 3°; e.g., Aubertin 2013). a, (°) is the downstream slope angle of WRB

on the drift side; a, can be increased mechanically (a, > «1) using pushing equipment.

Waste rock barricade

Backfilled LN [H,

H a
stope Drift
aq ay Ly

Figure 4-1: Schematic view of a typical backfilled stope with a trapezoidal WRB (adapted from
Li & Aubertin 2011)

Li et al. (2009) and Li & Aubertin (2011) developed the initial solution based on an idealized
rectangular block. The limit equilibrium analysis of this rectangular block with a volume V (=

LgxHgxLg) gave the minimum required length (Lg) of the WRB (for a factor of safety FS = 1):

DL P
LB = Prd = (41)
Ywr(Lg+KHg) tan § YwrHa(Lg+KHg) tan é

where p (= % [ pdA, kPa) is an average of the CPB pressure (p, kPa) over the upstream face (A,

m?) of WRB; in the short term, this pressure is assumed to be linearly distributed from the base to
the top of the barricade and can be calculated by the iso-geostatic pressure (see Thompson et al.
2012 and ElI Mkadmi et al. 2014); P (= pxLgxHg, kN) is the force exerted on the barricade by
CPB; ywr (KN/m®) is the unit weight of the waste rock; & (°) is the friction angle along the
interfaces between the WRB and the drift walls and floor; K (-) is the earth pressure coefficient

within the waste rock along the transversal direction of the drift.

In practice, engineers would typically consider that length Lg given by Eq. (4.1) represents the
WRB length at mid-height. The actual length should then be defined using the slope angle (30° to
45°) on each side. In such case, the required top Lgr and base Lgg lengths of WRB are given by:

Ly =L, —Hef 1 1 (4.23)
2 \(tang, tane,
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Leg =Lg + A, : + : (4.2b)
2 \tang, tang,

This solution may give an overly conservative design (Yang et al. 2014). In the following section,
a more complete and representative solution is developed, considering more realistic barricade

geometry and pressure distribution, based on the analysis of global and local stability.

4.3 Modified formulation

4.3.1 Global stability analysis

Fig. 4-2 depicts a trapezoidal barricade made of waste rock. In this figure, Cr and Cg are the
normal compressive forces at the top and base of the WRB, respectively; C_ and S, are the
normal compressive and shear forces acting along the two lateral drift walls, respectively; St and

Sg are the shear forces at the top and base of the WRB, respectively.

Oy Central rectangle

Downstream triangle
Upstream triang

[)

Figure 4-2: Waste rock barricade with various acting forces; symmetric forces acting on the other
side (C. and S;) of the WRB are not shown here

Numerical simulations and in-situ measurements have shown that the most critical moment for
the barricade stability is immediately after the deposition of the saturated CPB, when the pore
water pressures in the stope are high (i.e., often close to the overburden stresses due to the weight
of the backfill) and the effective stresses are very low (e.g., Thompson et al. 2012; EI Mkadmi et
al. 2014). In the short term (i.e., before significant drainage), the backfill pressure p and the
corresponding force P are expected to act perpendicularly to the upstream face of the barricade

(see Fig. 4-2). The horizontal component (Py) of force P then tends to destabilize the barricade,



122

while its vertical component (P,) favors its stability by increasing the normal stress and shear

resistance on the floor.

Recently, Yang et al. (2014) modified the solution proposed by Li & Aubertin (2011) by dividing

the trapezoidal barricade into a central rectangular part and two triangular portions (see Fig. 4-2).

The FS can be assessed by considering the limit equilibrium of the barricade. This modified

solution is based on several assumptions, including the following (Yang et al. 2014):

1.

The effect of pore-water pressures within the WRB is ignored, due to the large contrast
(usually 3 orders of magnitude or more) in hydraulic conductivity between the CPB and

waste rock.

The shear strength between the top of the barricade and the drift roof (back) is neglected,
because a void may exist above the barricade, i.e., Cy = 0; this conservative assumption was
also adopted by Li & Aubertin (2011).

Vertical arching due to friction along the barricade vertical side walls is ignored, due to the
limited height of drifts (Li & Aubertin 2011); the vertical stress is thus approximated by the

overburden.

It is postulated that the friction angle along the drift walls is equal to the friction angle
between the waste rock and drift floor, 6. When the interfaces are rough, the value of angle §
can be taken as the internal friction angle ¢’ (°) of the waste rock; alternatively, 6 < ¢’ should
be used if the floor or side walls have a smooth surface (or if these are coated by a fine-

grained material layer).

The horizontal stress on the two side walls are assumed to be due to the overburden pressure

in the waste rock only (without considering the effect of the backfill pressure).

By considering the limit equilibrium of the barricade along the drift axis direction (with the

detailed formulation presented in Section 4.9 of this chapter), one can obtain the minimum
required top (Lgr) and bottom (Lgg) lengths (m) of the WRB (Yang et al. 2014):

Lgr =

H FS 1 1 H 1 1
Yb (H_Td)(tan 5 tan al) “Ywr Hd(E+Kﬁ) (tan a1+tan az) (4 3a)
y(1+K7—§) '
1 1
LBB = LBT + Hd( + ) (43b)

tan aq tan a,
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The corresponding volume of waste rock required to construct the WRB is then given by:

Hg Hg
+
2tanaq 2tana,

V= Hde(LBT +

) (4.4)

Egs. (4.3) and (4.4) constitute an improved solution for sizing the WRB based on its global
stability. As a special case, when FS = 1.0 and a1 = a2 = 90°, Egs. (4.3) and (4.4) reduce to the Li
& Aubertin (2011) solution. Another special case arises when Ly is very large; the 3D solution
[Eq. (4.3a)] then reduces to the following expression that correspond to a 2D (plane strain)

condition:
_ b (g ﬂ) FS 1 | ﬂ( 1 1 )
Lgr Ywr (H 2 (tanS tan a; 2 \tana, + tan a, (4.5)

4.3.2 Internal local stability analysis

With Eq. (4.3), very small (or even negative) value can be obtained for the top length Lgr (if no
constraint is imposed). This is particularly the case for a large interface strength o. The barricade
design based on such solution may lead to internal (local) instability near the upper portion of the
WRB (i.e., collapse, sliding or toppling). Hence, there is a need to develop a complementary

method to determine the size of the WRB, taking this aspect into account.

Fig. 4-3 shows a model for the local stability analysis of the WRB. This analysis consists of
investigating the equilibrium of the potentially unstable upper portion of the WRB having a
thickness h (< Hg, m). The approach is the same as for the global stability analysis described
above. The friction angle along the potential sliding plane is equal to the internal friction angle ¢’
of the waste rock. Tests on large-scale samples of waste rock indicate that the value of ¢’
typically ranges between 34° and 45° (McLemore et al. 2009; Aubertin 2013) depending on the
material density and grain size distribution. The potential sliding plane is assumed to be
horizontal here; this aspect will be further discussed below. Also, rotation of the upper portion is
not considered here since such rotation could be constrained by the shape of the barricade (wider

at the base) and presence of drift roof.
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Figure 4-3: A model for internal translation stability analysis of the WRB
By considering the limit equilibrium of the potentially unstable upper portion of the WRB along

the drift axis direction (with the detailed formulation presented in Section 4.10 of this chapter),

one can obtain the required barricade top length Lgt to maintain internal (local) stability:

h FS 1 1 htané i, 1
vo(H-Ha+5)( ¢"m)‘ywrh<z“(3 Lgtan ¢'>(tana1 na)

L =
BT
htan é
1+K————
Vwr( Lytan ¢/>

(4.6)

The required top length Lgr based on Eq. (4. 6) is related to the position of the critical sliding
plane, given by height h. For typical range of the geometric and mechanical characteristics, the
required top length Lgr monotonously decreases with an increase in h, as illustrated in Fig. 4-4
(calculations made with FS=1.5,H=12m, a1 = 37°, a2=50°, Hy=Lg=5m, 6 = ¢’ = 40°, pyr =
m = 19.62 KN/m®, K = K,). The most critical position of the sliding plane for the internal stability

is naturally at the top of the WRB. Thus, the minimum required Lgr is obtained for h = 0.

It can also be noted that when h is equal to Hy in Eq. (4.6), the required length Lgr becomes the
same as the one determined from the global stability analysis [Eq. (4.3a)] (for ¢ = 9).
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Figure 4-4: Variation of Lgr with h for local stability analysis [EQ. (4.6)]

Introducing h = 0 in Eq. (4. 6) gives the minimum required top length of the WRB:

Lyr = (= Ho) (57— o) @)

iz tan ¢' tanaq

One can note that this 3D solution is independent of the drift width Ly. Thus, it can also be

considered valid for a 2D (plane-strain) condition.

Eq. (4. 7) also indicates that the required top length Lgr is independent of the interface friction

angle o. This is confirmed by the numerical simulations results shown in the next section.

As the angle of the upstream slope must be equal to or smaller than the internal friction angle of
the waste rock used for constructing the barricades (i.e., o1 < ¢'), the use of Eq. (4.7) can lead to
negative values for the required Lgr (for FS = 1.0). This means that the barricade would be stable
for any top length. Clearly, this does not correspond to a practical (realistic) solution, neither to

the numerical modeling results (as will be shown in next section).

To avoid a negative value of the required Lgr, a simple modification is proposed by adding a

calibration factor Cy in Eq. (4.7), which then becomes:

Lyr = 2 (H = Hy) (252 - ——) (4.8)

tan ¢' tan a4

Following numerical simulations (shown in next section), this calibration factor Cy can be taken
as 1.5. Fig. 4-5 shows the variation of the required Lgr [based on Egs. (4.5) and (4.8) with Cy
=1.5] as a function of the interface friction angle s (withH=9m, Hy=5m, a1y =0, = 37°, ¢’ =
40°, yur = 75 = 19.62 KN/m°, K = K,, Cy = 1.5, and FS = 1.0). When & varies from 15° to 21°
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along the rock walls (including drift floor), the WRB stability is mainly dictated by the global
stability of the barricade, which moves as a rigid block. As ¢ increases from 21° to 40° (for the
case analyzed here), for a rougher surface along the rock walls, the local stability at near the top
of the barricade becomes more critical (i.e., function of ¢’ of the waste rock). Lgr then becomes

insensitive to the variation of 5 once it exceeds a critical value (of about 21° in this case).

10 ¢ . .
Global — Analytical solution (Egs. 4.5 & 4.8)
g |\ stability I
Local stability
-
g 6
=
— 4
2 :
I
0 1 1 1 1 ]
15 20 25 30 35 40
5()

Figure 4-5: Variation of the required top length Lgt obtained by Egs. (4.5) and (4.8) as a function
of o

These results suggest that there is a critical interface friction angle (&) that marks the change in
the controlling failure mechanism, from a global (smaller ) to a local stability of the WRB. In
Fig. 4-5, the dash line marks the change of the controlling failure mechanism. This critical

interface friction angle can be obtained by equating Egs. (4.3a) and (4.8), as follows:

FS(2H-Hg)tan ay

CMXFStanal( Hd) Hql  ywr 2Hd( tanal)
Hg+2(H-Hg)|———— | 1+K+—= |- K—|+——Hqg(1+K)| 1+—
a+2(H-Ha)| 1)K B (R (140

8, =tan™! (4.9)

4.4 Proposed solution

The global and internal (local) stability of the barricades leads to the following equations, based

on the above developments:

Hg FS 1 1 Hg 1 1
Yo (H—5")( n _W) “Ywr HaGHK3p N iana; Y eana
LBT = ( 2 ) tand t 1 Hdz 3Lgq (t 1 t 2)1 for 5< 50 (4103_)
Vwr(l‘H(G)
_ Yb _ CyXFS _ 1
Ler = - (H = Ha) ( tand  tan al)’ for 6> & (4.10b)
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Egs. (4.10a) and (4.10b) constitute the proposed 3D solution for sizing the required top length of
the 3D WRB. The base length of the WBR can be calculated with Eq. (4.3b), whereas the
required volume of the WRB is assessed by Eq. (4.4). Sample calculations with the proposed
solution [EqQ. (4.10)] are illustrated in Section 4.11 of this chapter.

The corresponding 2D (plane-strain) solution can be written as:

— Y (g _Hay ES 1 y_ Haf 1 1

Lor = Ywr (H 2 ) (tanS tan al) 2 (tan a; + tan az), for 6< & (4.11a)
— }/_b _ CMXFS _ 1

Lpr = Ywr (H — Hq) ( tang  tan al)’ for 6> & (4.11b)

4.5 Numerical simulations

The two analytical solutions presented above can be used for estimating the required length of
WRB for global and local stability. It is important to assess the validity of the proposed solutions
using other approaches. As there are no experimental results available to do so (to the authors’
knowledge), the analytical solutions are compared with simulations conducted with FLAC.

Because the stability analysis of the WRB is a 3D problem, a full validation of the proposed
solution requires 3D modeling. In the following subsections, the analytical solution will first be
compared with numerical simulations of very wide barricades (i.e., Ly >>) under plane-strain
conditions. This corresponds to the worst case scenario (for barricade stability), without the
contribution of side walls. The effect of pore water pressure within the WRB is neglected in these

simulations. The code FLAC was used for this initial assessment of the analytical solutions.

4.5.1 Model Configuration

Numerical modeling with FLAC (ltasca 2011) is used in the following to help evaluate the
validity of the proposed analytical solutions for the plane-strain condition. The configuration of
the WRB model and the material properties are shown in Fig. 4-6. All variables and parameters

have been defined in the previous sections.
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7y /\/ £=9.81 m/s’

Rock mass: 7, = 26.49 kN/m’, E, = 30 GPa, v, = 0.25
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Figure 4-6: Conceptual model of the backfilled stope with a trapezoidal WRB

The height of the barricade (drift) is 5 m. Both upstream «; and downstream «, slope angles are
equal to 37° (i.e., Hs=5mand ou = o = 37°). The rock mass (along the drift floor in this case)
is linearly elastic with a unit weight % = 26.49 kN/m?, a Young’s modulus E, = 30 GPa and a
Poisson’s ratio v = 0.25. The waste rock is modeled as an elastoplastic material obeying the
Mohr-Coulomb criterion; it is characterized by a unit weight xy = 19.62 kN/m° a Young’s
modulus E = 100 MPa, a Poisson’s ratio v = 0.3, an effective cohesion ¢' = 0 kPa and an effective

friction angle ¢' = 40°.

Fig. 4-7 shows a numerical model built with FLAC. The rock mass boundary (drift floor) is fixed
in the horizontal and vertical directions. As mentioned above, the shear strength along the contact
between the barricade top and the back (drift roof) is ignored; neglecting this contribution leads
to a conservative design (the barricade top is thus set free). The linearly distributed pressure p
perpendicularly applied on the upstream face of the barricade represents the backfill pressure
from the stope side. A minimum mesh size 0.1 x 0.1 m (at the barricade top) gives stable
numerical results based on the sensitivity study (see details in the sensitivity analysis presented in
Appendix E).
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Figure 4-7: WRB model built with FLAC, showing the discretization and boundary conditions

Interface elements are used between the waste rock and the drift floor to allow sliding of the
barricade when the interface shear strength is exceeded. The stiffness of the interface is
determined according to the recommendation given by Itasca (2011). The cohesion and tensile
strength of the interface are nil. The interface friction angle 6 can vary from a small value

(smooth interface) to the internal friction angle ¢’ of waste rock (rough interface).

Each numerical simulation is performed in two steps: i) the addition of the WRB and ii) the
application of the backfill pressure (instantaneous filling). The displacements induced within the

WRB are set to zero before applying the backfill pressure.

4.5.2 Failure mechanism and sliding criterion

In FLAC, the failure (or yielding state) state of material can be displayed by either the yield state
or shear strength ratio (equivalent to a FS). But these representations may not be reliable for
describing the failure of a WRB because the barricade can slip (failure occurs) without showing
significant yield or failure zones. This is particularly true when the interface below the barricade
(drift floor) is relatively smooth and the interface shear strength is relatively small. In this case,
sliding of the whole WRB can take places along the drift floor, as illustrated in Fig. 4-8(a) (case
with 6=20°, H=9m, Hy=5m, a1 = ap = 37°, and ¢’ = 40°); it shows the displacement vectors
for the barricade upon applying the fill pressure along the upstream face. Such a small value of &
can occur for a weathered surface or when it is coated by fine-grained material (as if often the

case when barricades are close to drawpoints).
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When the interface along the base is rougher (i.e., o close to ¢’), the top portion of the barricade
tends to move sideways, as shown in Fig. 4-8(b) with the horizontal displacements vectors upon
the application of the fill pressure along the upstream face (case with 6=30°, H=9m, H4 =5 m,
a1 =ap =37°, ¢’ = 40°).

max vector = 9.632E-01 (@)
LA_LLLLA_LLAJ_A_LLLLA_LLL‘
0 2E 0 —
max vector= 1.620E-01 (b)

\ \ \ \ \ |
0 S5E -1

Figure 4-8: Displacement vectors of WRB with (a) a relatively smooth interface (6= 20°, Lgr=

2.5 m), and (b) a rougher interface (6= 30°, Lgr = 1.5 m)

The distributions of displacements, stresses, and yielding state (or shear strength) within the
barricade can provide useful information. However, the evaluation of the barricade stability due
to global or local sliding based on these observations may be subjective. To reduce this
subjectivity, the top horizontal displacement at the center of the barricade (marked by “M” in Fig.
4-7) is monitored. Fig. 4-9 illustrates a typical variation of the horizontal displacement at the top
of the barricade (point M) as a function of the barricade top length Lgr, obtained with FLAC
(calculations made for different length Lgr with H=9m, Hy=5m, a1 = a2, = 37°, 6= 30° and ¢’
= 40°). One can see that the horizontal displacement at the monitoring point M increases slightly,

from 2.2 mm to 5.8 mm, when the top length Lgt decreases from 3 m to 1.6 m, indicating a stable
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state. This displacement dramatically surges to 139 mm when Lgr goes from 1.6 m to 1.5 m,

indicating a change from a stable to an unstable state.

150 +
’5‘120
N=) Stable 'l unstable
= 90 |« e >
5} |
e |
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= |
% |
< 30
g o
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3.0 2.5 2.0 1.5 1.0
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Figure 4-9: Typical variation of the horizontal displacement at point M (see Fig. 4-7) as a

function of the barricade top length

(a)

Figure 4-10: Contours of horizontal displacement within the WRB, for Lgr equal to (a) 1.6 m and
(b)1.5m

Fig. 4-10 shows the horizontal displacements iso-contours within the WRB for Lgr = 1.6 m [Fig.
4-10(a)] and Lgr = 1.5 m [Fig. 4-10(b)], respectively. The calculations were made with H =9 m,
Hi=5m, a1 = ap = 37°, 6 = 30°, ¢’ = 40°. In the former case, the variation of the horizontal
displacement across a vertical profile of the WRB is progressive, so the WRB remains intact. The
small value of the maximum horizontal displacement at the upstream top (9 mm) indicates that
the WRB is stable. When Lgr is reduced to 1.5 m, the top portion of WRB moves significantly,
with the maximum horizontal displacement at the top exceeding 100 mm [Fig. 4-10(b)]. This

provides evidence of sliding near the top along the (inclined) shearing plane within the WRB.
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This dramatic increase of the horizontal displacement with a slight decrease of the top length of
the barricade is considered as an indicator of local (and global) instability of the WRB. This type
of behavior has been observed with various simulations conducted under different conditions (see
more details presented in Appendix E).

Figs. 4-8(b) and 4-10(b) indicate that the top portion of the WRB slips along an inclined plane,

making an angle & of about 52° from the upstream slope.

4.5.3 Comparison with the proposed solution

The analytical solution given by Eq. (4.11), for plane strain, is compared with 2D numerical
simulations results. Fig. 4-11 shows the variation of the required Lgr as a function of the interface
friction angle & obtained from the numerical simulations and proposed solution (calculations
made with H=9m, Hy=5m, a1 = az = 37°, ¢’ = 40°, pur = 7 = 19.62 kN/m®, K = K, and FS =
1.0), for the case shown in Fig. 4-9. It is seen that the application of the Eq. (4.11) with Cy =1.5

represents well the numerical simulations results.

The good agreement for the global stability of the barricade tends to indicate that Eq. (4.11a) is
valid and able to predict the required Lgr, as long as the interface friction angle is smaller than the
critical interface friction angle, i.e., 6 < &. For the internal (local) stability of the barricade, a
value of Cy = 1.5in Eq. (4.11b) leads to a good agreement between the proposed solution and the

numerical results, as shown in Fig. 4-11 for 6> ¢&.

10 —Analytical solution (Eq. 4.11)
Glob_a_l ! < Numerical results
3 stability
| Local stability
E 6 '
~ |
5 4 |
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2 | o
Y < < < >
0 I ! 1 1 1 1
15 20 25 30 35 40
(")

Figure 4-11: Comparison of the required length Lgr obtained from the analytical solutions [Eq.

(4.11) with Cy = 1.5] and numerical simulations for different values of ¢
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To further evaluate the validity of the proposed solutions [Egs. (4.10) and (4.11)], additional

numerical calculations were performed with typical geometric parameters and material properties.

Fig. 4-12 shows the variation of the required top length Lgt as a function of the interface friction
angle o for different parameters, as obtained from numerical simulations and the proposed
solution [Eqg. (4.11)]. It can be observed that the proposed analytical solution agrees well with the

simulations results.

These results show that when ¢’ increases from 34° to 45°, the upstream (1) and downstream
(ar2) slope angles have to be increased too, leading to a decrease in the bottom length Lgg and an
increase in the top length Lgt. There is thus an increase in Lgr with ¢’ for the global stability
analyses [Fig. 4-12(a)]. For local stability, there is a decrease in Lgr with an increase in the shear
strength of the waste rock [Fig. 4-12(a)]. These numerical features are well captured by the
analytical solutions. A good agreement is obtained between these solutions for both the global

and internal local stability analyses.

Fig. 4-12(b) shows the variation of Lgr obtained by the numerical simulations and proposed
solution, when the height of CPB in the stope H varies from 7 to 15 m (the other parameters are
also given in the figure). It is seen that Lgt increases with H of the CPB in the stope. Again, a

good agreement is observed between the proposed solution and numerical simulations.

Fig. 4-12(c) shows the variation of Lgr obtained by the simulations and proposed solution when
the drift/barricade height (Hg) increases from 3 to 7 m (while other parameters remain constant).
The results indicate that thicker barricades are more stable. The values of Lgr estimated by the
proposed solution correspond well to those obtained by the simulations when the difference in
height between the barricade and the CPB is large. The agreement is not as good when the
heights of the barricade and CPB are almost the same (with large Hg). Such trend can also be
observed in Fig. 4-12(d) when H increases from 10 to 12 m while other parameters (including Hg)
remain constant. The values of Lgr obtained by the numerical simulations can be slightly higher
than that calculated with the proposed solution when Hy and H become close (with large Hyg).

More work may be needed to improve the analytical solution for this aspect.

In general, the proposed solution [Eq. (4.11)] represents well the results obtained here for the
plane-strain condition (for global stability and local stability). It thus provides a useful solution

for sizing barricades made of waste rock. Nevertheless, the values of Lgr estimated by the
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proposed analytical solution can be sometimes smaller than those estimated by numerical
simulations as shown in Figs. 4-12c and 4-12d. A FS of 1.5 to 2 should be applied in the

barricade design with the proposed analytical solution.
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Figure 4-12: Comparison between the analytical solution [Eq. (4.11)] with Cy = 1.5, ywr = 96 =
19.62 kN/m®, K = K, and FS = 1.0) and numerical simulations. The calculations give the variation

of the required Lgr for different values of ¢ with an increase in (a) waste rock strength ¢, (b) CPB
height H in the stope, (c) barricade height Hg, and (d) CPB height H in the stope

4.6 Parametric analyses

Sample applications of the proposed solution are presented below to show the influence of
various parameters on WRB design. Typical values are used for the drift geometry and material
properties. The backfill pressure is obtained by considering 10 m high of CPB (unit weight y, =
20 kN/m®). As mentioned above, the most critical period is shortly after the hydraulic deposition
of the saturated fill, when the effective stresses are nil and the total backfill pressure can be

calculated from the overburden weight.
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Fig. 4-13(a-c) show the variation of the required Lgr with o for different values of upstream slope
angle a; and downstream slope angle «, [Fig. 4-13(a)], drift width Ly and height Hqy [Fig. 4-
13(b)], and internal friction angles ¢’ [Fig. 4-13(c)], calculated with the proposed 3D solution [Eq.
(4.10)] using ywr = 75 = 20 KN/m*, Cyy = 1.5 and K = K.

Fig. 4-13(a) shows that the required Lgr calculated with the proposed 3D solution [Eq. (4.10)]
increases significantly with an increase in the upstream slope angle as; Lgt increases slightly with
an increase in the downstream slope angle o, (for < &) when the barricade design is dictated by
the global stability. When local stability governs the barricade design (i.e., 6 > &), the required

Lgt tends to increase with an increase in ¢4, but it is insensitive to .
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Figure 4-13: Variation of the required Lgr with o for different values of (a) upstream slope angle

oz and downstream slope angle o, (b) drift width Ly and height Hg, and (c) internal friction angles
¢I
These results indicate that when ¢ increases, the barricade shape becomes closer to rectangular,

leading to a decrease in bottom length Lgg and a reduction in the resistance (Sg) along the
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barricade base. An increase in o also leads to a decreased vertical component of the load P and
an increase in its horizontal component. These changes associated with an increased «; tend to
jeopardize the barricade stability, resulting in a significant increase in Lgr (i.e., increasing o is
not advisable). When « increases, the barricade shape becomes also closer to a rectangular
block, leading to a decreased bottom length Lgg and a reduced resistance along the barricade
base. But there is no change in other stabilizing factors with an increased a,. This is why its
variation only slightly changes Lgr, when controlled by the global stability (when 6 < &), but
barely the one controlled by the local stability (when 6> ¢&).

Fig. 4-13(b) shows the variation of the required Lgr with different drift width Lg. It is seen that
when the barricade design is controlled by global stability (i.e., & < &), Lsr increases with L.
When the drift is wider, the stabilizing (confining) effect provided by the two side walls becomes
weaker, leading to an increased Lgr. When the rock walls are very rough (6 > &), the barricade
design is essentially dictated by the local stability near the top of the barricade; Lgr is then

insensitive to Lg.

Fig. 4-13(b) also shows the variation of the required Lgr for different drift height Hy. The solution
predicts a reduction of Lgr when Hy increases (from 2 to 8 m here). When Hy increases, the
contact area and stresses along the floor and side walls of the barricade can increase significantly,
leading to a more stable barricade and a decreased Lgr for the global stability analyses. The
decrease in Lgr for local stability is mostly due to a decrease in height difference between the

barricade and CPB in the stope.

Fig. 4-13 (c) shows the variation of Lgr as a function of ¢ for different internal friction angles ¢’
of the waste rock. It is seen that Lgr tends to increase slightly as ¢’ increases for 6 < & (global
stability). This change is mainly due to a decrease in the Rankine’s active earth pressure
coefficient K, associated with the decreased ¢’. When the rock walls are rough (i.e., 6> &) and
the barricade design is dictated by the local stability, the Lgr values decrease significantly for a
stronger waste rock. As the rock walls are usually rough, it can be expected that the barricade

design is mostly dictated by the local stability.
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4.7 Discussion

For both the proposed solution and numerical simulations, the backfill pressure on the barricade
was calculated from an isostatic stress based on the overburden. This is applicable shortly after
the CPB is poured in a stope (e.g., Thompson et al. 2012). In practice, the WRB can be quite
pervious so drainage and consolidation of the CPB can take place during the backfilling operation
(El Mkadmi et al. 2014). It can be expected that the fill pressures exercised on the WRB are
smaller than those calculated with the overburden. This solution is thus conservative from this

point of view, particularly for large stopes and slow filling rates.

The proposed solution (and numerical simulations) was developed without considering the effect
of water (i.e., pore-water pressure) within the WRB. This assumption is based on the significant
contrast in hydraulic conductivity between typical CPB and waste rock in the barricade.

The stresses in the WRB were estimated based on the overburden of the waste rock. Vertical
arching (due to a stress transfer along the side walls of the WRB) was neglected. These
assumptions are deemed representative, although they may underestimate the barricade size.
More work is required to evaluate this aspect.

The interface friction angle ¢ can be measured by direct shear box tests on a relatively small scale
in the laboratory (e.g., Fall & Nasir 2010; Belem et al. 2015). At larger scales, the determination
of & remains challenging as the interfaces between the barricade and rock walls can vary from
regular and smooth to very irregular and rough. Thus, the interface friction angle ¢ depends not
only on the contact between the waste rock and planar rock surface, but also on the roughness of

rock walls. Work is ongoing on this aspect to better assess the behavior of such interfaces.

The measurement and evaluation of the shear strength of waste rock is another challenge (which
is also part of an ongoing project). Leps (1970) showed that typical coarse-grained materials
(rockfills) may have a friction angle as high as 55°. Williams (2000) indicated that the friction
angle of waste rock can range from 40° to 50°. McLemore et al. (2009) showed that the friction
angle of mine waste rock can vary from 20° to 55° (with most results between 35° to 45°). These
(and other) results indicate that the use of a friction angle of 40° to 45° can be deemed reasonable

in the analyses shown here.
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It was shown above that a calibration factor (Cy) of 1.5 leads to a good agreement between the
proposed (local) solution and numerical simulations. In some cases however, this Cy value
maybe slightly different if the drift is very high [see Figs. 4-12(c) and (d)]. Although the
proposed value can be considered representative for most cases, additional work may be required

to further investigate the dependency of Cy on other factors such as barricade configuration.

The numerical simulations show that the sliding plane for a local failure is inclined (see Figs. 4-8
and 4-10), not horizontal as assumed in the analytical formulation (Fig. 4-3). This can partly

explain the need to add a calibration factor Cy, in the solution [Egs. (4.8) to (4.11)].

The proposed analytical solution was calibrated here and then validated using 2D numerical
modeling for plane-strain conditions. The analytical solution for the local stability is independent
on the third dimension so it can be considered as validated (at least in part) with the simulations.
For global stability, the 2D simulations represent the most conservative case where the
contribution of side walls is ignored. A good agreement is obtained between the numerical and
analytical solutions without any calibration. 3D numerical modeling is underway to complete the

validation of the proposed analytical solution.

4.8 Conclusions

In the early stage of a project, an analytical solution can offer a simple and low-cost tool for the
preliminary estimate of the size of a waste rock barricade. An improved and more complete 3D
analytical solution is proposed here to define the size of trapezoidal barricades made of waste
rock to retain CPB. Both the global and local (internal) stability of the WRB are considered in the

solution.

The numerical and analytical results show that the failure mechanism of the WRB depends on the
properties of the interface between the rock walls (floor) and waste rock. When the rock walls are
smooth covered or heavily weathered, the friction angle (o) of the interface may be smaller than
the critical interface friction angle (&); the global stability then governs the barricade design.
When the rock walls are rough, the sizing of WRB usually depends on the local stability. This
feature has been demonstrated by the numerical simulations conducted for calibrating and

validating the proposed analytical solution.
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Good agreements have been obtained between the analytical solution and the numerical
simulations for the global stability analyses without any calibration in 2D conditions (most
conservative case). Good agreement was also obtained between the proposed analytical solution
and the numerical modeling for the local stability analyses. Complementary simulations have
shown that the proposed solution predicts quite well the required length of the WRB for a typical

range of geometric and mechanical characteristics.
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4.9 Appendix I: Solution development for the global stability analysis

Based on assumption (iii), the vertical compression force Cg (see Fig. 4-2) at the base of the
WRB is given by:

Cg = Ywr HqLq @ + Pcosay (4.12)
with

P=pH,L,/sine, (4.13)
pP=r,(H-H,/2) (4.14)

where 3, (KN/m®) is the unit weight of saturated backfill.
Using the Coulomb criterion, the shear resistance Sg (see Fig. 4-2) at the base of the barricade is
given by:

H—Hg/2
tana

Sp = Catan & = HyLg(yur 222 + Ytan § (4.15)

Based on the assumption (v), the horizontal stress on the two side walls can be expressed as:

0 = K¥prd (4.16)
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where d is the depth (m) of the calculation position from the barricade top surface (see Fig. 4-2);
K (-) is the earth pressure coefficient within the waste rock along the transversal direction of the
drift (taken conservatively as Rankine’s active pressure coefficient K,, hence minimizing the

value of o).

Hence, the compressive C, ¢ and shear S ¢ forces (with the first subscript L denoting lateral walls
and the second subscript C standing for central part) acting on the central part of the barricade

can be expressed as:

KYwrHa*Lpr

SLC = CLC tan 6 = tan 5 (417)

Similarly, the lateral shear resistances acting along the two lateral walls of the triangle portions
(SLu and Sip) can be expressed as follows (with subscripts U and D denoting the upstream and
downstream triangular portions, respectively):

H

d
_ _ tana; (xtanay)®  _ KywrHd®
Sw = Cy tan 8 = Ky,,, tan | ———dx = prm— tané (4.18)
_Ha 5 3
S.p = Ciptané = Ky, tan§ [ (tanay) gy =Kwrlld yon s (4.19)

0 2 6tana,
where x is the horizontal distance from the toe of the upstream slope to the calculation point (see
Fig. 4-2).

The limit equilibrium of the barricade along the drift axis direction leads to the following

expression for the factor of safety (FS) against sliding [St = 0 based on assumption (ii)]:

FS = (Sg+2S,)/(Psina;) (4.20)
where
SL = SLC + SLU + SLD (421)

Introducing Egs. (4.13) - (4.15), (4.17) - (4.19) and (4.21) into Eq. (4.20), one can obtain the
minimum required top (Ler) and bottom (Lgs) lengths of the WRB expressed as Eq. (4.3).

4.10 Appendix I1: Solution development for the internal local stability analysis

The pushing force P’ (see Fig. 4-3) exerted by the CPB on the upstream slope of the upper

portion can be calculated as:
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Pl — ﬁ, hLgq

= vy (H = Hy +75) =2 (4.22)

sinaq sinaq

where p’ (— f p'dA’, kPa) is an average value for the CPB pressure (p’, kPa) over the upstream
area (4°, m?) of the barricade.

The compression (Cg’) and shear (Sg ) forces at the base of the upper portion can be expressed as:

2 2
Sg' =Cg'tang = (erhLdLBT 4 Yortha  YwrhTha 4 proog al) tan ¢’ (4.23)

2tanaq 2tana,

The compressive (C.c’) and shear (S.¢’) forces acting along the two lateral walls in the central

part of the upper portion are given by

KYwrh®Lpr

SLC, = CLC, tan5 = tan6 (424)

The lateral shear resistances acting on the upstream (S.y’) and downstream (S.p’) triangle

portions of the upper portion can be expressed as follows:

h
S,y =Cyy'tanés = I(y‘,,,rtan(SftaM‘1 " dx = Z::than6 (4.25)
’ ’ tarila h? Kywr-h3
Swp' = Crp'tan§ = Ky, tané P=dx = ﬁtanS (4.26)

The lateral shear resistance S, ” acting along one lateral wall in contact with the upper portion is

given by

S, =S+, + S _KV“;" (LBT+ o n )tan6 (4.27)

3tana, 3tana,

Considering the limit equilibrium of the potentially unstable upper portion of the WRB along the
drift axis direction leads to an expression for the FS:

FS = (S’ +2S5,)/(P'sina;) (4.28)
Introducing Eqgs. (4.22), (4.23) and (4.27) into Eq. (4.28) gives the required barricade top length
Lgr expressed as Eq. (4.6).

4.11 Appendix I11: Sample calculations

The application of the proposed solution is illustrated based on the following cases, using typical

geometric and material parameters:
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FS=15Cuy=15H=8m,Lgx Hi=5mx5m, a; = 35° a2 = 50°, %w = = 20kN/m ¢ =
37°,K =K, =(1—sin¢')/(L+sin ¢')= 0.2486.

The critical interface friction angle J; is calculated from (Eq. 4.9):

FS(2H-Hg)tan ay

5, =tan™!
[4 CpyxFStanaq Hd) Hg yWer 2H g4 tanal
Hg+2(H-H )[7¢, (1+K BT e CRY v (1 tanaz)
_ tan_l 1.5(2x8-5) tan 35° _ 220
5+2(8—5)[71'5X1'5xmf35 (1+0.2486%)—0.2486 ] +255(1+0. 24-862—X5)( +t“"350)
tan37 3X5 tanso0
Case 1:

If the interface friction angle J is 16° (< d;), the top length of barricade is given by [Eq. (4.103a)]:

H FS 1 1
L _ Vb(H_Td)(tanS tanal) VWTHd( +K%)(tana1+tana2)
BT =

5 1.5 1 1

— 20(8_5)(&17116 _tan35) ZOXS( +0. 2486Xm)(tan35°+tan50°) = 11 46 m
20(1+0.2486x3) '
The volume of barricade is then given by (Eq. 4.4)
Hg Hg 5 5

V = HyLy(Lgr + ) =5x5(1146+ ) =428 m?

+
2tanaq 2tana, 2 tan 35° 2tan 50°

Case 2:

If the interface friction angle ¢ is 35° (> d¢), the top length of barricade is given by [Eq. (4.10b)]:

Lgr = - (H — Hy) (CMXFS - )

tan ¢ tana

= 5(8 -5 (22— ) =467m

tan37°  tan3s’
The volume of barricade is then given by (Eq. 4.4)

5 5
2tan 35° 2tan 50°

Hq
+
2tanaq Ztana’z

V =HyLs(Lgr +

) = 5x5(4.67+ ) =258 m?
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CHAPTER 5 ARTICLE 3: ANEW SOLUTION TO ASSESS THE
REQUIRED STRENGTH OF MINE BACKFILL WITH A VERTICAL
EXPOSURE

Pengyu Yang, Li Li, & Michel Aubertin

This article was submitted to ASCE - International Journal of Geomechanics in September 2016.

Abstract: Backfilling is commonly applied to allow pillar recovery in open stope mines. The
backfill must then remain self-standing in the primary stope when mining an adjacent secondary
stope. The design of exposed fill is often based on a solution proposed by Mitchell and co-
workers over 30 years ago. Several modifications of this solution have later been reported. These
solutions have been partly validated against a few physical model tests results and they have also
been compared with numerical simulations. The analyses have shown that these solutions cannot
completely capture the response of the exposed backfill, particularly when the required cohesion
of the cemented backfill is relatively large. New simulations results presented here indicate that
the sliding plane tends to change from planar at small fill cohesion to spoon-shaped (in 3D) at
larger cohesion. In the former case, the failure mechanism is controlled by shear stress along the
sliding plane near the base of the stope; this corresponds well to existing analytical models. In the
latter case however, failure of the backfill is controlled by both shear (near the base) and tensile
(near the top) stresses. This feature is not represented by existing analytical models. In this paper,
a new analytical solution is proposed for assessing the stability of exposed cemented backfill with
a vertical face. An instability criterion is also introduced for estimating the critical strength of
side-exposed backfill. Additional numerical simulations are then conducted with FLAC® to
validate the proposed analytical solution. The results show that the newly developed solution
correlates well with the numerical simulations for representative stope geometry and backfill
strength. This new solution is thus regarded as an improvement over existing solutions. Further
calculations are made to illustrate the effect of key parameters on the stability of side-exposed
fill. A discussion follows on the limitations and effect of various influence factors on the design
of exposed cemented backfill.

Keywords: Mine stopes; Exposed cemented backfill; Mitchell solution; Stability; Analytical
solutions; FLAC®®.
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5.1 Introduction

Stope filling is commonly used in underground mines to recover ore pillars with open stoping
methods, such as sublevel or longhole stoping, and vertical crater retreat. These can create large-
size exposed faces of (unsupported) backfill during pillar removal (e.g., Jones 1972; Libby &
Smith 1975; Cundall et al. 1978; Leahy & Cowling 1978; Coulthard & Dight 1980; Barrett &
Cowling 1980; Pierce 2001; Sainsbury & Urie 2007; Emad et al. 2012, 2014, 2015b).

It is customary to divide stopes into primary and secondary stopes to create ore pillars. The
primary stope is first mined and then filled with cemented fill. During the recovery of a
secondary stope, the cemented fill in the primary stope acts as an artificial (rib) pillar that must
remain self-standing. Failure of the cemented fill may cause ore dilution, damage equipment or
even render the pillar extraction impossible (e.g., Coulthard & Dight 1980). Hence, the stability
of the exposed backfill face is critical and its minimum required strength must be correctly

determined.

In practice, the exposed backfill is usually designed to support the pressure due to its self-weight
(Askew et al. 1978; Mitchell et al. 1982). The cemented fill is then considered as a freestanding
vertical prism (1D model) and its required unconfined compressive strength (UCS) must exceed
the corresponding vertical stress o, = sh (yis the unit weight of the fill; h is the depth from the fill
top). This approach suggests a variable fill strength that is linearly proportional to the depth (e.g.,
Coulthard & Dight 1980). Another design method considers the cemented fill with an open face
as a 2D (plane strain) slope with an inclination angle of 90° and a linear sliding plane (e.g., Libby
& Smith 1975; Askew et al. 1978; Dight & Coulthard 1980). When the backfill is taken as
frictionless, i.e., ¢ = 0 with UCS = 2c (c is the fill cohesion), a limit equilibrium analysis of a 2D
wedge leads to the following requirement: UCS > yH/2 (H is the fill height; Askew et al. 1978;
Mitchell et al. 1982).

Typical UCS values of cemented fill vary almost linearly with cement content over the typical
range of 3-8% (dry weight; Mitchell et al. 1982).

In practice, both methods mentioned above lead to similar overall binder usage (e.g., Mitchell et
al. 1982).
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With these two approaches however, the lateral confinement along the remaining sidewalls of the
stope is neglected. These traditional approaches are thus deemed overly conservative and may
lead to excessive use of binder. This shortcoming has been partly overcome later by the solution
proposed by Mitchell et al. (1982). The extensive application of the Mitchell et al. (1982)
solution (summarized below) in the industry has led to a significant reduction in cement

consumption.

A similar, but a somewhat more elaborate, solution has been proposed by Dight & Coulthard
(1980) with the additional consideration of a tension crack, closure pressure and surcharge; its
use is however limited due in part to the lack of clear definitions for some key parameters.

Later, the Mitchell et al. (1982) solution has been extended to estimate the critical maximum
backfilled stope height with a surcharge (Zou & Nadarajah 2006) and to inclined stopes without
any normal stresses along the hanging wall (Dirige et al. 2009). Modifications have also been
made by the authors (Li & Aubertin 2012, 2014; Li 2014a) based on assessment of experimental
tests and numerical modelling; these latter solutions have been partly validated against Mitchell

et al.’s (limited) physical model tests.

Simplified 2D and 3D numerical analyses were also conducted using the finite element method
(FEM) to evaluate the stability of side-exposed backfill (e.g., Cowling & Gonano 1976; Barrett et
al. 1978; Coulthard & Dight 1980). A few numerical simulations have been performed under 3D
conditions using the finite difference code FLAC®" (e.g., Cundall et al. 1978; Pierce 1997, 2001;
Coulthard 1999; Li & Aubertin 2014).

Recently, Falaknaz and coworkers (Falaknaz 2014; Falaknaz et al. 2015d; Falaknaz et al. 2016)
have performed a series of simulations to analyze the stress state within cemented backfill upon
vertical exposure using FLAC®P. Some of the assumptions adopted by Li & Aubertin (2012, 2014)
and Li (2014a), in terms of stresses along the back and side walls, have been confirmed by these
calculations. However, the comparisons between the numerical results and analytical solutions of
Mitchell et al. (1982) and Li & Aubertin (2012, 2014) have indicated that the effect of stope
geometry on the required strength (i.e., required cohesion due to cementation) is not always well

captured by these solutions. An improved solution is thus needed.

In the following, existing analytical solutions developed to assess the stability of side-exposed

mine backfill are first briefly recalled. Results from numerical simulations conducted with
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FLAC® are used to assess the stability of exposed backfill based on a more objective instability
(failure) criterion. An improved solution is then proposed for estimating the required strength of
side-exposed cemented fill, based on these numerical results and a failure mechanism observed in
laboratory tests. The solution is further validated using additional numerical calculations. The
effect of key influence factors on the response of exposed backfill are further illustrated and

discussed.

5.2 Existing analytical solutions

5.2.1 Mitchell et al. (1982) solution

Mitchell et al. (1982) considered the 3D geometry of a cemented fill block with an open face
(front face), as shown in Fig. 5-1. On this figure, L (m), B (m) and H (m) are the backfill length,
width and height, respectively. A sliding plane inclined at an angle a (= 45°+ ¢/2 to the
horizontal) is assumed. In this model, the available shear strength along the sidewalls is due only
to the bond cohesion cs (assumed equal to the fill cohesion c). The strength mobilized along the
back wall is neglected. These assumptions lead to the following expressions for the factor of

safety (FS) of the sliding wedge and the required backfill cohesion c:
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Figure 5-1: Sliding wedge model of the Mitchell et al. solution (adapted from Mitchell et al.
1982)
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s _ tan¢ b 2cL . (5.1a)
tana  H"(jL—2c, )sin 2cx
M ,for FS=1,c=csand H>>BthusH ~H (5.1b)

°= 2(H/L+tana)

where ¢ (= ¢, ©) is the internal friction angle of the fill; ¢ (= ¢’, kPa) is the backfill cohesion; y
(kN/m?®) is the fill unit weight; H" (= H — Btana/2, m) is the equivalent height of the wedge.

This solution applies to stopes with a high aspect ratio (HAR, H/B > tana). Its characteristics
have been reviewed and discussed by Li & Aubertin (2012, 2014) and Li (2014a), who then

proposed the following modifications.

5.2.2 Modified Mitchell (MM) solution

Li & Aubertin (2012) modified the original Mitchell et al. (1982) solution by considering
different stope aspect ratios, a smaller bond cohesion along the sidewalls, and the addition of a
surcharge po (kPa). Such surcharge may be applied on the fill surface by equipment or due to
desiccated (shrinking) backfill that has lost its contact with the walls. Similarly to the original
model, the mobilized strength along the back wall and the frictional strength along the sidewalls
are neglected. For a HAR stope, the sliding plan is limited within the fill body. This leads to the
following MM solution:

_tang' N 2C
tana  [p, +H*(y—2c,/L)jsin2«
Po+H*
2 +2gH*
(FS—tang'/tana)sin2ac L

FS

(5.2a)

C=

(5.2b)

where rs (= ¢cs/c; from 0 to 1 where c; is the fill-sidewall interface cohesion) is the adherence ratio

along the sidewalls.

For backfilled stopes with a low aspect ratio (LAR, H/B < tana), the potential sliding plan
intersects the backfill top. The FS and the required backfill cohesion are then given by

_ tang' 2c

FS
tana [p, +H(7/2—c,/L)Jsin2c

(5.33)
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2
p§+;H/ - (5.3b)

S

+
(FS —tang'/tana)sin2a L

Cc=

In the presence of a tension crack, Li & Aubertin (2012) assumed that its depth H; (m) can be
defined by the following expression, based on Rankine’s active earth pressure theory (e.g.,

McCarthy 2002; Duncan & Wright 2005):

Hy = 5.4
' ytan(45°—¢'/2) 64

The equivalent width of the sliding wedge B is then given by

B,=(H-H,)/tana (5.5)

The stability of an exposed backfill face or the required cohesion can then be evaluated by

replacing B in Eq. (5.2) with the equivalent wedge width B..

The MM solution gives better agreement with the experimental results reported by Mitchell et al.
(1982) than the original Mitchell solution. However, the MM solution inherits many of the same

limitations as the Mitchell et al. (1982) solution due to very similar assumptions.

5.2.3 Li (2014a) solution

Li (2014a) extended the MM solution by considering the frictional strength along the sidewalls
and the bond cohesion along the back wall cy, leading to a generalized Mitchell et al. solution.

For HAR stopes, the FS and the required fill cohesion can then be expressed as follows:

L1
FS:tan¢+ . 2 B_rbH—Btana_erH_ (5.63)
tana sin2a| C B L
c=p' 2 +T H—Btana+2rH_*_l (5.6b)
(FS —tang'/tanc)sin2e ° B "L '

with

L 1 ‘v 2K tano 2K tan¢o
- _ - - H —Btana) |—exp| - H
P 2Ktan5{7 Btana(ZKtané‘ pf’j{exl{ L ana)j eXp[ L ﬂ}

(5.7)
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where r, (= cp/c; from 0 to 1) is the adherence ratio along the back wall; the earth pressure
coefficient K along the sidewalls is taken as Rankine’s active pressure coefficient K, (see below);

the friction angle along the sidewalls ¢ (°) can range from zero to ¢ .

For LAR stopes, the Li (2014a) solution is written as:

1 " -1
5= ana "5 (p__rs i) (5.82)
tana sin2a\ c L
2 HT

o= T 5.8b
P {(FS—tangzﬁ'/tana)sinZa ° L} (5.8b)

' L 1 7t 2K tan s
h p'= V| oo ™ 1-e -—H 5.9
i P 2Ktan5{7/ H(ZKtan& p"j){ Xp( L ﬂ} (5.9)

Egs. (5.4) and (5.5) are used in the presence of a tension crack. The Li (2014a) solution was
shown to better represent the experimental results reported by Mitchell et al. (1982), compared to
the original Mitchell et al. and MM solutions.

5.2.4 Li & Aubertin (2014) solution

Preliminary numerical simulations have been presented by Li & Aubertin (2014) using FLAC®*®
to investigate the behavior of side-exposed cemented fill. These results indicated that the shear
resistance along sidewalls for the lower block acts in a direction parallel to the sliding plane. To
account for this, the wedge block (Fig. 5-1) is divided into an upper rectangular block and a lower
triangular wedge. The bond cohesion along the back wall was also considered. A modified
solution was proposed in terms of FS and required backfill cohesion ¢ for HAR stopes:

C(1HH'}(y/lvl—|ol)[(1—exp(—MH'))/MH'—1]+;H'/2
g _ fang'  \cosa L .1+ L/B (5.10a)
tan o (p, +H'12)sina
D'(p, +7(H-H")-G')+ yA‘H'(1+LJSina—y(C'+H'j
c= 2 B M_ 2 ,for FS=1 (5.10Db)

14 L |+ D(H-H 254 o
B L B

withH'=Btana M = 2K(B*1 + L’l)tané' (5.11)
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, 2r. )]
P, =P, +(H-H ){7—0(T+§b)_ (5.12)
1 ¥
G'= H-H' —L l—exp(~(H —H"M
L= -2 et -nm) 619
pops -t g 1 H o LoewtMH) D':A'(1+£j5ina+C' (5.14)
tana cosa L MH' B

This solution was shown to better represent the Mitchell et al. (1982) experimental results
compared to the original Mitchell solution. This solution and the Li (2014a) solution may
overcome some limitations of the original Mitchell et al. and MM solutions by considering more
realistic interactions between the fill and rockwalls. The normal stresses along the sidewalls are
estimated from the arching solutions (e.g., Aubertin et al. 2003; Li et al. 2003, 2005) developed
for confined backfilled in stopes (without exposure). The effect of wall removal on the stress
state is thus neglected. The earth pressure coefficient K is taken as Rankine’s active pressure

coefficient K, (as is the case for an exposed vertical face of cohesive soil; e.g., Bowles 1984).

These solutions are assessed below using simulations results.
5.3 Numerical simulations

5.3.1 Model configuration

The stability of side-exposed fill is investigated using numerical simulations conducted with the
finite difference code FLAC® (Itasca 2013). Previous investigations have shown that this code
(in 2D and 3D) can be used to analyze the stress state in backfilled stopes, with and without an
exposed face (Li et al. 2003; Li & Aubertin 2009e, 2014; Falaknaz et al. 2015a, 2015b, 2015c,
2016; Liu et al. 2016c). Fig. 5-2 shows the reference model built with FLAC®® to evaluate the

response of a side-exposed cemented fill in a primary stope.
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Figure 5-2: The FLAC®® model of exposed backfill in a primary stope; the open face, symmetry

plane and discretization are shown

The rock mass is linearly elastic with a unit weight % of 27 kN/m®, a Young’s modulus E; of 30
GPa and a Poisson’s ratio vy of 0.3. The cemented fill is modeled as an elastoplastic material
obeying the Mohr-Coulomb criterion with a tension cut-off. The fill is characterized by a dry unit
weight » of 18 kN/m?, a dilation angle y of 0° (non-associated flow rule) and Young’s modulus
E of 300 MPa. The values of effective friction angle of fill ¢' and Poisson’s ratio v are related
through the following correlation: v = (1 — Asing)/(2 — sing') with A = 1, based on a unique
(consistent) earth pressure coefficient at-rest Ko (Yang et al. 2016d; see also Eqg. (A.9) in
Appendix A).

The tensile strength (To) of cemented backfill is relatively small in practice. The tensile strength
cutoff by default is zero in FLAC®P. This tension cutoff (T, = 0) is first used to represent the most
conservative case. A less conservative and more realistic case considered here is a tension cutoff
equals to one tenth of the unconfined compression strength (UCS) (i.e., To = UCS/10; e.g.,
Mitchell & Wong 1982; Sainsbury & Urie 2007). This value is used in the numerical simulations
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performed in this study. It is however only valid for a specific value of ¢' (around 55°) based on

the Mohr-Coulomb criterion; this aspect is further discussed below.

The plane of symmetry x = 0 is used in the numerical models (Fig. 5-2). The displacements are
free in the y and z directions on this plane, but these are restricted in the x direction.
Displacements are restricted in all directions along the outer boundaries of the model, except for
the top surface. The cemented fill is represented by quadrilateral elements of 0.5 x 0.5 m based
on the sensitivity analysis of meshes, while the rockmass is modeled by coarser (radial) elements

(Fig. 5-2; see details in the sensitivity analysis presented in Appendix F).

There is no interface element between the fill and rockmass; yielding then occurs in the backfill
near the irregular (rough) rock surface produced by blasting (Li et al. 2003; Li & Aubertin 2009e;
Liu et al. 2016a, 2016b).

The stability analysis of the side-exposed backfill involves two stages: (1) simulating the initial
stress state within the backfilled stope and (2) creating the vertical exposure. The stope is first
excavated at one step for stage (1). It is then sequentially filled (5 m/layer) after resetting
displacements induced by the excavation to zero. The vertical exposure is simulated by freeing
the boundary along the open face of the backfill in one step for stage (2). The calculations run
until equilibrium or failure occurs. Equilibrium is monitored using the unbalanced forces,
displacements and stresses, while failure is evaluated by an instability criterion. The novel
instability criterion used here is presented below. These analyses are made using the small strain

option of FLAC, which is deemed appropriate to assess the initiation of failure.

5.3.2 Instability criterion for exposed backfill

The distributions of displacements and stresses, yielding (plastic or tensile) state, and shear
strength ratio (equivalent to a FS) can be monitored in numerical simulations results. The extent
of yielding is commonly used to identify the failure of the exposed backfill (e.g., Barrett et al.
1978; Cundall et al. 1978; Barrett & Cowling 1980; Coulthard 1980; Coulthard & Dight 1980;
Sainsbury & Urie 2007; Liu et al. 2016c). Failure can also be evaluated by the yield state,
displacement and development of tensile stress (e.g., Pierce 1997, 2001; Coulthard 1999; Emad
et al. 2012, 2014; Dirige & De Souza 2013; Karim et al. 2013; Li & Aubertin 2014).) The
displacements and shear strength ratio were used by Falaknaz (2014) (also Falaknaz et al. 2016).
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In general, these approaches have shown that, in most cases, the stability (or failure) of the
exposed backfill can be judged without any ambiguity. In some cases however, this may become
more difficult and somewhat subjective. To reduce this subjectivity, an instability criterion is
established here based on the monitored total displacement along the vertical centerline of the
open face (dotted line MN in Fig. 5-2). This approach is inspired by the instability criterion

developed for barricades made of waste rock (Yang et al. 2016a).

Fig. 5-3 shows a typical variation of the total displacement profiles along stope height (line MN),
obtained with FLAC®® when the fill cohesion ¢ decreases from 30 to 24 kPa. The maximum total
displacement along the monitoring line MN increases slightly, from 3.7 mm to 12.6 mm, as the
fill cohesion is reduced from 30 to 25 kPa. These minor displacements along a 45 m high fill
body reflect a stable state. Fig. 5-3 also shows that when the exposed fill cohesion goes from 25
to 24 kPa, the maximum total displacement rises dramatically, to about 1 m. This marks the
transition from a stable to an unstable state for the fill. Such transition is confirmed by the
displacement isocontours along the vertical plane of symmetry in the backfill shown in Fig. 5-4.
The large surge of the displacement along the stope height with a slight reduction in the fill
cohesion is considered here as an indicator of instability of the exposed cemented backfill. Such
behavior has been observed with various simulations conducted under different conditions (see
more results presented in Appendix F).

Displacement (m)
0 0.2 0.4 0.6 0.8 1

K" 1 1 | | |
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E 15 ]
2
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- 30 -
= 24
: o 0 °° 025
5' 00 © @ 26
45 i 30

Figure 5-3: Displacement profiles along the stope height (line MN in Fig. 5-2) for different
values of fill cohesion c; simulations conducted withH=45m,B=6m,L=9m, ¢’ =35° v=
0.3, = 18 kN/m*and E = 300 MPa
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Figure 5-4: Displacements isocontours of the exposed backfill along the vertical plane of
symmetry for cohesion c¢ equals to (a) 25 kPa and (b) 24 kPa; simulations conducted with H = 45
mB=6m,L=9m, ¢’ =35°1v=0.3, y= 18 kN/m* and E = 300 MPa

5.3.3 Failure mechanism

Analytical solutions were generally developed by considering shearing (slip) of a wedge block
along a planar sliding plane as the main failure mechanism (e.g., Mitchell et al. 1982; Li &
Aubertin 2012, 2014; Li 20144, 2014b). This type of failure mechanism was observed during the
physical model tests performed by Mitchell et al. (1982) and reproduced by numerical
simulations (Liu et al. 2016c). It was noted however that such a failure mode tends to occur when

the fill cohesion is relatively low.

Numerical simulations conducted by Bloss et al. (1993) and Coulthard (1999) indicated that
failure by shear can develop through the fill body and by tension near the fill top and open face.
When the stope geometry requires a large cohesion, Li & Aubertin (2014) and Falaknaz et al.
(2016) have shown that the instability is no longer controlled by a sliding wedge block. Instead,
the failure surface becomes somewhat spoon-shaped, with tensile stresses near the upper portion
of the block. This is further confirmed by the results shown in Fig. 5-4b. Additional numerical

results in Fig. 5-5 show the displacement isocontours along the vertical plane of symmetry of the
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exposed fill reaches a critical (failure) state when the stope width B changes from 10 m to 25 m.

These results indicate that the required cohesion is independent of the stope width B, due to the

tensile stresses near the top of the fill. A new analytical solution is thus needed to take these

observations into account.
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Figure 5-5: Displacements isocontours of the exposed backfill along the vertical plane of
symmetry at a critical state when the stope width B changes from 10 to 25 m; simulations
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conducted with H=45m,L=9m, ¢’ =35° v=0.3, y= 18 kN/m* and E = 300 MPa

5.4 Proposed solution

Numerical simulations conducted here (and by others) have shown that the shear sliding (failure)

surface in backfilled stopes rarely extend to the back wall (unless the stope is very high and

narrow) and to the fill top (even for a very low and wide stope) (e.g., Dight & Coulthard 1980;
Coulthard 1999; Dirige & De Souza 2013; Emad et al. 2012, 2014; Falaknaz 2014; Falaknaz et al.

2016). These also show that there is a build-up of tensile stress near the top of the exposed

backfill. Centrifuge tests results reported by Dirige & De Souza (2000, 2013) also indicate that

the failure of side-exposed cemented paste backfill (CPB) involves a tension crack reaching the

fill top surface. A curved sliding plane also develops upwards to meet this tension crack. Similar

failure modes have been reported following centrifuge tests performed on cemented hydraulic fill

(e.g., Smith et al. 1983; Mitchell 1986) and field observations/measurements (e.g., Cowling &

Gonano 1976; Coulthard & Dight 1980).



160

Fig. 5-6 depicts the proposed model which includes a sliding wedge and a vertical potential
tension crack originating from the top. On this figure, po (kPa) is the surcharge exerted on the fill
top; Hi (m) is the depth of the potential tension crack and B; (m) is the equivalent width of the
sliding wedge [estimated from Eqgs. (5.4) and (5.5)]. The sliding plane makes an angle a (= 45° +
$’/2) to the horizontal; W is the weight of the sliding wedge; Ss is the shear forces acting along
the sidewalls; S; is the shear force (due to fill cohesion only) acting along the potential tension
crack (disccused below). The frictional strength (normal stress) mobilized along the potential

tension crack is neglected.

Tension crack
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=
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Figure 5-6: The modified wedge model with a vertical potential tension crack showing various

acting forces (adapted from Li 2014a)

Based on the limit equilibrium analysis of the sliding wedge (with the detailed formulation
presented in Section 5.7 of this chapter), one can obtain the following expressions for the factor

of safety FS and required backfill cohesion c:

-1
FS:tan¢ n .2 E_i_rsm (5.15a)
tana sinZ2a\c B, L
-1
c=p 2 ___H 2H-Bna (5.15b)
(FS-tang'/tana)sin2a B, L

with
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L 1 4 2K tano 2K tano
= - — —-—H, |- -—H 5.16
P 2K tano {7 B, tana (ZK tano pojx{exp( L t] exp[ L ﬂ} (5.16)

where H; and By are obtained with Egs. (5.4) and (5.5), respectively; K is taken as Rankine’s
active pressure coefficient K,, as used by Li (2014a) and Li & Aubertin (2014); the other

parameters have been defined previously.

5.4.1 Comparison between numerical simulations and analytical solution

Results obtained with the analytical solution given by Eq. (5.15) are compared with simulations
results. The elasto-plastic constitutive law with a tension cutoff of zero and UCS/10 is used. The
critical backfill cohesion is determined using the instability criterion defined above. Fig. 5-7
shows the required (critical) backfill cohesion c, obtained from the proposed solution and
simulations results, as a function of stope geometry. Four other analytical solutions (Mitchell et al.
1982; Li & Aubertin 2012, 2014; Li 2014a) are also plotted for comparison. The stope geometry
and material properties are defined in the caption of figures.

The numerical results indicate that the required values of c increase with an increase in stope
length L (Fig. 5-7¢), and to a much lesser extent with stope height H (Fig. 5-7a). The results are
almost insensitive to the stope width B for the case analyzed here (Fig. 5-7b). These observations
are very similar to those from the simulations presented by Falaknaz (2014) (also Falaknaz et al.
2016).

For the cases considered here, Figs. 5-7a and 5-7b show that the values of the required cohesion ¢
obtained from numerical simulations are almost the same for a zero tension cutoff and a non-zero
tension cutoff (To = UCS/10) when the stope width (B) is between 6 and 25 m and the height (H)
varies between 20 and 80 m. Similar results can be observed on Fig. 5-7c for a stope length
smaller than 30 m. Significant differences can nevertheless be observed between the required ¢

obtained by the two values of Ty when the stope is longer than 30 m.

In all cases, results shown in Fig. 5-7 indicate that Eqgs. (5.1b) and (5.2b) significantly
overestimate the required backfill strength, compared to the results obtained from other

(numerical and analytical) approaches.
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Figure 5-7: Required fill cohesion ¢ obtained from Eq. (5.15b) and four other analytical solutions,
and numerical simulations, for different values of stope (a) height H (L =9 m, B =6 m), (b)
width B (H=45m, L =9 m), and (c) length L (H =45 m, B = 6 m). Calculations done with Eq.
(5.15b) for FS=1,po =0, ¢’ = 9 = 35°, s = 1, = 18 kN/m?; simulations made with ¢’ = 35°, v =
0.3, y=18 kN/m?, E = 300 MPa, To= 0 and UCS/10

Fig. 5-7a shows that Eq. (5.10b) agrees well with the simulations results, especially for the zero
tension cutoff, while Eq. (5.6b) predicts a different tendency, with a decrease in required ¢ with
increased exposure height H. As H increases, the required ¢ values predicted by the solution [Eq.
(5.15b)] proposed here slightly increase for H < 45 m and then slightly decrease for H > 45 m.
Nonetheless, the proposed solution [Eqg. (5.15b)] correlates fairly well with the simulations

results for both values of tension cutoff, for an exposed height from 20 m to 80 m.

Fig. 5-7b illustrates that, as the stope width B increases, Eq. (5.6b) predicts an initial increase in

required ¢ followed by a slight decrease, while the simulated results give constant ¢ value. Eq.
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(5.10b) predicts a decrease of ¢ with an increase in B. The proposed solution [Eg. (5.15b)] is seen

again to correlate quite well with the numerical results for both values of the tension cutoff.

Fig. 5-7c indicates that Eqgs. (5.6b) and (5.10b) lead to good correlations with the numerical
results for nonzero tension cutoff with different stope length L; it is not as good for the zero
tension cutoff. The proposed solution [Eq. (5.15b)] is able to capture quite well the results

obtained by the numerical simulations for both values of Tj.

Additional numerical calculations were performed to further evaluate the proposed solution [Eqg.
(5.15b)]. Fig. 5-8 shows the comparison of the required backfill strength c obtained from the
proposed solution and the simulation results, for different values of backfill internal friction angle
¢’ (and angle along the walls J). The numerical simulations were conducted with a tension cutoff
To= 0 and UCS/10. In the simulations, the value of angle ¢’ is related to Poisson’s ratio v by the
relationship defined above. The minimum value (lower bound) of angle ¢’ is taken as 1° (related

v = 0.496) because the use of ¢’ =0 (and v = 0.5) is prohibited in FLAC.

80 r O To=0,FLAC3D
+ Ty =UCS/10, FLAC3D
Proposed solution Eq. (5.15h)

o]
jan]
T

Required c (kPa)
I~
o

Figure 5-8: Required fill cohesion ¢ obtained from Eq. (5.15b) and from numerical simulations
(obtained with a tension cutoff T, of zero and UCS/10), for different values of friction angle ¢’.
Calculations made with Eq. (5.15b) for FS=1,H=45m,B=6m,L=9m,pp=0,0 = ¢’, rs =1,
7= 18 kN/m?; simulations made with E = 300 MPa and the same backfill unit weight and stope

geometry

Fig. 5-8 illustrates that the simulations give a reduction in required c as the ¢’ value increases.

Such a decline becomes somewhat less pronounced with the proposed analytical solution for the
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typical range of backfill friction angle ¢’ (30° to 40°). Nevertheless, the proposed analytical

solution agrees well with the numerical results.

Overall, the proposed analytical solution [Eq. (5.15b)] thus correlates quite well with the
numerical results obtained with FLAC®P, for different stope geometries and backfill properties. It
thus provides a useful approach for evaluating the required strength of side-exposed mine backfill.
The effect of various backfilled stope parameters on the required cohesion and FS is then

illustrated in the following.

5.4.2 Parametric analyses

Sample applications of the proposed solution [Eq. (5.15b)] are presented below to illustrate the
effect of the various parameters, considering typical stope geometry and material properties

(defined in the figures caption).

Fig. 5-9 illustrates the effect of surcharge load po on the required values of ¢ and FS, obtained
from Eq. (5.15), when the adherence ratio of the sidewalls rs increases from 0 to 1. The required ¢
tends to increase (almost) linearly while FS tends to decrease with the surcharge po. Increasing
the surcharge would thus lead to a decreasing stability for the exposed backfill. The results also
indicate that the increased interface cohesion (i.e., large rs) along the sidewalls tends to stabilize
the exposed backfill.
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Figure 5-9: (a) Required c¢ (for FS = 1) and (b) minimum FS (for ¢ = 35 kPa) obtained from Eq.
(5.15) as a function of surcharge p, for different values of rs; calculations made with H=50 m, L
=10m, 5 = ¢’ =30° and y= 18 kN/m®

Fig. 5-10 presents the variation of values of required ¢ and FS as a function of the adherence ratio

rs, obtained from Eq. (5.15), when the internal friction angle of backfill ¢’ varies from 20° to 40°.
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The increased adherence ratio leads to a reduction in the required ¢ and then an increase in the FS.
It is also seen that a stronger backfill (in terms of ¢°) tends to stabilize the exposed backfill,

showing a decrease of the required cohesion or improved backfill stability.
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Figure 5-10: (a) Required ¢ (for FS = 1) and (b) FS (for ¢ = 35 kPa) obtained from Eq. (5.15) as a
function of adherence ratio r for different values of ¢’. Calculations made with H =50 m, L =10

m, po=0, 6 = ¢’ and y= 18 kN/m°

Fig. 5-11 shows the variation of values of required ¢ and FS as a function of the adherence ratio
rs, obtained from Eq. (5.15), for different values of interface friction angle ¢, i.e., ¢'/3, 2¢°/3 and
¢’. Similar trends are observed for the effect of adherence ratio as those shown in Fig. 5-10. The

results also indicate that an increase in interface friction angle leads to a decrease in required
cohesion and then tends to improve the backfill stability.
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Figure 5-11: (a) Required c (for FS = 1) and (b) FS (for ¢ = 35 kPa) obtained from Eq. (5.15) as a
function of adherence ratio r for different values of §. Calculations made with H=50 m, L = 10

m, po =0, ¢’ = 30° and = 18 kN/m®
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5.5 Discussion

The interactions between the exposed fill and surrounding rockmass (at 3 sides) can be quite
complex. Many simplifying assumptions thus have to be used for to develop analytical solutions.
The results shown here indicate that the proposed solution may overcome some limitations of the
original and modified Mitchell et al. solutions. Despite the good agreement with numerical
results, it is noted that the proposed solution relies on a few simplifying assumptions that may not
be entirely realistic. For instance, in the case of very high and narrow stopes, the application of
Eq. (5.5) may result in a value of B; that is unrealistic, i.e., larger than the stope width B (see Fig.
5-6). For such situations, the proposed solution should be regarded as empiric. More elaborate

models and measurements are required to refine these assumptions.

Also, the failure surface is assumed to pass through the toe of the exposed cemented fill face in
the theoretical model. However, results from numerical simulations conducted here indicate that
this is not always the case; in some cases, the failure surface can develop somewhat above the toe

location.

The consideration of cohesive shear strength along the (potential) tension crack implies that the
tension cracking and wedge sliding occur simultaneously at a critical state, rather than tension

cracking before wedge sliding. More work is needed to verify this assumption.

Another limitation is related to the planar sliding plane(s) assumed in the proposed model. This
shape is quite close to the numerical results when the fill cohesion is low. But when the backfill
cohesion is relatively large, the simulations results indicate that the failure surface is curved, with
a spoon-shaped region extending from the open face upwards to the fill top. This curved surface

Is approximated here using a combination of an inclined plane and a vertical planar surface.

Also, numerical results from Falaknaz (2014) (also Falaknaz et al. 2016) indicated that the
normal (horizontal) stresses along the sidewalls may change upon exposure, even for a stable
cemented backfill. In the analytical model, such stresses are estimated from the arching solution
(Li et al. 2005; Li & Aubertin 2009b), without considering such variation. More work is desirable

to assess this aspect.

As stated above, interface elements are not used in the numerical models. This approach means

that the mechanical properties (strength, stiffness) of the fill-wall interface are controlled by those
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of the weakest component, i.e., backfill. In most cases, this approach is reasonable as the stope
wall surfaces are usually very irregular and rough, following production blasting. Yielding then
mostly takes place near the wall in the fill (Aubertin et al. 2003; Liu et al. 2016b). However, the
fill cohesion near the walls (and along the contact) may be reduced, as indicated by some testing
results (see below); this possibility was not directly taken into account here. Yielding may also
occur along fill-wall contacts in cases of planar and smooth interfaces. Under these conditions,
interface elements or a thin layer of softer material can be used in the numerical simulations (e.g.,
El Mkadmi et al. 2014; Liu et al. 2016a).

Experimental results of direct shear box tests indicated that the ¢ value of planar and smooth
CPB-rock interfaces is very close to ¢’ value of CPB, but the interface cohesion is only a fraction
of the fill cohesion (Fall & Nasir 2010; Koupouli et al. 2016). These results indicate that using ¢
= ¢’ is a realistic assumption. The same results also suggest that a relatively small value should
be used for the adherence ratio (r, and rs) with the analytical solutions. However, the values of ry
and rs were taken here as unity for the comparisons with numerical results; as stated above, this is
deemed acceptable when yielding develops in the fill, at some distance from the irregular and
rough rock surfaces, at least for vertical walls. More work would nonetheless be needed to assess
the response of planar and smooth fill-rock wall interfaces, and that of backfill along the hanging

wall when the stope is inclined.

The zero tension cutoff corresponds to the most conservative assumption for the tensile strength
of cemented fill. This cutoff value To= 0 was used in the numerical simulations. However, tensile
strength is not nil in practice due to cementation. Laboratory tests conducted by Mitchell &
Wong (1982) and Sainsbury & Urie (2007) indicated that this tensile strength is about 0.12 UCS
for cement content between 3.3% and 12.5%. Thus, a Tp value of UCS/10 is deemed
representative of cemented fill. This cutoff value was also used in the numerical simulations. It is
noted that the ratio of UCS/T, = 10 is only valid for a specific value of ¢' (about 55°) based on
the Mohr-Coulomb criterion. More work is needed to well investigate the tensile strength of
diverse cemented backfills.

The pore water pressures are neglected in these calculations. This is deemed reasonable since the
wall removal usually takes place a few weeks after filling the stopes (e.g., Emad et al. 2015b). It

has been shown that positive pore water pressures would be fully dissipated after a few days
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following the filling (e.g., Thompson et al. 2012; EI Mkadmi et al. 2014). The effect of negative

pore water pressure (suction) is neglected here.

Numerical simulations were also conducted for large strain conditions. The stress and
displacement given by small and large strain are almost identical when the fill is stable. Once
failure occurs, the calculations for small strain cannot converge, while that for large strain give

very large displacement after showing bad geometry (twisted meshes).

Previous numerical analyses have shown that the exposed fill may be compressed under deep
mining conditions or for large wall closure (e.g., Cundall et al. 1978; Aubertin et al. 2003;
Sainsbury & Urie 2007). It was also reported that a small wall closure could limit the build-up of
tensile stress and stabilize the backfill, while a larger one may destabilize the exposed fill (e.g.,
Coulthard 1980; Pierce 1997). These indicate that the stability of exposed fill may also be
influenced by wall closure for specific conditions, which are being considered in ongoing work.

5.6 Conclusions

Analytical solutions for predicting the required strength of side-exposed mine backfill have been
briefly recalled. New numerical simulations are then conducted with FLAC®" using the elasto-
plastic constitutive model with a tensile strength cutoff Ty of zero and UCS/10, considering the
effective friction angle ¢ and Poisson’s ratio v of the backfill as dependent parameters. An
instability criterion has been defined to evaluate more objectively the stability of exposed backfill
from the simulation results. These results indicate, among other findings, that the required
cohesion of the cemented backfill is mainly dependent on the stope length, and is almost
insensitive to the stope width, due to the development of tensile stresses near the backfill top

surface.

A new analytical solution is proposed for assessing the stability of exposed cemented fill,
considering a more realistic failure mode; the solution is based on a combination of an inclined
planar surface and a vertical planar surface. The results indicate that the proposed solution
correlates well with the numerical simulations for representative stope geometries and backfill

properties. This new solution is thus regarded as an improvement over existing solutions.
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5.7 Appendix I: Solution development for the proposed solution
The shear strength acting along the sidewalls 7, is obtained based on the Mohr-Coulomb criterion:
7, =C,+0, tand (5.17)

In Eq. (5.17), ¢; (=rsc, 0 < ry < 1) is the interface cohesion along the sidewalls; oy is the
horizontal stress along the sidewalls at a depth 4 (see Fig. 5-6), which is estimated by (Li &
Aubertin 2009b):

o, = 2t;:;15[1_eXp(_2K tané‘%ﬂ+ Kp, exp(—ZK tan&%j (5.18)

where K is taken as Rankine’s active pressure coefficient K, = (1-sin ¢)/(1+sin ¢°).

The shear force acting along one fill-sidewall interface S; is given by (see Fig. 5-6):

H-h
tano

H, H
S, = [r.Bdh+ [z, dh (5.19)
0 H

t

where B, is estimated from Eq. (5.5).

Introducing Egs. (5.17) and (5.18) into Eq. (5.19), one can obtain the expression of S as follows:

5. - Bt[rsCJr%J(H _ B tanaj_ BIL( o pOJ

2 2 \2Ktano
(5.20)
.\ L2 A ool 2KtaNS e _2Ktan5Hj
K tanatans (2K ans 0 ) P L ‘ L
The net weight of sliding wedge W, is given by:
W, =W + p,B,L-2S, S, (5.21)

where the self-weight of the sliding wedge W = yB,L(H - Btana/2); the shear force acting along
the potential tension crack S; = cH,L. H, is obtained from Eq. (5.4).

The FS of the sliding wedge can then be expressed as:

W, cosatang'+CLB, /cosa tang' N 2 cLB,
W, sina tana sin2a W,

FS

(5.22)
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Introducing Egs. (5.20) and (5.21) into Eq. (5.22), one can obtain the FS of the sliding wedge and
the required backfill cohesion ¢ expressed as Egs. (5.15a) and (5.15b), respectively.
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CHAPTER 6 ARTICLE 4: A COMPREHENSIVE NUMERICAL
ANALYSIS OF STRESS RATIOS IN VERTICAL BACKFILLED
OPENINGS

Pengyu Yang, Li Li, & Michel Aubertin

This article was submitted to ASCE - International Journal of Geomechanics in November 2016.

Abstract: Stresses in backfilled openings depend on the interactions between the backfill and
confining walls. Such stresses can be assessed using analytical solutions based on arching theory,
which usually include the earth pressure coefficient K = o'w/o’,, defined as the ratio of the
horizontal to vertical effective stresses. The value of this coefficient can significantly affect the
estimated stresses in the backfilled openings. Along the centerline of vertical openings, the K
value has sometimes been estimated from the at-rest earth pressure coefficient Ko, while others
consider that Rankine’s active earth pressure coefficient K, is more appropriate. However, this
stress ratio has not been investigated in depth, especially near the walls of openings. Simulations
have been conducted using FLAC to evaluate the coefficient K and also the principal stress ratio
Kps = o '3lo’1, defined as the ratio of the minor to the major principal stresses, along the centerline
and near the walls. The simulations are conducted using independent and interrelated values of
internal friction angle ¢’ and Poisson’s ratio v. The results indicate that along the centerline,
stress ratios (Kys = K) are close to K, when the fill Poisson’s ratio is below a critical value defined
by its internal friction angle ¢’. Beyond this critical value, stress ratios approaches K, based on
Poisson’s ratio. The ratio Kys near the walls is always close to K, for both independent and related
¢’ and v, due probably to the severe shearing of the fill near the rock face. Coefficient K near the
walls depends on values of independent v and ¢, while K is close to K, for interrelated v and ¢ .
Additional simulations conducted with interface elements along the fill-wall contacts indicate that
stress ratios Kps and K along the centerline are insensitive to interface roughness and almost
identical to those obtained without interface elements (for both independent and related ¢’ and v);
but they may be different for less rough or smooth interfaces near walls.

Keywords: Backfilled openings (stopes, trenches, silos); Stresses; Earth pressure coefficient;

Principal stress ratio; Internal friction angle; Poisson’s ratio; Numerical simulations.
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6.1 Introduction

The stress state in backfilled openings is largely dependent on the interactions between the
backfill and confining structures. The basic methods for evaluating such stresses mainly
originated from the arching theory developed for estimating stresses in silos (Janssen 1895). In
geotechnical engineering, Marston (1930) adopted arching theory to estimate the loads of backfill
on buried conduits in trenches. Later, Terzaghi (1943) modified the arching solution to evaluate
the pressures above a yielding strip in cohesive soils (known as trap-door problem). The arching
theory has also been applied in mining engineering to assess the stresses in backfilled stopes (e.g.,
Askew et al. 1978; Aubertin et al. 2003).

For a cohesionless fill, the vertical ¢’y and horizontal ¢, effective stresses in backfilled openings
can be obtained from the following expressions, based on the Marston (1930) solution:

By 2K tan o'
'=——t  |1-exp| —————h 6.1a
T 2Ktan5'[ Xp( B ﬂ (6.1a)
o', =Ko, (6.1b)

where K (-) is the earth pressure coefficient, defined as the ratio of the horizontal to the vertical
effective stresses (= o’w/c’y); B (m) is the width of the opening; h (m) is the depth from the fill
top; y (kN/m®) is the unit weight of backfill; 6’ (°) is the effective friction angle of the fill-wall
interface. For mine stopes, the value of ¢’ is often taken as the effective friction angle of the
backfill ¢' (°) as the yielding near the walls tends to occur in the fill due to the rough and stiff
rock surfaces (e.g., Aubertin et al. 2003; Li et al. 2003).

Marston’s solution has been applied and extended to several cases for estimating the stresses in
mine backfilled stopes. These include 2D stopes with inclined walls (Blight 1984; Caceres 2005;
Singh et al. 2011; Ting et al. 2011, 2014; Jahanbakhshzadeh 2016), and 3D stopes (Coulthard &
Dight 1979; Winch 1999; Li et al. 2005; Pirapakaran & Sivakugan 2007a; Jahanbakhshzadeh
2016). The effect of pore water pressures has also been considered (Li & Aubertin 2009a,
2009b).

Applying these arching solutions requires the knowledge of the earth pressure coefficient K,

which can significantly affect the estimated stress state in backfilled openings (e.g., Aubertin et
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al. 2003; Li et al. 2003, 2005). However, the actual value of the coefficient K within backfill

placed in confining structures (trench, stope, silo, etc.) remains a debated topic.

For isolated mine stopes with delayed backfilling (i.e., backfill placed after the entire stope is
mined out), the movement of rock walls is usually considered negligible. Therefore, the K value
has sometimes been estimated from the at-rest earth pressure coefficient Ko along the centerline
(e.g., Winch 1999; Helinski 2007; Pirapakaran & Sivakugan 2007a, 2007b; Fahey et al. 2009;
Singh et al. 2010, 2011; Ting et al. 2011). However, some numerical simulations have shown that
o’w/o’y is often smaller than Ky and that the Rankine’s active earth pressure coefficient K, can
better represent the stress state along the centerlines of mine backfilled stopes (e.g., Li et al. 2003,
2005; Li & Aubertin 2009a, 2009b; Sobhi et al. 2014, 2016). The latter numerical results have
been partly confirmed by laboratory tests results (e.g., Sobhi et al. 2016, using data from
Pirapakaran & Sivakugan 2007b) and in-situ measurements (Hughes et al. 2010; Thompson et al.
2012). Numerical simulations conducted by Jahanbakhshzadeh et al. (2016) indicated that the
value of K across the width of a vertical stope is between K and K, (and somewhat closer to the

former).

In most previous numerical simulations, the Poisson’s ratio v of the backfill was taken as a
constant with a value that is unrelated to the internal friction angle ¢’ Recently, simulations
conducted with interrelated v and ¢’ values resulted in somewhat different stress states within the
backfill (e.g., Falaknaz 2014; Falaknaz et al. 2015a; Jahanbakhshzadeh 2016). The stress ratio
can also depend on the relation between v and ¢’ (e.g., Jahanbakhshzadeh et al. 2016). There is
thus a need to assess this stress ratio by considering both independent and interrelated v and ¢’
values. In addition, the stress ratio near the walls has not been investigated in depth in previous
numerical analyses. As the stresses are not uniform across the stope width (Li & Aubertin 2008,
2010; Rajeev et al. 2016), due to the shear stresses between the fill and walls, the use of a
constant K within the whole opening is not representative (e.g., Jahanbakhshzadeh 2016).
Therefore, it is also deemed necessary to evaluate stress ratios near walls where stresses may be

of particular interest for stability analyses.

In the following, the origins of the active (K,) and at-rest (Ko) earth pressure coefficients are
briefly recalled. Attention is paid to the relationship between v and ¢’, based on unique (and

consistent) values for Ko. A series of simulations are then conducted using FLAC, with both
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independent and related ¢’ and v values, to evaluate the effect of various mechanical and
geometric characteristics on this stress ratio K in backfilled openings. In addition, the principal
stress ratio Kps, defined as the ratio of the minor (o) to the major (o’1) principal stresses is also
analyzed. Additional simulations are performed to assess the effect of fill-rock interface and its

properties on the stress ratios.

6.2 Active and at-rest earth pressure coefficients

The earth pressure coefficient K has been used to evaluate the pressures on retaining walls and
the naturel stress state in soils (e.g., Coulomb 1776; Rankine 1857; Terzaghi 1943; Jaky 1944).

When the horizontal stress behind a frictionless retaining wall is decreased by wall movement to
a degree that the soil (fill) reaches a plastic equilibrium (yielding), the soil is said to arrive at an
active state. The ratio of the horizontal over the vertical stresses is known as the Rankine’s active

earth pressure coefficient K,. For a cohesionless fill with a horizontal surface, the expression of

Ka is given by:
1-sing'

Ka=——2 2
1+sing (6.2)

When the soil in a semi-infinite region is submitted to a vertical loading that does not produce
lateral strain, the soil is said to be at at-rest (e.g., Aysen 2005; Sivakugan & Das 2009) with K =
Ko. For loose granular materials, the semi-empirical formula proposed by Jaky (1944, 1948) is
widely used in practice to evaluate the K, value. Jaky’s (simplified) equation is expressed as a

function of the internal friction angle ¢
(K, ), =1-sing (6.3)

Eq. (6.3) has been shown to correlate well with experimental results obtained on sands of various
densities (e.g., Al-Hussaini & Townsend 1975; Mesri & Hayat 1993) and on normally
consolidated clays (e.g., Brooker & Ireland 1965; Ladd et al. 1977; Mayne & Kulhawy 1982),
despite being considered non-rigorous as it relates a yielding strength parameter ¢’ to an at-rest
state parameter Ko (e.g., Michalowski 2005; Talesnick 2012). Eq. (6.3) has also been extended to
over-consolidated soils (e.g., Brooker & Ireland 1965; Daramola 1980; Mayne & Kulhawy
1982).
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Alternatively, the K, value can be obtained more fundamentally from Poisson’s ratio v, based on
the Hooke’s law for a homogeneous, isotropic and linear elastic material (e.g., Bishop 1958;
Gould 1970; Morgenstern & Eisenstein 1970; Blight 1986; Bardet 1997; McCarthy 2007; Das
2010; Briaud 2013; Sobhi et al. 2014):

(Ko )v P (6.4)

Egs. (6.3) and (6.4) indicate that the internal friction angle ¢’ and Poisson’s ratio v should be, in
some ways, related to ensure a unique and consistent value of Ko with an elasto-plastic model.

This has led to the following relationship (Yang et al. 2016d; see also Eq. (A.9) in Appendix A):

ve 1-Asing

~ 2-sing (65)

where A is a material parameter; A = 1 (e.g., Duncan & Bursey 2013; Falaknaz 2014;
Jahanbakhshzadeh 2016) or 0.75 (e.g., Duncan et al. 1991) has generally been used with Eq.
(6.5).

In the following, Eq. (6.5) with A = 1 is used when the simulations consider related values of ¢’

and v.

6.3 Modelling approach

A number of studies conducted previously by the authors, and others, have shown that the finite
difference code FLAC (Itasca 2011) is a useful tool to evaluate the stress state in backfilled
openings. Fig. 6-1 illustrates a backfilled opening (under plane strain condition) and the
corresponding numerical model built with FLAC. The opening is filled to a height H of 40 m
with an open top surface. The relevant parameters are shown on the conceptual model [Fig. 6-
1(a)] and the discretization and boundary conditions of the numerical model are shown in Fig. 6-
1(b).

In Fig. 6-1(b), the side boundaries of the rockmass are fixed in the horizontal direction, while
displacements are fixed in all directions at the base. Sensitivity analyses of different meshes
(results not shown here) suggest that the backfill can be modeled by quadrilateral elements of 0.2
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x 0.2 m and the rockmass by radial and coarser [Fig. 6-1(b)] meshes to obtain stable numerical

results.

.
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=
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B | interface
3 (if any)

Rockmass
¥e = 27kN/m?
“ E,=30GPa _——
v, = 0.25

Figure 6-1: Conceptual model (a) and the corresponding FLAC model (b) of a backfilled opening

The opening is first excavated in one step and the induced displacements are set to zero once the
system reaches equilibrium. This is valid for delayed filling after complete convergence for very
stiff rock walls (e.g., Li et al. 2003; Li & Aubertin 2009e; Falaknaz 2014; Liu et al. 2016b;
Jahanbakhshzadeh 2016). Staged filling of the opening is performed in 40 layers with 1 m/layer,
which is small enough to minimize the effect of layer thickness on the stress state and stress
ratios (results not shown here; see details in the sensitivity analysis presented in Appendix G).

The calculations run until reaching an equilibrium state before the addition of a new filling layer.

The rock mass is linearly elastic with a unit weight % = 27 kN/m®, a Young’s modulus E, = 30
GPa and a Poisson’s ratio v, = 0.25. The backfill behaves as an elasto-plastic material obeying the
Mohr-Coulomb criterion; it is characterized by modulus E (variable), ¢’ (variable), v (variable),
dry unit weight » = 18 kN/m°, an effective cohesion ¢' = 0 kPa (i.e., cohesionless fill), and a
dilation angle w = 0° (non-associated flow rule). The interfaces between the backfill and the

confining walls [Fig. 6-1(b)] are characterized by the effective friction angle 6’ and the normal
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(K,) and shear (K;) stiffnesses (see FLAC Manual of Itasca 2011 for details on their
determination). Other parameters are given in detail in Table 6-1 for independent (Cases 0 to 5)
and interrelated (Cases 0’ to 4”) values of v and ¢, respectively. For the latter cases, the v of the
backfill is related to its ¢' through Eq. (6.5) with A = 1 (e.g., Falaknaz 2014; Falaknaz et al. 2015a;
Jahanbakhshzadeh 2016). Interface elements between the fill and rock-walls are included in
Cases 5 and 4, but not in Cases 0 to 4 and 0’ to 3°.

Table 6-1: Geometric and mechanical properties of the backfill-stope system used in numerical

simulations performed with independent (Cases 0 to 5) and interrelated (Cases 0’ to 4’) v and ¢’

Cases | Figureno.| B(m) | E(MPa) o’ (°) v(-) ZInEQ. 6.5 0’ (°)

- 0 2,3,4 8 300 30 0.2 - -
R 5 Variable | 300 30 0.2 - -

s 2 6 8 | Variable | 30 0.2 . .

g 3 7,16 8 300 Variable 0.2 - -

5

S| 4 8 8 300 30 Variable - -

E 5 13 8 300 30 0.2,0.3 - Variable*
_ 0 ]2,3,4,12 8 300 30 0.333 1 -

:% | 9 Variable 300 30 0.333 1 -

3 2’ 10 8 Variable 30 0.333 1 -
23 11 8 300 Variable 1 -

e 4’ 14 8 300 Variable 1 Variable*

Note: -, not applicable; *, with interface elements.

6.4 Numerical results and analyses

Fig. 6-2 illustrates the stress contours obtained from FLAC simulations for independent (Case 0
in Table 6-1) and interrelated (Case 0’ in Table 6-1) values of v and ¢ . The results show that an
arching effect develops within the backfill for both cases (with o’y smaller than the overburden).
A non-uniform distribution across the opening width is observed for both the vertical and
horizontal stresses. At a given depth, it is seen that the stresses near the walls are lower than those
at the center. These indicate that the values of K along the vertical centerline (VCL) and near

rock-walls (RW) could be different in practice.
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Figure 6-2: Horizontal (a) and vertical (b) stress (in Pa) contours of FLAC simulations conducted

for independent (Case 0) and interrelated (Case 0°) values of v and ¢’ (See Table 6-1 for details)

Fig. 6-3(a) presents the stress distributions along the VCL in the backfill for both Case 0
(independent v and ¢’; v = 0.2, ¢’ = 30°) and Case 0’ [related v and ¢’ through Eq. (6.5) with A =

1; v=10.333, ¢’ = 30°], while Fig. 6-3(b) shows the principal (¢’1 and ¢ 3) stresses and horizontal

(¢n) and vertical (¢ ',) stresses near the RW, respectively. The vertical and horizontal stresses due

to overburden (OB) are also plotted, using ¢’y = yh and ¢’y = (Ko)go . The stresses along the RW

correspond to a profile located at a distance of 0.2 m (one element size) from the rock. For both

cases, Fig. 6-3 shows that the values of ¢, and ¢, are significantly lower than those based on the

OB, especially near the base of the backfilled openings.
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Figure 6-3: Stress distributions (a) along the VCL and (b) near the RW in the backfill for
independent (Case 0) and related (Case 0”) values of v and ¢’ (see Table 6-1 for details)

Along the VCL (2D) of the opening, the vertical and horizontal stresses correspond to the major
and minor principal stresses, respectively. The principal stress ratio Kps (= ¢ '3/c 1) is thus equal to

the earth pressure coefficient K (= o 'nwlo ).

For ¢’ = 30°, when the value v increases from 0.2 (Case 0, independent v and ¢’) to 0.333 [Case
0’, with Eq. (6.5) with A = 1], Fig. 6-3(a) shows that the vertical principal stress (¢’y = ¢’1) along
the VCL tends to significantly decrease while the horizontal principal stress (¢'h = ¢’3) slightly
increases. Near the RW, the principal stresses and the vertical and horizontal stresses are nearly
insensitive to the change of v, except for near the bottom of the openings, where the major
principal stress (¢’1) and the vertical stress (¢',) decrease slightly when v goes from 0.2 to 0.333
[Fig. 6-3(b)]. These results tend to indicate that the two stress ratios (Kys and K) obtained from
the two assumptions differ somewhat. This effect is also illustrated in Fig. 6-4, which shows that
the values of Kys and K along the VCL [Fig. 6-4(a)] and near the RW [Fig. 6-4(b)] all increases
when v varies from 0.2 (Case 0) to 0.333 (Case 0’), with a larger variation along the VCL.

In the following sections, the two stress ratios (Kys and K) along the VCL and near the walls will

be investigated by considering different cases with independent and interrelated values of v and

4.
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Figure 6-4: Vertical profiles of K and Ky (a) along the VCL and (b) near the RW, for
independent (Case 0) and related (Case 0”) values of v and ¢’ (see Table 6-1 for details)

6.4.1 Calculations with independent ¢’ and v values

In this section, simulation results are presented to illustrate the effect of various parameters for

independent values of vand ¢ .
Effect of opening width B

Fig. 6-5 shows the variations of Ky and K along VCL [Fig. 6-5(a)] and near the RW [Fig. 6-5(b)]
of the opening, considering different widths B (disconnected values of ¢ and v; Case 1 in Table
6-1). It is seen that the values of Ks along the VCL [Fig. 6-5(a)] and near the RW [Fig. 6-5(b)]
are close to Rankine’s active earth pressure coefficient K, [Eq. (6.2)] along most of the depth
when B increases from 4 to 20 m, except near the backfill surface (also the base for Kys near the
RW). Fig. 6-5(b) shows that the value of K (about 0.4) near the RW is between K, and K, for
different widths B (4 to 20 m). An increase in opening width tends to increase the vertical and
horizontal (and principal) stresses, due to the reduced arching effect (Li and Aubertin 2009e).
The results of Fig. 6-5 nonetheless indicate that the stress ratios (K and Kps) in the backfill are

nearly insensitive to the opening width.
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Figure 6-5: Vertical profiles of K and Ky (a) along the VCL and (b) near the RW for different B

values for independent values of v and ¢’ (Case 1 in Table 6-1)

Effect of backfill modulus E

Fig. 6-6 illustrates the vertical profiles of Ky and K along the VCL [Fig. 6-6(a)] and near the RW
[Fig. 6-6(b)] for different values of Young’s modulus E (independent v and ¢’; Case 2 in Table 6-
1). When the backfill E varies from 10 MPa to 1 GPa, the values of K along the VCL [Fig. 6-
6(a)] and near the RW [Fig. 6-6(b)] remain almost constant near K,, while the K near the RW

[Fig. 6-6(b)] is between Ky and K, (about 0.4). These indicate that the Young’s modulus has little

effect on K and K (in this range); the stress state in backfilled openings is almost insensitive to

backfill modulus (for the given range, 10 MPa to 1GPa).

(a) VCL K=Ky
0.0 0.2 0.4 0.6 0.8
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=
30
45 (Ko)es

Figure 6-6: Vertical profiles of K and Ky (a) along the VCL and (b) near the RW for different E

values for independent values of v and ¢’ (Case 2 in Table 6-1)

Effect of internal friction angle ¢’

Fig. 6-7 presents the variations of the two stress ratios along the VCL [Fig. 6-7(a)] and near the
RW [Figs. 6-7(b and c)] for different values of ¢ with constant v (Case 3 in Table 6-1). As the ¢’
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value goes from 10° to 40°, the K,s (= K) values along the VCL [Fig. 6-7(a)] tend to decrease, but
remain close to K, (to a lesser extent for ¢’ = 40°), except very near the fill top. Near the RW,
Fig. 6-7(b) shows that Ks equal Ka. Fig. 6-7(c) shows that the K values near the RW stay close to
Jaky’s Ko for ¢ = 10°. As the ¢’ value increases, the K value tends to diverge from Ko and move
towards Ka; K =~ Ky when ¢’ = 40°. It is also seen that the K value (about 0.4) near the RW is
between Ky and K, for ¢’ = 30°, as shown above in Case 1 [Fig. 6-5(b)] and Case 2 [Fig. 6-6(b)].

(a) VCL K=K,
0.0 02 04 06 08 10

0 T pr o fﬁi:_ P& e,
5 if Case 3
fgls I o' O)
= 510
- 20
30 T 30
! | 40
KK TK K.
45 4o°|3o° 20 10°
(b) RW Kys (c)RW K
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
0 T T T P T T 0 T T riiq T ' T
15t 15
g E
30 | 30 |
a r Ka hiiKa <Ka Ka 1 (KC)D!:: F(chﬁ' KG)D
15 40° |30° | 20° 10° 15 40° | 30° 30° | 200 | 10

Figure 6-7: Vertical profiles of K and K (a) along the VCL and (b and c) near the RW for

different ¢’ values with constant v value (Case 3 in Table 6-1)

Effect of Poisson’s ratio v

Fig. 6-8 illustrates the vertical profiles of stress ratios K and Kps along the VCL [Fig. 6-8(a)] and
near the RW [Figs. 6-8(b and c)] for different values of Poisson’s ratio v (constant ¢’ = 30°; Case
4 in Table 6-1). Fig. 6-8(a) shows that the value of Ky (= K) along the VCL remains nearly
constant and close to K,, for a v value ranging from 0.001 to 0.2, except very near the fill surface;
for v > 0.2, the K value along the VCL becomes a function of Poisson’s ratio and close to (Ko),

[Eq. (6.4)], except very near the surface and base of the backfilled opening.
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Figure 6-8: Vertical profiles of K and K (a) along the VCL and (b and c) near the RW for

different v values when disconnected with ¢’ value (Case 4 in Table 6-1).

Near the RW, Fig. 6-8(b) shows that the K values are almost constant and close to K, for v<0.3.
This is similar to the Ky near the RW in Cases 1 to 3 (with v = 0.2) presented above. The Kps
values slightly increase (still close to K,) for v > 0.3. The value of K near the RW shown in Fig.
6-8(c) indicates that it remains nearly constant for v < 0.3 and close to (Ko), obtained with v = 0.3.
When v is above 0.3, the K values tend to increase and can be estimated by (Ko),. It is also found
that the K value approaches 1.0 when the value of v is near 0.5; this corresponds to a hydrostatic
(isotropic) stress state (results not shown here; see additional results presented in Appendix H).

6.4.2 Calculations with related ¢’ and v values

The calculations presented above are repeated here for cases where the values of v and ¢~ are
related to each other [through Eq. (6.5) with A =1].

Effect of opening width B

Fig. 6-9 illustrates the variations of stress ratios K and Kps along the VCL [Fig. 6-9(a)] and near
the RW [Fig. 6-9(b)] as a function of the width B when ¢’ and v are connected [Eq. (6.5) with A =
1; Case 1’ in Table 6-1]. Fig. 6-9(a) shows that the values of Kps (= K) along the VCL can be
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represented by coefficient Ko [Eq. (6.3) or (6.4); (Ko)» = (Ko)s], except near the surface and base
of the backfill. Fig. 6-9(b) shows that the values of K near the RW are also close to Ky while
those of Kys near the RW are close to K. These results also indicate that the stress ratios in

backfilled openings are not sensitive to the increase in the opening width.

(a) VCL K=Ky
0.0 0.2 :
0 .

15

H (m)

45

Figure 6-9: Vertical profiles of K and Ky (a) along the VCL and (b) near the RW for different B
values for related v and ¢’ values (Case 1’ in Table 6-1)

Effect of modulus E

Fig. 6-10 presents the vertical profiles of Kys and K along the VCL [Fig. 6-10(a)] and near the
RW [Fig. 6-10(b)] as a function of Young’s modulus E (related ¢’ and v; Case 2’ in Table 6-1).
The K values along the VCL [Fig. 6-10(a)] and near the RW [Fig. 6-10(b)] are almost superposed
with Ko when the value of E changes from 10 MPa to 1 GPa. But the Kys near the RW is close to
Ka, as shown in Fig. 6-10(b). These results indicate that the Young’s modulus has little effect on

the earth pressure coefficient. Again, this is because the stresses in backfilled openings are not

sensitive to the E value (from 10 MPa to 1 GPa).

(a) VCL K= Kps (b) RW
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Figure 6-10: Vertical profiles of K and Ky (a) along the VCL and (b) near the RW for different E
values for related values of v and ¢’ (Case 2’ in Table 6-1)
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Effect of ¢’ and v

Fig. 6-11 shows the variations of stress ratios along the VCL [Fig. 6-11(a)] and near the RW
[Figs. 6-11(b and c)] (Case 3’ in Table 6-1), when ¢ increases from 10° to 40° [and v goes from
0.452 to 0.263 through Eq. (6.5) with A = 1]. The stress ratios (Kys = K) along the VCL [Fig. 6-
11(a)] is reduced, but correlate quite well with K. Fig. 6-11(b) shows that the principal stress
ratio Kys near the RW tends to exceed slightly Ka. Fig. 6-11(c) indicates that coefficient K near

the RW tends to decrease with the increase in ¢’ (and decrease in v); the value of K agrees very

well with Ko.
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Figure 6-11: Vertical profiles of K and Ky (a) along the VCL and (b and c) near the RW for

different ¢’ values related to v values (Case 3’ in Table 6-1)

Fig. 6-12 illustrates the distributions of K,s and K across opening width B at different heights (for
related v and ¢ ’; Case 0’ in Table 6-1). Fig. 6-12(a) shows that the values of Ks change gradually
from Kq near the center to a value close to K, near the walls [see also Fig. 6-14(a) below]; this
variation is due to the frictional shearing along the rock walls, which affects the magnitude and
orientation of the principal stresses. Fig. 6-12(b) indicates that the values of K remain close to Ky
across the opening width, which is in agreement with the simulations results obtained by
Jahanbakhshzadeh et al. (2016).
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Figure 6-12: Distributions of (a) Kys and (b) K across width B at different heights for related
values of v and ¢’ (Case 0’ in Table 6-1)

6.4.3 Modelling with interface elements

The results presented above have been obtained from numerical simulations conducted without
interface elements between the fill and rockwalls. Additional simulations are performed to

investigate the effect of the interface on the stress ratios in backfilled openings.

The stiffness of the interface elements between the backfill and rockwalls are determined by the
approach suggested in the FLAC manual (Itasca 2011) to ensure stable numerical results (e.g.,
Liu et al. 2016b). The tensile strength and cohesion of the interfaces are nil. The characteristics of
fill and interfaces used in simulations conducted with interface elements (Cases 5 and 4’) are
detailed in Table 6-1. The interface friction angle ¢’ can vary from zero (frictionless interface) to
the value of the backfill internal friction angle ¢’ (rough interfaces). In various civil engineering
applications, pressure estimation is often made by assuming ¢’ = 2¢°/3 along fill-wall interfaces
(e.g., Bowles 1988; Terzaghi et al. 1996). In underground mines, the rough interfaces are
commonly encountered in stopes due to production blasting (with 6" = ¢°). The effect of angle 6’
on stress ratios (Kps and K) near the center and walls of a vertical backfilled opening is analyzed

for both independent and related values of ¢’ and v.

In the case of independent ¢’ and v, the numerical results indicate that stress ratios along the VCL
are insensitive to ¢’ value and remains almost the same as these calculations without interface
elements [see Figs. (6-5)-(6-8)]. These are not presented here. The stress ratios near the walls

may nonetheless be influenced by the value of angle ¢°. Fig. 6-13 illustrates the vertical profiles
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of principal stress ratios Kys near the walls when v = 0.2 and 0.3 (for constant ¢ = 30°), for
different values of 6’ (Case 5 in Table 6-1). It is seen that for 6’ = ¢’, the value of Kpys near the
walls is close to Kj, which is similar to that obtained from Case 4 without interfaces [Fig. 6-8(b)].
When the o’ value decreases from ¢’ to zero, the value of Kys near the walls remains close to K,
for v = 0.2 [Fig. 6-13(a)], while it tends to rise and finally approach coefficient (Ko), in the case
of v =0.3 [Fig. 6-13(b)].
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Figure 6-13: Vertical profiles of Kys (= o3/c’1) near the walls (RW) as a function of angle ¢° for

v =(a) 0.2 and (b) 0.3, obtained with constant values of ¢’ = 30° (Case 5 in Table 6-1)

For related v and ¢, the ratio K along the VCL and K near the walls are found to be independent
of angle 6 and remains almost identical to cases obtained without interface elements (presented
above in Figs. (6-9)-(6-11). These are not presented here. However, the ratio Ky near the walls is
affected by the ¢’ value. Fig. 6-14 shows the vertical profiles of principal stress ratios K near the
RW as a function of v and ¢’ for different values of ¢’ (when ¢’ and v are related; Case 4’ in
Table 6-1). For 0’ = ¢’, Fig. 6-14(a) shows very similar results to these in Fig. 6-11(b) for the
simulations without interfaces. The results (not shown) also indicate that the values of Ky vary
gradually from K, near the walls to a value close to Ky near the center of the opening [very
similar to that shown in Fig. 6-12(a)]. As the J° value decreases from ¢’ to zero, the K value
near the walls tend to approach coefficient (Ko), (for the whole range of ¢ and v). In the cases of

0’ =1/3¢ and o’ = 0, the values of Ky remain close to (Ko), across the width of the opening.
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Figure 6-14: Vertical profiles of Kys (= o'3/071) near the walls (RW) as a function of v for angle
0'=¢’(a), 234  (b), /34’ (c) and 0 (d), obtained with related values of vand ¢’ (Case 4’ in
Table 6-1)

It is seen from Figs. 6-13 and 6-14 (and other results not shown here) that the stress ratios
obtained with 0" = 1/3¢” and ¢ = 0 are quite close to each other. It is also found that the principal
stress ratio Kys near walls is close to the earth pressure coefficient K once the angle ¢ is below
(1/3)¢°. This is due to the smaller rotation of the principal stresses with the reduced ¢°, thereby
causing principal stresses to act in the vertical and horizontal directions even near rock walls.

6.5 Discussion

6.5.1 Backfill at an at-rest or active state along the VCL of the opening?

The results presented above indicate that when the value of v is disconnected from that of ¢’ (=
30°), the stress ratio is very close to Rankine’s active earth pressure coefficient K, for v < 0.2,
while it approaches (Ko), [Eq. (6.4)] for 0.2 < v < 0.4. Similar results have been reported for the
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case of active state by Sobhi et al. (2014, 2016). For related values of v and ¢, the stress ratio K

(= Kps) along the VCL of the opening agrees very well with the at-rest pressure coefficient K.

These results can be explained by analyzing the stress state along the VCL of the opening during
filling. With the Mohr-Coulomb elasto-plastic model, the backfill initially behaves as a linear
elastic material. Upon placement, the vertical stress along the VCL &', may approach the vertical
stress based on the overburden, while the horizontal stress tends to approach (Ko),o'y due to the
stiff confining walls and linear elastic behavior of the backfill. For v =0.2 and ¢’ = 30° (Cases 0,
1 and 2), (Ko), = 0.25 and K, = 0.33. Fig. 6-15 shows the stress states for the backfill along the
VCL of the opening on the Mohr-Coulomb plane. The initial stress state based on the linear
elastic model is (0.250", o). Fig. 6-15 illustrates that the corresponding Mohr circle (with a
diameter of 0.750",) exceeds the Mohr-Coulomb vyield envelop which defines the maximum
diameter as 0.67 o, for an active state. Yielding (plasticity) takes place and the stress state has to
change back onto the yield envelop. This explains well the active (yielding) state of the backfill
associated with the Rankine’s active earth pressure coefficient K. It is inferred that the active
state appears if the values of ¢’ and v obey the following relationship defined by (Ko), < K, (see
Fig. 6-15):

1-sing'
v< (6.6)
2
Yield envelope
V= VEq.(6)

V < VEq.(6)
\ L Related v and ¢’
3 V7 VEa @)

— >

0.250,4 \0.330, 7, o

~
~ -
~ -
_________

Figure 6-15: Mohr-Coulomb plane showing the stress states for the backfill along the VCL of the

opening
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When v and ¢’ are related through Eq. (6.5) with A =1, v=(1-sin¢)/(2 -sin¢’) > (1 - sin
$#)/2. Eq. (6.6) is not met and the Mohr circle is always below the Coulomb yield envelop (see
Fig. 6-15). The fill along the VCL is then in an at-rest state (elastic) with K close to (Ko),. This
explains well the at-rest state of the backfill when values of v and ¢ are related through Eqg. (6.5)
with A =1 (e.g., Jahanbakhshzadeh et al. 2016).

With a constant v of 0.2, applying Eqg. (6.6) leads to a critical value of ¢’ = 37°. When ¢’ < 37°,
Eqg. (6.6) is met and K should approach the Rankine’s coefficient K,. For ¢’ > 37°, Eq. (6.6) is not
satisfied and K should be close to Ky based on the Poisson’s ratio. These can be confirmed by the
results illustrated in Fig. 6-16, which shows the vertical profiles of K (= Kys) along the VCL for
different values of ¢’ with constant v (Case 3 in Table 6-1). For a constant ¢ = 30°, the backfill

along the VCL tends to yield (Kps close to Kj) for v < 0.25 given by Eq. (6.6) [see Fig. 6-8(a)].

VCL
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Figure 6-16: Vertical profiles of stress ratios Kys = K along the VCL for different ¢’ values with

constant v value (Case 3 in Table 6-1)

6.5.2 Relationship between ¢’ and v

Numerical simulations are conducted here with both the commonly used assumption (i.e.,
independent ¢’ and v) and the new consideration based on Eq. (6.5) with 1 = 1, to help clarify the
discrepancies reported in the literature on the state of backfill in vertical openings. The results
presented above show that these two different assumptions can affect the simulated stress state
(and stress ratios) in backfilled openings (also see Falaknaz et al. 2015a; Jahanbakhshzadeh
2016). In the light of these analyses, it could be argued that Eq. (6.5) with A = 1 (Yang et al.
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2016d; see also Eq. (A.9) in Appendix A) should be applied systematically for an elasto-plastic
model (in numerical simulations) so a single (unique) value of Ky is obtained (e.g., Falaknaz et al.
2015a; Liu et al. 2016b; Jahanbakhshzadeh 2016). Additional work is nonetheless ongoing to
verify this assumption.

6.5.3 Final remarks

The results presented above indicate that near the opening walls, the Kps value is close to K in all
simulations conducted with both disconnected and related v and ¢’, for cases without interface
elements and for rough walls (i.e., 6’ = ¢’). This indicates that the fill is approaching an active
state, due in a large part to the severe shearing near the rock face (see also Fig. 6-14). More work

is underway to better define the conditions leading to this phenomenon.

The numerical simulations are conducted here with dry cohesionless fill. The effect of pore water
pressure and cohesion are thus neglected. The interface cohesion is nil when interface elements
are used. The cohesion within the fill and along the interfaces can influence the stress state in
backfilled openings (e.g., Li & Aubertin 2009¢; Liu et al. 2016a, 2016b; Jahanbakhshzadeh 2016).
In-situ measurements of Thompson et al. (2012) have also indicated that the K value may be
evolving in the stope during backfilling, with pore pressure generation and dissipation, and
cement curing. Additional work is required to evaluate the effect of these factors on stress ratios

and fill state.

It should be mentioned that this numerical study is applicable to vertical or subvertical openings
with small inclinations (i.e., < 10°). It is known that the stress state and the resulting earth
pressure coefficient can be quite different in inclined openings, as shown by recent investigations
(Li & Aubertin 2009¢e; Jahanbakhshzadeh 2016). Additional work is needed to assess the stress

ratios and stress state (and associated mechanisms) in openings with inclined walls.

The results presented here correspond to very long openings, since the effect of the third
dimension is not taken into account. It has been shown that the arching effect may be
underestimated by 2D (plane strain) models (e.g., Li et al. 2005). More work is required to assess

this aspect, to complement the results recently obtained by Jahanbakhshzadeh (2016).
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6.6 Conclusions

Numerical analyses conducted with FLAC were used to investigate the dependence of the stress
ratios (K = o’w/o’y and Kps = o’3/a’1) on various geometric and mechanical characteristics of
backfilled openings, for both independent and related backfill parameters ¢’ and v. The results
indicate that the simulated stress ratios and backfill state are mainly controlled by the relationship
between the backfill Poisson’s ratio v and internal friction angle ¢’. The values of K and Kps

obtained from numerical simulations presented above are summarized in Table 6-2.

Table 6-2: Summary of stress ratios (Kps = 0'3/0’1; K = ¢’v/o’y) in backfilled openings obtained

from numerical simulations.

Positions in the backfilled opening Vertical center line (VCL) Rockwall (RW)

Stress ratios Kps = K Kps K
Independent ¢’ Without interface ~Kaforv<(l-sin¢’)/2 K Dependent
and v With interface 6" = ¢’ | = (Ko), for v> (1 -sin ¢’)/2 "1 on ¢’ and v

Without interface
Related ¢’ and v =~ Ky ~ K, ~ Ky
With interface 6’ = ¢’

Note: K, is estimated from Eq. (6.2); (Ko), is obtained from Eq. (6.4); Ko is obtained from Egs.
(6.3) or (6.4).

For independent v and ¢, the principal stress ratio Kys (= K) along the VCL is close to Rankine’s
coefficient K, when v and ¢’ obey Eq. (6.6) [i.e., v<(1 - sin ¢°)/2], suggesting that the backfill is
approaching an active state. When v > (1 - sin ¢°)/2, the Kys (= K) along the VCL is close to the
at-rest pressure coefficient K, obtained from Eq. (6.4). Near walls, the value of K is independent
of v and remain very close to K,, while the value of K (= o’v/c”,) depend on the values of v and
P

In the case of interrelated parameters, the ratio Kys (= K) along the VCL correlates quite well
with Ko and the value of Kps near walls appears to be close to Ka. These indicate that the backfill
state varies from an at-rest state near the center to an active state close to walls. The K value near

walls is close to K.

Although two different assumptions were used above, it is deemed highly preferable to use

related values of ¢’ and v to ensure a unique (consistent) definition of Ko. The correlation
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between ¢’ and v [Eq. (6.5) with A equal or close to 1; see also Eqg. (A.9) in Appendix A] should

be applied systematically in numerical analyses with elasto-plastic models.

Additional simulations results obtained with interface elements indicate that the stress ratios (Kps
and K) near the center of the backfilled opening are independent of interface roughness and
almost identical to those obtained without interfaces for both independent and related parameters.

However, these two stress ratios may be different for less rough or smooth interfaces near walls.
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CHAPTER 7 SUMMARY AND DISCUSSION

7.1 Summary of main results
It is recalled that the primary elements (presented above) of this project include:

e A brief review of major underground mining methods employing backfill, mine backfills and

barricades.

e A comprehensive review of analytical and numerical analyses of the stress state and stability

of backfilled stopes, and stress measurements in backfilled stopes and drifts;

¢ Analytical and numerical analyses of the evolution of the water table and pore water pressure
(PWP) in stopes with hydraulic fill (HF);

¢ Analytical and numerical analyses of the stability of waste rock barricades;
e Analytical and numerical analyses of the stability of side-exposed cemented fills;

e Numerical study of the earth pressure coefficient K and principal stress ratio Ky in backfilled

openings.

The literature review (Chapter 2) indicated that there are many uncertainties and gaps with
respect to the understanding of the design of barricades and backfilled mine stopes before and
after wall removal. The subsequent Chapters 3 - 6 present the main findings of this research to

tackle the main issues raised in Chapter 2. These results are further summarized in the following.

To accomplish the objective of this research, the first step was to investigate the behavior of the
backfill at very early time (shortly after the filling). The corresponding stress state (PWP,
effective and total stresses) in the backfilled stope and drift is critical for barricade design. The
investigation of pore water pressures during transient seepage in stopes with hydraulic fill is
presented in Chapter 3, and the stability analysis of a waste rock barricade retaining paste backfill

Is presented in Chapter 4.

Hydraulic fills (HF) usually contain a substantial amount of water that drains rapidly upon
placement, due to its high hydraulic conductivity and the hydraulic delivery method. In some HF
filled mine stopes, a pond can first form above the fill surface and the water table is then lowered

during drainage, with change in PWPs throughout the stope and drift. These are crucial factors
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for barricade stability. Chapter 3 (Article 1) presents analytical solutions to predict the evolution
of the water table and PWPs in the stope. These solutions are validated using simulations
conducted with SEEP/W. The fill was simulated as a saturated material and the pond was
modeled by “reservoir elements” proposed by Chapuis (2009). A free-draining barricade was
considered. A simple analytical solution was also developed to estimate the initial height of the

pond. Main influencing factors were assessed for the two approaches.

The results indicated that:

e The proposed analytical and numerical results agree well in terms of the evolution of the

water table in the stope and PWPs at the stope base;

e The proposed analytical solutions may be used to roughly estimate the total time required to
drain the pond,

e The pond formed on the top of the consolidated fill tends to induce high PWPs which can
jeopardize the barricade stability;

e The effect of the reduced drift area in 3D conditions on the flow can be mimicked in 2D
numerical modelling by reducing hydraulic conductivity ks of drift fill,

e The reduced drift area in 3D conditions tends to prolong the seepage through the drawpoint.
2D modelling without considering such effect tends to under predict the PWPs at early time
in the stope and drift. The barricade design based on such 2D models may be non-

conservative; and
e The PWP within HF is mainly controlled by the restricted flow due to the reduced drift area.

An improved analytical solution was proposed in Chapter 4 (Article 2) for designing waste rock
barricades to retain paste backfill. Both the global and local stability were considered. This
solution was calibrated and validated by simulations using FLAC. “Interface elements” were
modeled between the barricade base and drift floor. Both the waste rock and interface elements
were simulated as Mohr-Coulomb elastoplastic materials. The backfill pressure on the barricade

was obtained from an isostatic stress based on the overburden shortly after placement.

The results of this study indicated that:
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e The failure mechanisms, in terms of global sliding and internal local crushing, assumed in the

theoretical model were confirmed by numerical results;

e A novel instability criterion, based on monitoring the displacement at the critical point on the
barricade, can be used to judge more objectively the onset of instability of the waste rock

barricade in numerical modelling;

e The failure mechanism of the waste rock barricade depends on the interface properties at the
base. The global stability (sliding) governs the barricade design for relatively smooth rock
surface when the interface friction angle o is smaller than the critical interface friction angle
&. Otherwise, the internal local stability (top crushing) controls the barricade size for

relatively rough rock faces;

e The proposed analytical solution was calibrated and then validated using 2D numerical
modelling in plane strain conditions. The analytical solution for the local stability appears to
be independent of the third dimension. For global stability, the 2D simulations correspond to
the most conservative case where the contribution of side walls is neglected. A good
agreement was obtained between the numerical and analytical solutions (without any

calibration);

e The proposed models predict quite well the required barricade size for a typical range of
geometric and mechanical characteristics, including the internal effective friction angle of
waste rock ¢’ (from 34° to 45°), the backfill (plug) height H (from 7 to 15 m), and the
drift/barricade height Hy (from 3 to 7 m).

The second step was to assess the behavior of exposed fill that interacts with the remaining
sidewalls at longer time (a few weeks after filling). In open stoping, the stability of cemented fill
upon vertical exposure in the primary stope is vital for the safety of production, further ore
recovery and dilution. Chapter 5 (Article 3) presents a new analytical solution for predicting the
required strength of mine backfill with a vertical exposure, based on a more realistic failure mode
observed in numerical simulations and existing experimental tests. A combination of a vertical
planar surface (from fill top) and an inclined (from fill base) sliding plane was considered. This
solution was validated by simulations conducted using FLAC®". The cemented backfill was

modeled as a Mohr-Coulomb elastoplastic material with a tensile strength cutoff T, of zero and
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UCS/10. The T, value of zero corresponds to the most conservative assumption for the tensile

strength of cemented fill. More representative Ty value of UCS/10 is based on the laboratory data
(Mitchell & Wong 1982; Sainsbury & Urie 2007). The internal friction angle ¢’ and Poisson’s
ratio v of backfill are related using Eq. (A.9) with A = 1.0 proposed in Appendix A, based on the

uniqueness and consistency of the at-rest earth pressure coefficient Ko.

This part of the project showed that:

In numerical simulations, the failure of the exposed fill can be assessed explicitly using an

instability criterion based on the displacements along the open face;

The required strength of the cemented fill mainly depends on the stope length L (along the

strike) and, to a much lesser extent, on the opening height H;

The required strength of the cemented backfill is nearly insensitive to the stope width B (from
6 to 25 m; in the direction perpendicular to the exposed face), due to the development of

tensile stresses near the top surface of the backfill;

The required strength of the cemented backfill is reduced as the effective friction angle ¢’ of

fill increases;

There is a good agreement between the proposed analytical solution and numerical
simulations for representative stope geometries (9 m<L <50m,20m<H<80m,6 m<B<
25 m) and backfill properties (0° < ¢’ < 45°); and

The stresses and displacements obtained with small and large strains options (in the code
FLAC®®) are almost identical when the exposed fill is stable. Once failure occurs, the
simulations for small strain cannot converge, while these for large strain yield very large

displacements after showing bad geometry (twisted meshes).

Another critical issue was to evaluate the earth pressure coefficient K in cohesionless fills placed

in vertical openings. This coefficient K is commonly involved in various aspects of mine backfill

design, including the stress estimation in backfilled stopes, on barricades, and along the rock

walls for an exposed fill body. The value of K can significantly affect the stress in backfilled

openings obtained from analytical solutions.
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Chapter 6 (Article 4) presents simulations results obtained with FLAC to evaluate the earth
pressure coefficient K (= a'w/a’y) and principal stress ratio Kps (= o’3/o 1) in backfilled openings.
The simulations were performed with both independent and linked (through Eq. (A.9) with A =
1.0; see Appendix A) values of internal friction angle ¢ " and Poisson’s ratio v of the backfill. The
backfill was simulated as a Mohr-Coulomb elastoplastic material. The values of stress ratios (K
and Kps) were investigated using various mechanical and geometric properties, including the
opening width B (from 4 to 20 m), fill modulus E (from 10 MPa to 1GPa), ¢ of backfill (from 10°
to 40°), and v of backfill (from 0.001 to 0.4).

The results indicated that:

e For independent values of ¢’ and v, the principal stress ratio Kys (= K) along the vertical
centerline of opening is close to K; when v < (1 - sin ¢°)/2, indicating that the fill may
approach an active yielding state. For v > (1 - sin ¢°)/2, the Kys (= K) value along the vertical
centerline is close to Ko [= v/(1 - v)]. Near opening walls, Kps remains very close to K,, while
the value of K depends on the values of v and ¢ ’;

e For linked values of ¢ and v, the principal stress ratio Kys (= K) along the vertical centerline
agrees well with Ko, and Kps near the walls appears to be close to Ka. These indicate that the
fill varies from an at-rest state to an active state from the center to walls. The value of K near

walls is close to Ko;

e Ky near the opening walls is always close to K, for both independent and linked ¢’ and v.
This indicates that the fill is approaching a yielding state, due probably to the high contrast in
stiffness between the rock and backfill and severe shearing near the rock face;

e Additional simulations performed with interface elements (along the fill-wall contacts) show
that values of Kys and K near the opening center are independent of interface roughness and
nearly identical to those obtained without interfaces, for both independent and related ¢’ and
v. However, these two stress ratios might be different for less rough or smooth interfaces near

the walls.
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7.2 Discussion

7.2.1 Validation procedure for numerical modelling

In general, numerical modelling should be conducted in the following steps:

1) Validate the numerical code against reference solutions (e.g., Chapuis et al. 2001; Li &
Aubertin 2009f), including sensitivity analysis of the element (mesh) size and domain to

ensure stable numerical results;

2) Test the applicability/power of the numerical model against high quality experimental results

obtained by laboratory or/and field measurements;

3) Apply the numerical code to analyze the problem to be treated; the sensitivity analysis of the

element size and domain is required again for each new problem, always case by case.

Prior to simulating the proposed models, sensibility analyses were conducted to verify the
validity and capacity (power/applicability) of the codes with respect to specific problems. The
problem of cylindrical hole in an infinite Mohr-Coulomb material in plane strain conditions was
used for testing FLAC and FLAC®" (see Appendix C). The simulated results were compared with
the analytical solution proposed by Salencon (1969). The variables checked are the mesh size,
domain, cohesion, Young’s modulus, tensile strength, and third dimension (for FLAC®P).
Permeability tests with variable-head were used to validate code SEEP/W, including the
assessment of mesh size and time step (presented in Appendix B).

Sensibility analyses were then conducted using these codes (FLAC, FLAC®® or SEEP/W) for
each of the proposed models. These results are presented in Appendices D to G. In general, the
results indicate that the conditions for numerical modelling are case specific and purpose-oriented
in terms of the optimal domain, mesh (or element) size, and thickness of filling layer. For
instance, the optimal mesh size of the backfill here is 0.5 x 0.5 m (FLAC®P) for analyzing the
stability of side-exposed backfill, while it is 0.008 m in the simulations performed by Liu et al.
(2016¢) to reproduce the physical tests of Mitchell et al. (1982) using FLAC®P. The optimal mesh
size of the backfill is 0.2 x 0.2 m (FLAC) for analyzing the stress ratios in backfilled openings.

Also, the optimal thickness of filling layer, to minimize its effect on various outcomes, is 5 m for
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assessing the stability of exposed cemented fill and 1 m for evaluating the stress ratios in

backfilled openings.

The size of the domain in the numerical simulations depends on the targeted problem. In the
numerical analyses of isolated backfilled stopes with or without exposures (Chapters 5 and 6), the
effect of wall convergence was not considered. Accordingly, the displacements of rock walls
induced by excavation were all set to zero before backfilling. The rock walls then behave as rigid
confining walls during filling (due to low pressures exerted by the backfill on the stiff rock walls).
In this case, the domain (i.e., size of rock mass) and also excavation sequence do not affect the
simulated stress state in the backfill with one open face or all sides confined. However, the
dependence of numerical outcomes on the size of the domain and excavation sequence should be
checked when the effect of wall convergence is considered, particularly in cut-and-fill mining,

multiple stoping and deep mining.

There is no one simple rule for numerical modelling and the validation procedure should be
performed for each specific problem to ensure stable, reasonable and reliable outcomes.
Experimental results are also needed to test the applicability/power of the numerical models. This

part was not done in this study due to the lack of experimental data.

7.2.2 Discussion on main assumptions and limitations

This project presents a numerical analysis that evaluates the stress state and stress ratio in
cohesionless backfill placed in underground openings. It also presents new analytical solutions
for the evolution of the water table and PWP in stopes with hydraulic fill, for sizing waste rock
barricades used to retain paste backfill, and for assessing the stability of side-exposed cemented
fills. These analytical (closed form) solutions have been validated (in part) using numerical
simulations conducted with various codes. The outcomes can help improve the design of the
mine backfill and support structure (barricade). The good agreement between the proposed
analytical solutions and numerical results indicates that these solutions can be useful, at least for
the preliminary design. However, it should be recalled here that these analyses were based on
many simplifying assumptions. The specific assumptions and limitations associated with each
sub-objective have been addressed in the “Discussion” of each chapter (Chapters 3 - 6). The main

assumptions and limitations are summarized below.
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For analyzing the transient seepage in the backfilled stope with hydraulic fill and porous
barricade, one-dimensional flow was assumed in the stope and drift, which was partly confirmed
by the numerical simulations. The instantaneous filling and quick self-weight consolidation were
also assumed in the theoretical development. More work is desirable to refine these assumptions

using more realistic filling rate and other types of barricades.

The investigation of the evolution of the water table corresponds to the case when hydraulic fill is
fully submerged (saturated) in the backfilled stope. This is the critical time for barricade stability
due to the presence of a pond above the fill surface. However, the backfill can become partly
unsaturated once the water table is below the fill surface. Then the evolution of stress state could

be quite different from the saturated condition. More work is desirable.

The numerical analyses of the stability of waste rock barricades show that the slip surface for a
local failure (near the top) is inclined, not horizontal as assumed in the theoretical model. This
may partly explain the need of a calibration factor in the solution. Additional work using more
realistic slip surface is underway. Also, 3D numerical modeling is ongoing to complete the

validation of the proposed analytical solution.

In the theoretical model developed for analyzing the stability of exposed cemented fill, the slip
surface was assumed to pass through the toe of the exposed fill face. However, numerical results
indicate that this is not always the case. In some cases, the slip surface can form above the toe
location. Also, numerical results from Falaknaz et al. (2016) revealed that the horizontal normal
stresses along the three remaining sidewalls may be altered upon exposure, even for a stable
cemented fill. In the proposed analytical solution, such stresses are calculated from the arching
theory (Li et al. 2005; Li & Aubertin 2009b), without considering such variation. More work is

required to improve these aspects.

The effect of pore water pressures were neglected in the analyses of stability of waste rock
barricade. This is deemed representative due to the significant contrast in permeability between
typical paste fill and waste rock. Such assumption is also regarded reasonable in the analyses of
stability of exposed cemented fill, since the wall removal usually occurs a few weeks after filling
(e.g., Emad et al. 2015b). It has been shown that positive pore water pressures would completely
dissipate after a few days following the filling (e.g., Thompson et al. 2012; EI Mkadmi et al.
2014).
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Another limitation lies in the use of the elastoplastic Mohr-Coulomb model (with or without a
tension cut-off) for backfill, as is commonly done. This may not always be representative of
backfill behavior. It has been shown that a strain-softening model may better represent the true
response of cemented backfill (e.g., Sainsbury & Urie 2007). EI Mkadmi et al. (2014) have
applied the modified Cam-Clay model to evaluate the sequential filling and consolidation of
paste backfill placed in mine stopes. Li et al. (2010) have implemented the MSDP,, (for Mises-
Schleicher and Drucker-Prager unified; Aubertin et al. 2000) elastoplasticity criterion into FLAC
to assess the stress state near underground backfill openings. These models should be used to
better represent the backfill behaviors such as the volume change and tensile stresses.

Interface elements were not used in the numerical analyses of the stability of exposed cemented
fill. In most cases, the neglect of the interfaces is reasonable as the rock wall surfaces are usually
very irregular and rough, due to blasting. Yielding then mostly takes place near the wall in the fill
(Aubertin et al. 2003; Liu et al. 2016b). However, the fill cohesion near the walls (and along the
contact) may be reduced, as indicated by some experimental results (Fall & Nasir 2010; Koupouli
et al. 2016); this situation was not considered here. Yielding may also occur along fill-wall
contacts in cases of planar and smooth interfaces. In these cases, interface elements should be
applied in the numerical simulations (e.g., Liu et al. 2016a).

Numerical simulations have been conducted with both the commonly used assumption (i.e.,
independent ¢’ and v) and the new consideration based on Eq. (A.9) with 4 = 1 (see Appendix A),
to study the state of backfill in vertical openings. The results show that these two different
assumptions can differ the simulated stress state (and stress ratios) in backfilled openings (see
also Falaknaz et al. 2015a; Jahanbakhshzadeh 2016). The related ¢’ and v through Eq. (A.9) with
A equal or close to 1 are preferred for an elastoplastic model (in numerical simulations) to ensure
a single (unique) value of K,. The validity of this relationship is partly confirmed by preliminary
results on fine-grained materials (sands), but remains to be validated on waste rock and other
coarse-grained cohesionless materials as shown in complementary results presented in Appendix
A. Additional work is needed to further firmly validate the hypothesis on sands with high quality
experimental data. High quality experimental data on waste rock and other cohesionless materials
are equally necessary to determine the correlation factor A.
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Another limitation of this study relates to the use of cohesionless fill when analyzing the stress
ratios in vertical backfilled openings. The effect of backfill cohesion is thus ignored. The
interface cohesion is nil when interface elements were modeled. However, the cohesion within
the fill and along the interfaces can affect the stress state in backfilled openings (e.g., Li &
Aubertin 2009e; Liu et al. 2016a, 2016b; Jahanbakhshzadeh 2016). In-situ measurements of
Thompson et al. (2012) have also indicated that the K value may be evolving in the stope during
backfilling, with pore pressure generation and dissipation, and cement curing. Additional work is

urged to evaluate the effect of these factors on stress ratios and backfill state.

Ideally, laboratory and in-situ measurements should be used to validate the proposed theoretical
and numerical models. To the author’s knowledge, however, there is no experimental data on the
stability of waste rock barricade. A few in-situ data were reported by Hassani et al. (1998, 2001)
on the stress variation during the filling of the primary stope and opening of the adjacent stope.
Some field observations (e.g., Coulthard & Dight 1980) and laboratory centrifuge tests were
performed on the stability of exposed fill (e.g., Smith et al. 1983; Mitchell 1986; Dirige & De
Souza 2000, 2013). A few in-situ measurements were made on the earth pressure coefficient in
the backfilled stope and drift (Hughes et al. 2010; Thompson et al. 2012). However, these do not
provide the required information for validation. More experimental data are desirable to calibrate

and validate the analytical and numerical models.
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CHAPTER 8 CONCLUSIONS AND RECOMMENDATIONS

8.1 Conclusions

The primary objectives of this project were to assess the stress state in confined backfills and
their interactions with the support structures (rock walls and barricades) from very early time
(shortly after the filling) upon placement to longer time (a few weeks after the filling) at exposure.
Some specific targets have been identified through a broad literature review that covers major
underground mining methods with backfill, typical types of mine backfill and barricade, and the
stress estimation and design methods of backfilled stopes through theoretical, numerical and

experimental analyses. The main conclusions are recalled below.

The self-weight consolidation of hydraulic fill can take place fairly quickly upon placement
because of its high permeability. Due to the reduced drift area (equivalent to a reduction of the
fill permeability) or the non-efficiency of the barricade draining, a pond can be formed at the fill
top surface. The pressure and total stresses exerted on the barricade are closely related to the
evolution of the pond. This work fills a gap for barricade design in stopes with hydraulic fill. The
theoretical and numerical (with SEEP/W) results show that the ponding may endanger the
barricade safety due to high pore water pressure induced. The effect of the reduced drift area (in
3D) on the seepage can be approximated by reducing the fill permeability in the drift in 2D
simulation. 2D modelling without considering the effect of the reduced drift area may

underestimate the pore water pressure, thereby leading to less conservative barricade design.

The design of waste rock barricade is another challenge for mining engineers. The first
theoretical improvement made by considering trapezoidal (more realistic) barricades leads to a
large reduction in the minimum required top length of the barricade. This is mostly due to the
stabilizing effect of the vertical component of the backfill load exerted on the upstream face of
the trapezoidal barricade. However, the results based on such solution showed that the top length
of the barricade can sometimes be unrealistic (zero or negative) for large shear strength along the
barricade base. Further analyses showed that the local internal stability near the barricade top
should be taken into account, thereby leading to a more complete analytical solution. Numerical
modelling with FLAC was used to calibrate and validate the analytical solution. The onset of

barricade failure was assessed using an instability criterion based on the displacements at the



215

critical locations on the barricade. Compared to commonly used instability criteria based on the
yield state, shear strength ratios (like FS), the extent of displacement and tensile stresses, the
proposed criterion allows a more objective judgment on the onset of the instability of the
structure. The results indicate that the stability of waste rock barricades is controlled by the
frictional strength of the interface along the barricade base. The global sliding and internal local
crushing were confirmed by the numerical modelling. The former determines the barricade size
for relatively smooth rock surfaces while the latter governs for rough rock faces. The results also
show that the required top length of barricade increases with the increase of the fill (plug) height,
while it tends to decrease with the increase of barricade/drift height. The good agreement
between theoretical and numerical results indicates that the new analytical solutions can help size

waste rock barricades.

The stability of cemented fill upon vertical exposure is another important issue closely associated
with the safety and economy of mining. Numerical results obtained with FLAC®® indicate that
the sliding plane tends to change from planar at small fill cohesion to spoon-shaped (in 3D) at
larger cohesion. A new and more objective (compared to those based on shear stress ratio or/and
zone state) instability criterion, based on the displacement of the open face, was used to evaluate
explicitly the failure of exposed backfill. The results indicate that the required strength of the
cemented fill mainly depends on the length L and, to a much lesser extent, on height H of the
stope, while it is almost insensitive to the stope width B due to the development of tensile stresses
near the fill top surface. The required strength of the cemented fill reduces as the friction angle of
fill increases. These numerical results led to a new analytical solution to estimate the minimum
require strength of exposed cemented fill. The good agreement between the analytical and

numerical calculations indicates that the new solution is an improvement over existing solutions.

The stability of backfilled stopes, sill pillars and sill mats depend on the stresses in the backfilled
stopes. Stress estimation using analytical solutions needs the knowledge of earth pressure
coefficient K. Numerical analyses performed with FLAC indicate that the stress ratios Kys (=
o’3lo’1) and K (= o'w/o ) and the backfill state along the opening centerline are determined by the
relationship between the internal friction angle ¢’ and Poisson’s ratio v of the backfill and they
are independent of interface roughness and almost identical to those obtained without interface

elements along the fill-wall contacts. Near the opening walls, the value of Ky is always close to



216

Rankine’s active earth pressure coefficient K,, due largely to the significant contrast in stiffness

between fill and rock and severe shearing near the rock wall.

It is deemed preferable to relate the value of ¢’ to that of v through Eq. (A.9) with 4 = 1 (see
Appendix A) to ensure a unique and consistent definition for the at-rest earth pressure coefficient
Ko in numerical modelling with elastoplastic models. Preliminary results on sands (shown in
Appendix A) tend to confirm this hypothesis, while those on waste rock and other coarse rockfill
materials point to a correlation with A different than unity. More experimental data of high quality

are required to further confirm this hypothesis.

8.2 Recommendations for further study

Numerical modelling becomes a power means to treat complicated problems. It has been
commonly used in many engineering fields. It is important to ensure stable and reliable numerical

outcomes. This can be done by following the steps described below:

1) Validate the numerical code against reference solutions, including the sensitivity analysis of

the domain and element size to produce stable numerical outcomes;

2) Test the applicability/power of the numerical model against laboratory or/and in-situ

measurements of high quality;

3) Apply the numerical code to analyze the problem to be treated; the sensitivity analysis of the

domain and element size is also necessary for each new problem.

It is desirable to test the applicability/power of the commonly used Mohr-Coulomb elasto-plastic

models (and others) with experimental data.

In addition to the results presented in this project, there are several areas where additional work is

recommended, including:

e Numerical analyses presented above are applicable to vertical openings. It has been shown
that the stress state and the resultant earth pressure coefficient can be quite different in
inclined openings, as shown by recent investigations (Li & Aubertin 2009e; Sobhi et al. 2016;
Jahanbakhshzadeh 2016). More work is needed to assess the stress state and stress ratios in

openings with inclined walls;
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Emad et al. (2012, 2014) showed that the exposed cemented fill that is stable in static
condition may fail under dynamic loads due to blasting. The backfill response under dynamic

loading condition requires further study;

It is also desirable to develop solutions for the evolution of total and effective stresses in the

stope backfilled with hydraulic fill;

More elaborate models and measurements are suggested to refine the assumptions made for

analyzing the stability of exposed cemented backfill;

This study only considers a vertical exposure on one side; it is relatively common to have

multiple exposures during the secondary recovery;

A tensile strength cutoff T, of zero and UCS/10 were used for the cemented fill in this study.
More tests are required to measure the tensile strength of cemented backfill to better define

the response of backfill under tension;

It is preferable to use more realistic constitutive models to better represent the behavior of
backfill in some conditions, such as non-negligible volume change and tensile stresses;

It is useful to use interface elements between fill-wall contacts to better evaluate the response
of exposed cemented fill;

It is highly recommended to conduct laboratory and/or in-situ measurements to calibrate and
validate the analytical and numerical methods;

It is suggested to relate values of the internal friction angle ¢’ and Poisson’s ratio v of the
backfill for the uniqueness and consistency of K, with elastoplastic models. Direct
measurements would be valuable to obtain more accurate and reliable values of ¢’ and v of
the backfill;

Neglecting the effect of cementation, the existing analytical solutions (based on arching
theory) developed for fully drained conditions can be used to assess the long-term (drained)
stress state of paste fill. The paste fill behaves like a heavy fluid shortly after the placement.
During the transient period between the drained and undrained state, drainage and

consolidation can take a fairly long time in paste fill due to its extreme low permeability. It
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would be useful to develop new analytical solutions to account for the effect of consolidation

on the stress state;

The solutions of Mitchell et al. (1982) and their modifications (Li & Aubertin 2012, 2014; Li
2014a) all assume a uniform fill mass. However, filling of primary stopes is usually
performed by a plug followed by a final pour. In most cases, the cement content of plug is
higher than that of the final pour. It is thus useful to conduct research on this aspect, to
complement the recent work of Li (2014b);

It is also valuable to investigate the stability of cemented fill upon a horizontal exposure from

the base;
The investigation of backfill stress under unsaturated conditions (suction);

It would be useful to better define the responses of backfill for complex conditions by
considering the irregular (more realistic) stope geometries and realistic mining/filling

sequence.
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APPENDIX A — AN INVESTIGATION OF THE RELATIONSHIPS
BETWEEN K, ¢’ AND v FOR GRANULAR MATERIALS

Al. INTRODUCTION

The coefficient of earth pressure at-rest, Ko, is a key parameter that is frequently used in
geotechnical engineering. It is usually defined as the ratio between the horizontal and vertical
effective stresses (Ko = o'v/o’y) in a semi-infinite soil mass, under conditions where uniform
vertical loading does not produce lateral strain (e.g., Terzaghi et al. 1996; Craig 2004; Aysen
2005; Sivakugan & Das 2009). The value of the coefficient of earth pressure at-rest Ko, mainly
depends on the type of the soil, its density, stress history, and plasticity characteristics (Bishop
1958; Terzaghi et al. 1996; Michalowski 2005).

In practice, the value of K, is rarely measured. It is usually obtained from a simple
relationship with the internal friction angle ¢’ proposed by Jaky (1944, 1948) or, more rarely,
from the theoretical relationship with Poisson’s ratio v. This duality leads to the assumption that
the internal friction angle ¢’ and Poisson’s ratio v could be, in some ways, related to each other,
so that a unique (and consistent) value of coefficient K; is obtained from the two approaches.
Although this view is not necessarily shared by all (e.g., Talesnick 2012), it seems quite relevant
to investigate this aspect given the impact that this may have on the analysis of various types of
problems such as the simulated stress state in mining backfilled stopes (e.g., Falaknaz et al. 2015;
Jahanbakhshzadeh 2016).

In the following, the two main approaches for defining Ko are briefly recalled. A simple
correlation between the internal friction angle ¢’ and Poisson’s ratio v (at small strains), based on
Ko, is then proposed. The validity of this correlation is evaluated using a large number of
experimental results taken from the literature on granular materials. The data are used to evaluate
both ¢’ and v from conventional triaxial compression (CTC) tests performed on sands and
rockfills. The assessment also includes a comparison of the K, values predicted by the two basic

equations based on ¢’ and v.
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A2. THE EARTH PRESSURE COEFFICIENT AT-REST K,
Jaky’s equation

Jaky (1944) analyzed the state of stress within a free-standing pile of loose granular material
with sides inclined at the angle of repose. This angle of repose « is often considered equal to the
internal friction angle under the loosest soil state (¢o°). Jaky (1944) analyzed the stress state along
the centerline of the pile model, for an at-rest condition (i.e., Ko state). Based on several
simplifying assumptions, Jaky (1944) proposed the following expressions for the vertical
(effective) stress o’y = ¢’1 (major principal stress) and horizontal stress ¢’y = ¢’3 (minor principal

stress) acting along the centerline of the pile model:

g\ =yz (A.1la)
1+§sin¢'

L=yz\l-sing')——— A.lb

o's=yll-sing) o (A-10)

where y (kN/m®) is the soil unit weight; z (m) is the vertical distance from the top to the
calculation point along the centerline. In this equation, it was assumed that ¢’ = ¢’ as it was
developed for loose soils.

The coefficient of earth pressure at-rest Ky is thus given by

2o
N _ '1+§sm¢
(K0)¢. :O_—IV :O-_'l = (1_Sln¢)m (AZ)

For soils with ¢’ values between 20° and 45°, Jaky (1944) approximated the second term on
the right-hand side of equation (A.2) to be 0.9 to obtain

(Ky), =0.9(L—sing') (A.3)

Equations (A.1) - (A.3) have been developed for granular materials in a very loose state,
when a = ¢o” = ¢’, but this condition is rarely encountered in practice. Later, without much
explanation, Jaky (1948) gave the following modified expression for Ko, based on the peak
internal friction angle, ¢ '= ¢, (instead of the loose state value):

(Kp), =1-sing' (A.4)
Figure A-1 shows the variation of Ky with the internal friction angle ¢°, obtained by these

three equations. The commonly used expression (equation (A.4)) is thus an approximation of the

original one (equation (A.2)); it leads to somewhat higher values of K for ¢~ > 0°.
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Figure A-1: The variation of Ko with internal friction angle, obtained by the different

expressions proposed by Jaky (1944, 1948)

Equation (A.4) indicates that the value of K tends to increase with a decrease of ¢, up to Ko
= 1 when there is no friction (i.e., o’n = o, for ¢’ = 0). The latter corresponds to the behavior of
incompressible fluids, and it is commonly applied to the response of saturated fine grained (clay)
soils under unconsolidated-undrained (UU) conditions (e.g., Lambe & Whitman 1979).

Equation (A.4) was later shown experimentally to be applicable to sands of various densities
(e.g., Bishop & Eldin 1953; Hendron 1963; Al-Hussaini & Townsend 1975; Mesri & Hayat
1993) and to normally consolidated clays (e.g., Brooker & Ireland 1965; Ladd et al. 1977; Mayne
& Kulhawy 1982; Feda 2013). Equation (A.4) has also been extended to over-consolidated soils
(e.g., Hendron 1963; Schmidt 1966; Alpan 1967; Brooker & Ireland 1965; Daramola 1980;
Mayne & Kulhawy 1982; Sherif et al. 1984; Kulhawy 2005; Das 2010b; Holtz et al. 2011; Feda
2013).

Equation (A.4) is often considered non-rigorous, in part because it relates a yielding/failure
strength parameter, ¢’, to an at-rest (stable) state parameter, Ko (e.g., Mesri & Hayat 1993;
Michalowski & Park 2004; Michalowski 2005; Wanatowski & Chu 2007; Federico et al. 2009;
Talesnick 2012). Despite these reservations, it remains widely used in practice.

Ko based on Poisson’s ratio
The Poisson’s ratio v was originally defined as a material constant and applied to linear

elastic behavior (mainly for metals) (e.g., Bower 2009). As soils rarely behave elastically, it
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could be argued that a more appropriate term would be “principal strains ratio” (PSR) for their
deformation characteristics (see below). For the sake of simplicity however, the authors are using
the commonly used terminology, i.e., Poisson’s ratio, when analyzing the multiaxial deformation
characteristics of granular materials.

The value of the coefficient of earth pressure at-rest Ko can be theoretically related to
Poisson’s ratio v, based on the following well-known Hooke’s law ( within a semi-infinite

isotropic mass):

& = é(a'1—2v0'3) (A.5a)
€ =£[o" 1-v)-ve' ] (A.5b)
3 E 3 1 '

where ¢; and &3 are the major (vertical) and minor (horizontal) principal strains, respectively; E is
Young’s modulus.

Under an at-rest state, the horizontal (lateral) strain due to an increase of the vertical stress is
nil (e3 = 0), as straining can only occur vertically in the semi-infinite medium. When equation
(A.5b) is equal to zero, the value of Ky can be expressed as follows (e.g., Tschebotarioff 1973,;
Blight 1986; Bardet 1997; Aysen 2005; McCarthy 2007; Das 2010a; Talesnick 2012; Briaud
2013):

(Ko), =22 == (A6)

It is however generally recognized that this relationship is difficult to apply in the case of
soils because determining the value of v is challenging and often ambiguous. This limitation may
largely explain why Jaky’s expression (equation (A.4)) is commonly preferred in geotechnique to
define the value of Kj.

A3. PROPOSED CORRELATION BETWEEN ¢’ AND v

The two main relationships available to obtain the value of K, (equations (A.4) and (A.6))
suggest that the values of ¢ and v should be related, so that a unique (consistent) Ky is obtained
from these two equations (which are sometimes considered “equivalent”; e.g., Dysli 2001,
McCarthy 2007; Blight 2010). This leads to the following relationship (Duncan & Bursey 2013;
Falaknaz 2014):
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V:1—S|_n¢
2-sing'

(A7)

It could be argued that this equation should be applied systematically when an elasto-plastic
model is used (in numerical simulations for instance) so a single (unique) value of Ky is obtained
(e.g., Falaknaz et al. 2015; Jahanbakhshzadeh 2016).

A somewhat similar expression has been proposed by Duncan et al. (1991), based on the
same premises (as for equation (A.7)) combined with other (empirical) considerations:

V_1—3/4sin¢' Ag
2-sing' (A8)
The following simple expression can thus be obtained from equations (A.7) and (A.8):
V_l—/lsingﬁ' (A9)
2-sing' '

where 1 is a material parameter. Equation (A.9) is proposed here to establish the relationship
between the internal friction angle ¢' and Poisson’s ratio v. As special cases, when AL = 1 or 0.75,
equation (A.9) reduces to equation (A.7) or (A.8), respectively.

In the following sections, the authors present the approach used to assess the validity of
equation (A.9) and the corresponding value of A. This process can be challenging, in a large part
due to the uncertainty regarding the determination of Poisson’s ratio. The analysis and results
shown below nonetheless indicate that the proposed relationship is applicable to relatively loose

granular materials having a contractive behavior.

A4. ANALYSIS OF CONVENTIONAL TRIAXIAL COMPRESSION TESTS
(CTC) RESULTS

As stated above, the direct determination of Poisson’s ratio of soils often raises some issues
(e.g., Lambe & Whitman 1979; Yokota & Konno 1980; Aysen 2005; Briaud 2013; Suwal &
Kuwano 2013). Their shear (failure) strength is more commonly evaluated. Many experimental
results will be used in the following to determine ¢’ and v, and investigate the correlation

between these two parameters.
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Source and interpretation of data

Figure A-2 schematically shows typical deviatoric stress-axial strain-volume strain
relationships for a granular material under a constant confining pressure (o’3) during a CTC test.
It is seen that the axial strain ¢; - deviatoric stress (o’1-c”3) relationship is nonlinear almost from
the onset. The maximum deviatoric stress corresponds to the peak strength. Specimens of
relatively loose granular materials undergo volumetric contraction during the initial stage of
deviatoric loading, followed by a constant volume response or a phase of dilation with further

shearing. Theses stress-strain curves depend on the confining stress o’s.
5

4 L

-
3+

G,"-05' (MPa)
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5 F -, dg,/dg,=1-2v

Figure A-2: Schematic illustration of deviatoric stress-axial strain-volumetric strain relationships

measured on a granular material submitted to CTC tests

As the response of granular materials is generally non-linear, stress dependent, and inelastic
(e.g., Hall & Gordon 1964; Marsal 1967; Marschi et al. 1972; Charles & Watts 1980; Lambe &
Heartz 1988; Araei 2014; Honkanadavar et al. 2014), it is essential to define the method to obtain
the two parameters of interest (¢’ and v).

Experimental results (taken from various sources) are analyzed to determine the values of ¢’
and v for 7 types of sands and 20 types of rockfill materials submitted to CTC tests. For the
Poisson’s ratio, the focus is put on the initial stage of loading when the specimens undergo

volumetric contraction. The main characteristics of these tests are summarized in Table A-1. All
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the tests were performed under CD (consolidated, drained) conditions. Materials identification is

based on the abbreviations (given in Table A-1) in the following. The methods applied to

determine the values of ¢ " and v from CTC tests are specifically described in the following.

Table A-1. Characteristics of the sands and rockfills submitted to CTC tests

Sands or Abbre o'3 Ormax D*H
) o Cu G € CT Source
Rockfills viation (kPa) (mm) (cm)
392, 961, .
Compacted 5.5/1 Hirschfeld &
CS 1933, 2953, NA NA 2.7 ~0.5 NA
sand 2.7 Poulos 1964
3924
Ham river 690, 3450, 3.8/7 Bishop et al.
HRS NA NA NA NA ISO
sand 6831 .6 1965
491, 981, 113/
Basalt B 200 19 2.78 0.3 ISO | Marsal 1967
2453 250
. 98, 294, 3.6/8 Duncan &
Silica sand SS3 NA NA NA | 0.67 ISO
490 .6 Chang 1970
o 30.5/
Argillite Al 50.8 NA | 2.62 | 0.45
76.2
91.4/
Argillite A2 152.4 NA | 2.62 | 0.45 | 228. )
207, 966, Marachi et al.
6 ISO
2898, 4485 1972
o 7.1/1
Argillite A3 114 NA | 2.62 | 045 -
San Francisco 30.5/
SFB 50.8 NA | 2.87 | 0.43
Basalt 76.2
Graywacke 49, 98, 196, 30/6 Ansari &
GSS NA NA | 2.69 | NA ISO
sand stone 343, 589 0 Chandra 1986
Goto &
0.90 | 7/15,
Toyoura sand TS1 98 0.16 1.46 | 2.64 NA Tatsuoka
7 7/18
1988
196, 588, 07 Kitamura &
Toyoura sand TS2 1470, 2940, NA 148 | 2.65 5' NA | ISO Haruyama
4900, 9800 1988
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Table A-1. Characteristics of the sands and rockfills submitted to CTC tests (cont’d)

Sands or Abbre o'3 Omax D*H
) o Cu Gs €0 CT Source
Rockfills viation (kPa) (mm) (cm)
Sandy silt SS1 NA NA NA NA o
20/4 Mochizuki
98, 392 2.55 | 0.56 NA
Seto sand SS2 2 3.1 . 6 0 et al. 1988
Micaceous
200, 400,
sandstone and | MSQ 50 NA NA NA
] 600, 800 38.1/
quartzite
813 )
) 300, 600, Varadarajan
Limestone LS4 25 NA NA NA
900, 1200 NA et al. 2003,
Alluvium 350, 700, 38.1/ 2006
) ARF 80 NA NA NA
rockfill 1100, 1400 813,
Blasting 300, 600, 50/6
) BRF 80 NA NA NA
rockfill 900, 1200 0
) 30/6 Cheng et al.
Granite G 800, 1600 60 NA NA NA NA
0 2010
Coarse 100, 200, 30/6 Qinetal.
] ) CGS 60 155 | NA NA NA
grained soil 400 0 2010
Volcanic and VLS
] 200, 600, NA NA NA NA | 30/6 )
limestone NA Araei 2014
i 1000, 1500 0
Limestone LS5 NA NA NA NA
Limestone LS1 25 NA | 2.66 | NA
Limestone LS2 50 NA 2.66 NA
i 400, 800, Honkanadavar
Limestone LS3 80 NA 2.66 NA
1200 etal. 2014
Metamorphic
) MG 25 NA | 273 | NA | 38.1/
gneiss 1ISO
813
Riverbed
] RRF Honkanadavar
rockfill 200, 400,
i 4.75 NA NA NA & Sharma
Quarried 600, 800
) QRF 2014
rockfill

c's = confining pressure; dna = mMaximum particle size; Cy = coefficient of uniformity; Gs = specific

gravity; e, = initial void ratio; D = specimen diameter; H = specimen height; CT = consolidation type; 1ISO

= isotropically consolidated; NA = not available.
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Determination of ¢’

The typical stress-strain response of granular soils submitted to CTC tests indicate that for a
given axial strain (e1), the deviatoric stress (o’1-c”3) and its peak value tend to increase with the
confining pressures (o '3). A curve fitting technique has been applied to obtain the values of ¢’ (=
¢p") from the peak values of ¢’1-c’3, based on the Mohr-Coulomb criterion. The best fitting
straight lines are forced to pass through the origin in the principal stress plane (i.e., no cohesion,
¢’ = 0) for all the granular materials investigated here.

For the relatively loose granular materials considered here, the internal friction angle ¢’ (=
¢p’) is often equal (or very close) to the constant volume (ultimate) internal friction angle (i.e., ¢’
= ¢p'= ¢ ov; €.9., Craig 2004).

Determination of v

The Poisson’s ratio v of a specimen (assumed to be isotropic) subjected to a CTC test can be
obtained by rearranging equations (A.5a) and (A.5b) for incremental loading (e.g., Lambe &
Whitman 1979; Watabe et al. 2003):

. de,do',—deg,do’,
2de,do’,—dg, (do',+do',)

(A.11)

where de; and des are the vertical and horizontal strains variations (increments), respectively.

The confining pressure usually remains constant during deviatoric loading with a CTC test,
S0 do’3 = 0 in equation (A.11). The Poisson’s ratio can thus be obtained from the negative value
of the ratio between de; and de; (e.g., Lambe & Whitman 1979; Hoque & Tatsuoka 1998; Watabe
et al. 2003; Suwal & Kuwano 2013):

= A.12
S (A12)

When des is not directly measured, the lateral strain variation can be obtained from the
measured axial de; and volumetric de, strain increments:

_de, —dég
2

Introducing equation (A.13) into equation (A.12) leads to the following expression (e.g.,
Duncan & Chang 1970; Bardet 1997; Magnan & Mestat 1997):

ds, (A.13)
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V=1—dgv/dgl
2

Equation (A.14) has been used here to determine the values of Poisson’s ratio from CTC

(A.14)

tests results at relatively low strains.

For all the materials considered here, the stress-strain curves are analyzed for relatively low
confining pressures (see below) using first the data points at very small strains (< 2%). The
corresponding Poisson’s ratio (expressed as vyy) IS determined from the slope (i.e., de,/de;) of the
best fit line (e.g., the dash lines shown in Fig. A-2) based on equation (A.14). The same approach
is applied to the values of the Poisson’s ratio at a larger (but still small) strain &1 < 4% (v49). Both

values are given in Table A-2.

A5. RESULTS AND ANALYSIS

Table A-2 gives the values of the internal friction angle ¢’ (= ¢,°) and Poisson’s ratio v at
very low (g1 < 2%) and low (&1 < 4%) strains (with the corresponding Ko, see below), based on
the tests results identified in Table A-1, for granular materials with a contractive behavior. The
specific intervals of axial strain ¢; used to define v (for &1 < 2% and &; < 4%) are also presented in
Table A-2.

It is observed from this table that the value of ¢’ varies from about 30° to 45° for rockfills
and 25° to 38° for sands; these are in the typical ranges for such types of materials (e.g., Budhu
2000; Duncan & Wright 2005; Das 2010a; Briaud 2013).

For rockfills, the value of Poisson’s ratio typically varies from about 0.23 to 0.37 (average
value of 0.30) for very low strains (1< 2%) and from about 0.24 to 0.38 (average value of 0.32)
for low strains (&1 < 4%). For sands, the value of v, typically ranges between about 0.15 and
0.38 with an average value of 0.28 and vy, between about 0.23 and 0.38 with an average value of
0.31. These ranges are fairly close to the typical range of Poisson’s ratio, from 0.2 to 0.35, for
loose sands reported by Hunt (1986) and Das (2010a). Briaud (2013) also reported values of the
Poisson’s ratio, which are between 0.2 to 0.4 for loose sands and from 0.2 to 0.35 for loose

gravels. The results determined here are thus deemed representative of these granular materials.
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Table A-2. Values of the internal friction angle and Poisson’s ratio at very low (&1 < 2%) and low

(1< 4%) strains, obtained from CTC tests results on granular materials, with the corresponding
Ko (see Table A-1)

Material Ko based Ko based | ¢ interval Ko based | & interval
identification | ¢, (°) on ¢y’ Vooy 0N Voo, for voo, Vaoe 0N Vag for vay,
(symbol) (Eq. A.4) (Eqg. A.6) (%) (Eg. A.6) (%)
B 37.76 0.388 0.251 0.335 1~-2 0.304 0.436 1-4
G 43.61 0.310 |0.240| 0.315 0~1.8 0.240 | 0.315 0~1.8
Al 3