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L'exploitation minige est une industrie importante dans de nombreux pays, comme le Canada, la
Chine, I'Australie, etc. Dans les méhodes d'extraction souterraine, de grands vides miné (appelé
chantiers) peuvent ére crés prés I'extraction du minerai. Entreemps, de grandes quantités de
d&hets solides comme les r&idus et les stéiles sont @alement produites comme produits
secondaires. Traditionnellement, ces dé&hets miniers satreposéala surface sous forme
d'instllations de stockage de r&idus ou de tas de sté&iles. Au fil des ans, le remblayage des
chantiers avec des dé&hets solides miniers a ééde plus en plus utilisédans les mines souterraines.
Le remblayage peut amédiorer les conditions de stabilitédu soigmenter la r&upéation du
minerai et réluire la dilution du minerai. Il peut @alement aider aréluires|d&hets solides

entreposéen surface et aminimiser les impacts environnementaux associes.

L'application réussie du remblai n&essite une boroenpréension de |'dat de contrainte dans les
chantiers de remblayage, ce qui est n&essaire pour la conception de barricades, de tapis de seuil et
de remblais exposé latgalement. A cette fin, un certain nombre de solutions analytiques et
numeéiques ontéépubli@s. Dans la plupart des cas, les contraintes verticales et horizontales sont
surveille&s le long de la profondeur du remblai ala fin de I'opé&ation de remblayage. Les courbes
réultantes sont alors une description de la variation des consantéonction de leurs positions

pour un remblai donné Parfois, on ne peut s'intéesser qu'aux contraintes ala base du remblai.
Dans ce cas, on peut obtenir une courbe qui dérit la variation des contraintes ala base du remblai
en fonction de I'aissaudu remblai. On obtient un profil contraiqpeofondeur dans le premier

cas et un profil contrairt@aisseur dans le second cas. Méne si les significations physiques des
deux types de courbes sont diéintes, I'utilisation des solutions analytiquestexites donnera les

ménes réultats entre elles. Les contraintes verticales et horizontales augmentent presque
lin@irement avec la profondeur ou I'dpaisseur lorsque la profondeur ou I'gaisseur est trés faible.
Lorsque la profondeur ou I'@aisseur deviamportante, les contraintes verticales et horizontales

ont alors tendance adevenir constantes. Cela ne correspond pas aux ré&ultats obtenus par des
simulations numéiques, qui montraient parfois une augmentation soudaine des contraintes pré du
fond sur & profil profondeutcontrainte. Ce phdhoméne a dééappeléeffets kink par Sivakugan et

ses collaborateurs en 2014. Jusqu'apré&ent, il n'y a pas de solution analytique qui prend en compte
I'effet kink pour &aluer les contraintes dans les chantiers rerdblag m&anisme de I'effet de
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pli reste galement inconnu. Dans cette thée, le m&anisme de I'effet kink est d'abord analyse Une
solution analytique est ensuite proposé aprés avoir pris en compte le m&anisme de l'effet de pli

pour estimer les contréis verticales et horizontales dans les paliers remblayé&. Le m&anisme
d'apparition de l'effet de pli et la solution analytique proposé& sont valid& par les réultats
QXPpULTXHVY REWHQXV DYHF )/$& /HV UpVXOWDWMeRRQWUHQ
PWURLWHPHQW OLpH j OfpWDW GX UHPEODL TXL HVW GpWHU]
PHW OTDQJOH GH I3&Rrahwial.Relfd péut s pvddwrletsque (1-sin 3/2 alors

gu'il ne se produit pas lorsque” -sin 3/2.

Un autre probléne critique pour la conception d'un chantier remblayéest d'&aluer la stabilitéou
de déerminer la ré&istance requise du remblai dans le chantier principal afin que le remblai reste
stable lors de I'exposition du remblai d'un cGéen raison de I'excavation d'un chantier secondaire.
Au fil des ans, un certain nombre de solutions analytiques ont ééproposés pour &aluer la stabilité
et la résistance requise du remblai exposélatéalernéans les chantiers verticaux. Seules quelques
déudes ont éémenés pour &aluer la stabilitédu remblai exposélatéalement dans les chantiers
incliné. Les quelques solutions disponibles contiennent plusieurs limitations. Dans cette thése, une
solutionanalytique amédiorée a éédé&eloppé& pour &aluer la stabilitéet la cohéion requise du
remblai exposéatéalement dans les chantiers incliné. La solution analytique proposé est validé
par des simulations numéiques ralis&s avec FLAC3D. Les ratdt montrent qu'il existe un
angle d'inclinaison critique de la paroi du chantier, auquel la cohé&ion minimale requise du remblai
exposélatéalement dans les chantiers incliné atteint une valeur maximale, apartir de laquelle la
coh&ion minimale requiseliminue quel que soit I'angle d'inclinaison de la paroi du chantier

augmente ou diminue.
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Mining is an important industry in many countries, such as Canada, China, Australia, etc. In
underground mining methods, large mirmaa voids (called stojgg can be created after ore
extraction. In the meantime, large quantities of solid wastes like tailings and waste rocks are also
produced as secondary products. Traditionally, these mining wastes are disposed of on the surface
in forms of tailings storag@acilities or waste rock piles. Over the years, stope backfilling with
mine solid wastes has been increasingly used in underground mines. The backfilling can improve
the ground stability conditions, increase ore recavamngl reduce ore dilution. It cansal help

reduce surface disposal of mine solid wastes and minimize the associated environmental impacts.

The successful application of backfill requires a good understanding of the stress state in backfilled
stopes, which is necessary for the design ofidczade, sill matand sideexposed backfill. To this

end, a number of analytical and numerical solutions have been published. In most cases, the vertical
and horizontal stresses are monitored alongldpthof the backfill at the end of the backfilling
opeation. The resulting curves are then a description of the variation of the stresses as a function
of their positions for a given backfil. Sometimes, one can be only interested in the stresses at the
base of the backfill. In this case, one can obtainreectihat describes the variation of the stresses

at the base of the backfill as a function of backfill thickness. One obtains adspkgrofile in

the former case and a strahi&ckness profile in the latter case. Even though the physical meanings

of the two types of curves are different, the use of existing analytical solutions will result in the
same results between them. The vertical and horizontal stresses increase almost linearly with the
depth or thickness when the depth or thickness is very.aMaén the depth or thickness becomes
large, the vertical and horizontal stresses then tend to become constant. This does not correspond
to the results obtained by numerical simulations, which sometimes showed a sudden increase of
the stresses near thettoon o the stresslepth profile. This phenomenon was called kink effects

by Sivakugan and coworkers in 2014. Until now, there is no analytical solution that takes into
account the kink effect to evaluate the stresses in backfilled stopes. The mechaihisrkimok

effect also remains unknown. In this thesis, the mechanism of kinksilefitst analyzed. An
analytical solution is then proposed after taking into account the mechanism of kink effect to
estimate the vertical and horizontal stresses in bsckstopes. The mechanism for the occurrence

of kink effecs and the proposed analytical solution are validated by numerical results obtained
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with FLAC. The results show thtite occurrence of kink effect is closely related to the state of the
backfill, ZKLFK LV GHWHUPLQHG E\ WKH UH O D \®hdRiQertalfigtienH W ZH H C
angle 3of the backfill. The kink can occur wher> (1-sin 3/2 while not occur when ” -sin

3/2.

Another critical issue for backfilled stope design is to evaluate the stability or determine the
required strength of the backfill in primary stope in order for the backfill to remain stable upon the
exposure of the backfill on one side due to the excavatf a secondary stope. Over the years, a
number of analytical solutions have been proposed to evaluate the stability and required strength
of sideexposed backfill in vertical stopes. Only a few studies have been conducted to evaluate the
stability of sde-exposed backfill in inclined stopes. The few available solutions contain several
limitations. In this thesis, an improved analytical solution has been developed to evaluate the
stability and the required cohesion of s@gosed backfill in inclined spes. The proposed
analytical solution is validated by numerical simulations conducted with FLAC3D. The results
show that critical stope wall inclination angle exists, at which the minimum required cohesion of
sideexposed backfill in inclined stopes réas a peak value, from which the minimum required

cohesion decreases whatever the stope wall inclination angle increases or decreases.
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1.1 Background and problems

The mining industry is an important part of the national economy in many countries, such as
Canada, Australia, China. The mining industry not only produces valuable minerals but also
generates a high amount of mine wastes (i.e., tailings and waste faekijionally, the mining

wastes are disposed of on the surface. For example, the tailings can be deposited and confined in
tailings ponds while the waste rocks are disposed of as waste rock piles. The surface disposal of
mining wastes can result in seviegaotechnical and environmental problems, such as the failure

of tailings dams and acid mine drainage.

In recent decades, backfilling has been increasingly used in underground mine stopes as it can help
to improve ground stability, increase ore recovesgiuce ore dilution and providesafeworkplace

(Potvin et al. 2005; Darling 2011, Li 2014a, 2014b; Yang et al. 2017a). Using mine wastes to fill
the underground mine stopes can also reduce the surface disposal of mining wastes and minimize
the associatk environmental impacts (Bussige 2007; Yang et al 2015; Liu et al. 2018). The
commonly used backfill can be classified as rock fill (RF), hydraulic fill (ldRYl paste fill (PF).

Backfill can be mixed with or without cement to fill mine stopes, depermlinidpe purpose of the

used backfill and the underground mining methods.

The use of backfill in underground mines requires a good understanding of the stress distribution
in backfilled stopesTo this end, a number of analytical and numerical solution®g feeen
published. In most cases, the vertical and horizontal stresses are monitored attspihtbethe

backfill at the end of the backfilling operation. The resulting curves are then a description of the
variation of the stresses as a function ofrthesitions for a given backfill. Sometimes, one can be
only interested in the stresses at the base of the backfill. In this case, one can obtain a curve that
describes the variation of the stresses at the base of the backfill as a function of baxkféisthi

One obtains a stresepth profile in the former case and a sttbgskness profile in the latter case.

Even though the physical meanings of the two types of curves are different, the use of existing
analytical solutions will result in the samesuéis between them. The vertical and horizontal
stresses increase almost linearly with the depth or thickness when the depth or thickness is very

small. When the depth or thickness becomes large, the vertical and horizontal stresses then tend to



become costant. This does not correspond to the results obtained by numerical simulations, which
sometimes showed a sudden increiasthe stresses near the bottom on the stiepth profile
(Sivakugan et al. 2014; Yang 2016). This phenomenon was called kintsdffeSivakugan et al.
(2014).Until now, there is no analytical solution that takes into account the kink effect to evaluate
the stresses in backfilled stopes. The mechanism of kink ®fflectremains unknowMore work

is necessary to understand thechanism of kink effectand to develop a solution that can be used

to evaluate the stresses in backfilled stopes after taking into account the kink effect.

Another critical concernfor backfilled stope desigis to evaluate the stability or determine the
required strengtlof sideexposed backfill. In open stoping methods, the ore body in the primary
stope will be first excavated and then filled with cemented backfill. Then, the backfill in the primary
stope will be exposed on one side during the excavafitine ore body in the secondary stope.
The backfill in the primary stope must be strong enough to at least remasteseling during the
excavation of the secondary stope. The minimum required strength of trexpaked backfill in

the primary stopeeaeds to be determined to ensure a safe and economic backfill desggrihe
years, a number of analytical solutions have been proposed to evaluate the stability and required
strengthof sideexposed backfill in vertical stopes (Mitchell et al. 1982; L ak 2014a, 201).

Only a few studies have been conducted to evaluate the stability-@égidsed backfill in inclined
stopes.The few available solutions contain several limitatioNsw solutions are necessary to
better evaluate th&tability or required strength of sigxposed backfill in inclined stopes.

1.2 Objectives and methodology

The main objective of the thesis is to investigate the stress distribution in backfilled stopes and the
stability of sideexposed backfill in an incliestope. This objective can be realized through the

addressing of the following stdibjectives:
(1) Investigate the stress distribution in backfilled stopes by considering the kink effect
z Analyze the mechanism of kink effect;

z Develop an analytical solutidim estimate the stress distribution along the depth of backfilled

stopes by incorporating the kink effect;



z Validate the proposed mechanism and analytical solution by numerical results available in the
literature and obtained with FLAC.

(2) Investigate thstability of sideexposed backfill in inclined stopes

z Develop an analytical solution to evaluate the stability and required cohesion-ekpuked

backfill in inclined stopes;

z Conduct numerical simulations with FLAC3D to estimate the minimum requiteesmn of

sideexposed backfill in inclined stopes;

z Validate the proposed analytical solution with the numerical results obtained with FLAC3D.

1.3 Contributions

The realization of the thesis leads to the submission of two articles ingwé®wved journals:

Article 1: Chai S., Zheng J., and Li L. (2020). Numerical and analytical investigations of stress
distribution in backfilled stopes considering the kink effect near the bottom.
International Journal of GeomechanicSubmitted in January 202This article is

presented ilChapter 3

Article 2: Chai S., Wang R., and Li L. (2020). A new solution to evaluate the stability ef side
exposed backfill in inclinedtopesinternational Journal of GeomechanicSubmitted

in March 2020This article is presented Dhapter 4

The project contributes to a betterderstanding of the geotechnical behavior of the backfill placed

in mine stopes. The analytical and numerical solutions presented in this thesis can be used to
estimate the stress state in vertical backfilled stopes incorporating the kink effect anteelialua
stability of sideexposed backfill in inclined stopes. These analytical solutions can provide simple

and useful tools for mining engineers in the preliminary design of backtopes

1.4 Contents

The thesis is organized in an artitlased format siwn as follows:

Chapter Ipresents a general introduction, including the background and problems, the objectives

of the thesis, and the contents of the thesis.



Chapter Zyives a detailed literature review of the state of knowledge, including the estimation of
stress state in backfilled stopes, the lateral pressure coefficients used in the analytical smutions
the stress state in underground mine stopes, and investigations of the stability-edfpsisied
backfill.

Chapter 3(Article 1) presents a studyn the estimation of the stress distribution in backfilled
stopes. The mechanism of the kink effect is first analyzed. An analytical solution considering the
kink effect is proposed to evaluate the vertical and horizontal stresses along the backfilldepth
proposed analytical solution is also validated by numerical results available in the literature and

obtained by newly performed numerical modeling with FLAC.

Chapter 4Article 2) presents the development of a new analytical solution to evaluate the stability
and minimum required strength of sideposed backfill in inclined stopes. The proposed analytical

solution is verified by numerical resultbtained with FALC3D.
Chapter Hiscusses the main limitation$the thesis.
Chapter Bummarizes the main conclusions of this thesis and gives future recommendations.

Finally, appendices are given at the end of the thApigendix Apresents the validation of the
numerical software FLAC and FLAC3D against analytical solutidxgpendix B shows the
sensitivity analyses of the numerical model and additional numerical results pertaiihgpter

3. Appendix Ccontains the additional results relate€twapter 4including the sensitivity analyses

of the numerical model and the minimum required cohesions obtained by the proposed analytical

solution and numerical simulations.
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In this chapter, aiterature review is first given on the stress estimation in backfilled stopes,
followed by a brief review on the lateral earth pressure coefficient closely associated with stress
estimation in backfilled stopes. Previous studies for analyzing the stalidityequired strength of

side-exposed backfill are presented.

2.1 Stress state in backfilled stopes

A good understanding of the stress state in backfilled stopes is critical for the designs of backfill
and barricades. In the following subsections, the acalgblutions and numerical simulations for
estimating the stress state in backfilled stopes will first be presented. Stress measurements in

backfilled stopes are then reviewed.

2.1.1 Analytical solutions

Analytical solutions are very useful to provide econ@hand rapid information, especially during

the preliminary stage of design.
2.1.1.1 Backfilled stopes with vertical walls

2.1.1.1.1 Overburden solution

In geotechnical engineering, the stresses based on overburden solution (Terzaghi 1943) are given
as below:

& LUV 't a8,

&L -6& ‘tees
where 1, (kPa) andl (kPa) are the vertical and horizontal stresses at a dep{mdfn the backfill;

(kN/m?3) is the unit weight of the backfilK is the lateral earth pressure coefficient.

2.1.1.1.2 Arching solutions

When a backfill is placed into a stope, it tends to settle down under the gravity. The surrounding

rock walls tend to hold the backfill by shdarces, leading to smaller stresses in the backfill than



those based on the overburden solution. This stress redistribution in the backfilled stope-is a well

known phenomenon, callédearching effect.

Janssen (1895) proposed an analytical solution for estimngertical and horizontal stresses
in a square silo filled with corn by considering #ehing effect (Sperl 2005). The proposed
solution is given as follows:

& LV—L_JZ\O@ F A %A 't &
where 1 (kPa)is the vertical stress at a depthzaim); (KN/m?) is the unit weight of the filling
material;s (m) is the side length of thequaresilo; K; is related to the lateral earth pressure

coefficientK asfollows:

&dy | A
éé -
where % (kPa) is the horizontal stress at the depth is the friction coefficient of the interface

tae,

between the backfill and silo wall.

$Q LPSRUWDQW DVVXPSWLRQ L Quailb@VeartidadSiresDaoress thwidh K H R U\
RI WKH VLOR 1HYHUWKHOHVV -DQVVHQYV DQDO\WLFDO VR

estimation in backfilled silos compared with experimental results.

/I DWHU ODUVWRQ PDGH XVH taéstibaie e HeQifdV exddonalddads) W K H |
on conduits buried in ditches. The vertical load is expressed as follows:

%L%@FA’?GA—LA 't 2y
whereW, (kN) is the vertical loadt a depth ok (m); K is the lateral earth pressure coefficient,
WDNHQ DV WKH 5DQNLQHYV DF WL B(mn) i$Ehe Width Sflhd Yackfilleett FRH I
openings isinternal friction coefficient of the fill materials

Terzaghi (1943) calculated the vertical stresginnels and took into consideration the cohesion
of materials and the surcharge. For tunnels througlahdwith a surchargey (kPa) on the top
surface the vertical stress is given as:

Us

1A A
&Ll—m3 @F A%5%02 AE MW O5¢02 't



where 3(°) is the internal friction angle of the soil. For tunnels going through a cohesive soil, the

vertical stress is calculated follows

U$Ft? NP
&Lt pg GFATHNA te,

wherec (kPa) is the cohesion of the filling material.

Askew et al. (1978) proposed a solution to calculate the stress in the backfill after exposure based
RQ 7THU]DJKL 1V -%.RieXaticaR gss (STexpressed as:

U$F t 2
-P=3J

A

A
& L @F AS0%p 't

wherec; (kPa) is the fillwall interface cohesign@®) is the internal friction angle of the interface

between the backfill and rockalls.

Aubertin et al. (2003) considered the equilibriunadifferential layer elemerishown inFigure
2-1) in a twodimensional (2D) stopeThe vertical and horizontal stressat the bottonof the

backfilled stopere givenas

Us 26204
& L———— IsF A>EP8 1 e
“tTP=UD P *
Us 264204
& L | SF APHEY8 ‘tesr;
S -tpow P
whereH (m) is the total height of the backfill.
rock mass
void space layer element
4 | Backfill
stope h V

K

[ __Y_ 4 —ay-¥

H C%dﬁ 1.4 Cc
B L— S

- > S f S

GvH
V+dV
YYV e
rock mass B

Figure2-1. A schematic prsentatiorof a 2D vertical stope and a layer element w#hacting

forces(taken from Aubertin et al. 2003)



Numerical result®btainedwith PHASE were compared with the analyticasuls. Relatively
largedifferenceswereobserved between the numerical and analytical resiiésto the closure of

the rock walls

2.1.1.1.3 Threedimensional (3D) situation

Li et al. (2005, 2006) extended the arching solution to a-iraensional (3D) stope with vertical

walls of different properties (shown kigure2-2), and the vertical stress is calculated by:

rock mass void space backfill 83 C,
stope v B
(4) S 1 T
-« [ T\ | S,
-S‘Fl ‘f
A [ G % *
[ (1) W ¢
[©1Ea i pak %
v \ T:
H dz: , /_." ' [ ol Sy +dS,
//. .. . 1 4 "Su T (1.5‘;1
2 '/’ . - -
B (2) layer element V+dy
- - - <
! A

Figure2-2: A 3D verticalbackfilled stopewith actingforceson an isolated layer elemgiéken
from Li et al. 2005)

UF 18 /$°° E 855.7°;

"5 375 E Fg.7°; s F Rk ol og ‘ta8s
with
-od_%UL-UE%:P:ﬂb ‘tast;
&7L-5s—fYE-7-f¥4 -ty
BogL -6— B E-g—f&) -tav,
,L 2EZEt?—fek—fOE—f& —f&; ‘taew
BgL BEREt2—feh—feLE—fbh—fkh; ‘tex

whereL (m) is the stope lengthkc andc (i =1, 2, 3, 4) are the lateral earth pressure coefficient

and interface cohesion at the sidewakspectivelythe values oK;and .; are shown iTable2-1.



The analytical solution was compared with the experimental results conduct€dkbyand
Valsangkar (2001)A good agreement a& observedindicaing the validity of the analytical

solution.

Table2-1: Definition ofKiand .; (adapted from Li et al. 2005; Li and Aubertin 2009d)

Fill Dry backfill Wet backfill Saturated backf
Condition Ki i Kim -im Kil -il
At-rest Ko) sFecd 0° SFecdy 0° SFece™ 0°
. SFecd i SFecey Ta SFecq K
— 1 < 1 .
Active (Ka) SEecd tFVW SEecdy t Fvw SEecqd” t Fvw?
Passive =~ SE-<d T oyw: SE°<9a Ta_ o SEcdd G )
(Kp) SFecd t SFecd, ¢ SFEecq" T EVW

Pirapakaran and Sivakugan (2007a) proposed a similar formula for the vertical stress in a 3D

vertical backfill as follows:

U . » e, A s
& L— Pim! E$pdsFA'-’6@‘§§7>AA"?°ah ‘tay,

Goodagreements were observed betw2Brnnumerical results for plane strain and axisymmetric
condition, obtained by numericaimulationswith FLAC and analytical resultsbtainedwith the

analytical solution bysing /= 2/33andK = Kq (Ko is the atrest earth pressure coefficient).

2.1.1.1.4 Considering the pore water pressure

Li and Aubertin (2009c) took into consideration the pore water pressure in the stress estimation in

2D vertical stopes. Ipartly submergedtopes, the effective vertical steel, (kPa)is expressed

as:
. 0$ 26A O_'
——— @FA"% A \4e

y ~p=3© \a

&L . . . ‘te8z
2 Us _ 3 FY poaM pog Y
atp—_j,,@FAFt'P_j S AE—— @F A " P s A PTT s avp

wherezn is the distance from the water table to the backfill sutfad&N/m?) is the effective unit

weight of the backfill; 3 (°) is the effective friction angle of the backfill

For fully saturated stopez{= 0), the effective verticadtress is given as:
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Numerical simulations were also conducted to verify the analytical solutions. Although the
analytical method seemed to overestimate the stigfle dit nearthe wall and underestimate the

stress along the central line, the analytical solutions worked well as a preliminary tool for the stress
estimationin backfilled stops.

Li and Aubertin (2009d) also gave a solution for the stress in a 3D lsyogmsdering the pore

water pressure and cohesion. Fpagly submergedtope shown ifrigure2-3, thevertical stress
at apoint above the water table< zv) is calculatedasfollows:

. Q Fty $7° E &, . ,
ééLééLLA 857 % SFA® ELAR A ‘teer;
a

l l wet
1 1 bu.khll

A
_,,1)1 : /‘//i/-

N
-~
\,

V+dV

layer element

rock mass ‘

Figure2-3: A schematicview of a partly submerge@®D stopewith a layer element and its acting

forces(taken from Li and Aubertin 2009d)

The effective and total vertical stressg¢spoint belowthe water tablez(> z,) are given by:

- W Ft?:&,$°°Eé&y 7"

oL = SFN@iQ;NﬁEﬁ:ig?i;
o ?5 =) ’)5
Ak £,$ % T s F ATe 7T RO L Ale 7140 A tees;
L & EQ:VF\; teet;
with

/a Lt:-5a$?5E-63.?5;—fQ ‘teu;
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%y LSEt—fbky —f4} 't ekv;
Sa LSEt—fkhy —f4) 't eew,
[ L t:-0$75E-0.7°5, — f&f 't eex;
ALsEt—fef—f& ‘teey;
HLSEt—fei—f&f ‘teez;

where m (KN/m®) andcm (kP are the unit weight and cohesion of the wet backfiflkPa) is the
effective cohesion of the saturated backfill and the valu&spf.im, K' and . are shown imable
2-1.

2.1.1.1.5 Considering the nonuniformlistribution ofvertical stress across the width

Li and Aubertin (2008) modified the Marston solutlmnconsideing a nomniform distribution of
vertical stress across the width of a 2D vertical backfilled sfpevertical and horizontal stresses
are then expressed as follows

Us$ 9—6A;gc;)é|' T
s L————HFA»S%2é |[HesF =F-Gi teef,
et T P=UD ’ $ {

Us il 64
éULtP_m@FA?GA‘;waA ‘taar;
with
A
157——p 2 A AL 1 oA

= t > T—fe T4 ET, A4 6A .

L tosEs © t7-l];Es-4 Lt@¥ A s wr e ‘tas

where 1x (kPa) is tle vertical stress at a distancex@i) from theverticalcentral lineja, b, 1, 2,
3 are some intermediate parameterghe distribution factor@F) and hey were obtained by
calibration with some numerical results obtained with FLABe calibratedanalytical solution

was then further validated against additiomainerical results.
Jaouhar et al. (2018) also consideneduniformvertical stress across the width ofeatical stope
by consideringan arc layer elementhe vertical and hazontal stresses aexpressed as follows

T 6
& L&EHKF sF-4,—p | taat;
&LE& o) ag$ap



12

T 6
“ALégH@F:sF-o;I—ag$épl ‘taau
With
A Use$ &ls ... ‘e L=l K01 a2A ama 40,5, , 5y s 7E o
& L = — M F A a»amda q :tayv
—fU.°<5né E-@...‘G-né,
x 489 * 489

. T6 .
& L PsavE rawl P=JEH&W rdwl P=Jli SF%AQ—f“‘GgT ‘taw

3P 3P
where xis acorrection factor for the radil®(  %m), & (= 45°- 32) is the angle between the
major principal stressk (kPa)along the walls and the vertical axis{= 1/sin &) is a parameter

related to the internal friction angle of the backfill.

To notethat Eq. 236 was obtained by calibration agstisome numerical result$he calibrated

solution waghen further validatedith additional numericalesults

Xu et al. (2018) assumenhiform horizontal stress across the width of the stope. The stresi®not
was considered in their analytical solution and the trajectory of the mpraripal stressx (kPa)
was regarded as a circular arc, a paralaotda catenary, respectively a differential flat element

For the case d circulararc shape, theertical stress in the backfi stopeas given by:

~

Uus LBIA T _| LBIA T |

8oL~ |SFAN & pEMY & ‘tam X
-et-o— [P
with
'SE-5 Q... kf¢a ¥:sF-5, -0 _ .
| L-pe o o - [*% ¥:SF 0l 100 ‘tay,
... & ¥-5SF -p;
&y ... %8, E-p5e <08,
-éL&L e - O ° taz

éee '(66é E'O...G'éé

F-6E¥:sF-48Fv—[6U-q

A o *U-o, ‘tam{;
t-f¥-¢o

$FT
5

A ” S"
a L f7.. ef

I

Lo 0s L - N ‘taer;
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whereKy is the earth pressure coefficient at a distancém) from the wal % (} is the angle
between the minor principal stress and vertical direction at a distardeoaf theverticalcentral

line; Ky is the earth pressure coefficient along the vertical central line of the backfilled»stepe (
B/2) and v is the angle betweemé minor principal stress and vertical direction at thenfdll
interface X = 0). The solution was compared with numerical simulations conducted by ABAQUS

and it was proved to predict well the stress distribution in some cases.

2.1.1.1.6 Considering wall convergee

Knutsson (1981) proposed an analytical solution to calculate the stress perpendicular to the rock

wall (or horizontal stress) considering the wall convergence:
5

égLéyHSjBe(;YEF%‘;G.I' ‘tees
where 1 (kPa)is relative stress which is usually 100 kPaand 2 are the modulus number and
the stress exponent, respectively, which are determined by compressometei’ Gesthe
conpressive strain of the backfill induced Wall convergence 1 (kPa)is the initial stress level
The solution was compared with the classical silo solutiorfialidexperimental results measured
in the Nasliden mineas shown inFigure2-4. It is found thaton averagethe stress component
induced by thaeveight ofbackfill accoungédfor 70~ 80% of the totalalue of thestress while the
wall convergencevas responsible for 28 30% of the totaValue of thestress.

o, (kPa) g, (kPa)
0 100 200 300 400 o 100 200 300 . 400

[ ]

. =—— IN-SITU — =—— IN=-SITU
== SILO THEORY === SILO THEORY
+=+ CALCULATED we=- CALCULATED

{m (m)

\
\
\
Y
\
\
1
\
\
\
40 Y N
i \
\ \
\
\
\

50

(a) (b)
Figure2-4: Comparisons between the analytical solutions and field measurements in (a) 3FC4
stope and (b) 3FF4 stope (taken from Knutsson 1981)
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2.1.1.1.7 Considering the consolidation effect

Zheng et al. (2019onsideredhe consolidatiorandarchingeffects and proposed the following

formulas for the total and effective stressebackfilled stopes

A 6Ac_oa°n ‘ @s |, ofAcOA”
€' L » * |UE—pHA @V ‘tat:
4 @
N 6AcO4% ,6AcOai
aiL-A > & |UE%pHA7@V ‘teey
4 @
. nBAcO40 Qe p6Ac 04
& LA > + IOE—=pHA @ ¥ L ‘tay,
4 @
" ,6Ac04% | (@Y 6AgOa°|
&GL-A > + IUE—=pHA" > @EL ‘taew
4 @
with
R o 25 o ;Ft _—?‘ z:?éR%:J4Q;6 _FE‘]&PG &GA?:@U- ?I
%LFlOEg)pE—RL?jRGA?W&; g e ey
% B 7 o
B2 z:?én-e:hq;ﬁ..:ﬂc\é’:’i‘Pe@ IS%GA?:@U,’ K
i e ¥2 ¥2P Y72P d

whereh (m) is the height of the studigmbint; z (m) is the depth from the top of the stopes the
filling rate (m/h), pw (kPa)is water pressurdy is the step lengthy is the series number in the

range of-’ W Rt (h) is the filling time anct, (m%h) is consolidatiorcoefficient of the backfill.

0

st ¢, (m’h) o, o,
__________ 01 —— = N
3 10 1 e
v 10 —A— —A—
A A 15 4
Rock mass
74 ‘E 20 -
= oast Geostatic |
overburden
30
h Backfill 351
Perviouy 40 A R ) )
¥ \V 0 100 200 300 400 500 600 700 800
B Total Stress (kPa)
() (b)

Figure2-5: (a) A schematic diagram of a vertical backfilled stope; (b) Distribution of the

horizontal and vertical total stresses with differer{taken from Zheng et al. 2019)
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The analytical solution was compared with the numerical results obtained by Fahg2@d2)
A good agreement was observed except some small differenceisitlighto the relatively thick
layers used in the numerical models. Additional numerresults obtained by numerical
simulations conducted b¥heng et al. (2019¢orrespondd well with the analytical results.
According to the analytical solution,He total stress increaseith filling rate and stopidth but

decreasgwith the consolidation coefficient and effective friction angle.

2.1.1.1.8 A solutionby applyingthe ®BVFDOTV WULDQJOH

TLQJ HW DO SURSRVHG DQ DQDO\WLFDO VROXWLRQ EDVH
stress at the base oR® vertical column.The granular materials stored in the vertical prism was

divided intomlayers with a thickass oin (m) and a selfveight ofVo (kN) for each layer. The part

of the vertical load in every layer transferred to the Wal(kN) and the bottom of the lay&fn

(kN) isx and x, respectively, for example, in the layar

(a L :84E8"a?5;T t&y;
& L :84E8;a?5;:SFT; taez

The equation o¥/m can be expanded as
'SFT,:=E= = = s TR?6 E = T275, ‘teed;
8 L8 :SFT.ESTE=STPE®=,sT*?E= T27° {
with

| e

] .
=L :Fs;¥° @AL :Fs;¥°———
L s E "Bl FEe

‘taay

WhereI@UdsthenumberinthmthlineandithrRZ Rl 3DVFDOYV WULDQJOH

Layer 1: 1 1

Layer 2: 1 2 1

Layer 3: 1 . 3 3 | 1

Layer 4: 1 [ ] 4 6 ‘ 4 . 1

Layer 5: 1 5| w0 |10 Is| [1

Layer 6: 1 e |15 [0 |15 s 1]
Layer 7: l 7 21 (38| |35 |21 |L| 1

Figure26 3DVFDOfV WULDQJOH WDNHQ IURP 7LQJ HW

The equation oY/ can be transferred as
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a

] W ; 8:sFT, X
8 L8 sFT BFs;U’5@EATL?50L4—>sF:sFT;a? ‘tows
Va3
Then the average vertical stregshe bottom of then" layer is
U$JIsFT,; \ . iSFT; \
ééLEL— SF:sFT2?2LU3——>=F:sFT2? tawt
$ $ T T
The shear stresgkPa)at the wall can be expressed as
iL-éé—fE'JLE 't eyl
tJ

Submitting Egs. 217 and 252 into Eq. 253, the parametercan be obtained by

L t-J-fU $ 4 0By &
SE:it-J—-fU $ e

The stress in the backfill with a given geometry walsulatedusing Eq. 252 for different values
of m. It was observedhat the stress obtained from tipeoposedmethod agreed well with the

Marston solutioroncemis largesufficiently or nis small enough

Actually, when Eq. 54 is submittednto Eq. 252, the vertical stress at the bottom becomes:

& LUJ—:SFT;%F'SFT'E"?L us esFI > iy 't o
S T ' T Tt —fW SE:t-J-f L, $P Larw
Consideringn:  thevertical stress can be calculated as:
N i N
> U$ S a Us$ HBATr_1
& L Z .65 F | = iL——IsFA > :
z;l\itt-—fu&s SEt-J-f Y, $p| t-—fUS P Lo x

The solution ofTing et al. (2012yeduce to the Marston solutiomwhenthe layer thickness tends

to zero

2.1.1.1.9 Empirical analytical solutions

In the experimental results conducted by Sivakugan and Widisinghe (2013), it was found that the
vertical stress at the bottom increased steadily as the filling heights increased. Then, Rajeev et al.
(2016) modified the Marston solution by adding severalapaters calibrated from the
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experimental results. However, no general analytical solutions were proposed. It was suggested
that laboratory tests should be conducted first to determine relevant parameters for a certain
backfilling material before calculaiy the stress in the backfill.

According to the numerical simulations conducted by Singh et al. (2009), the product of earth
pressure coefficierk and interface friction coefficient tahwas almost a constant. Hong et al.
(2016) then performed some labtory tests to measure the stress in a trench. From the
experimentaldata, the value oK-tan / was constantat around 0.125. Thus, a seempirical

analytical solution for the vertical stress modified fritarston solution is given as follows:
R i
& LvB@F A A ‘tayy
The analytical equation was compared with the results obtained from two other field experiments
and it predicated well the measured stress.

2.1.1.2 Backfilled stopes with inclined walls

2.1.1.2.1 Modifiedsolutions based othe Marstonmodel

Caceres (2005) assumtthtthe stresses at the hanging wall and footwall waaticalin a 2D
inclined stope. Based on the Marston solution, the vertical stress in the baakfiixpressed as
follows (Caceres 2005)

0$<60 pOAIr_ I
& L———FsFA »a9l G ‘towz
t-1/4_]‘:’
with
-, L S&e<® Ftecd Es ‘taw §

where (°) is the inclination angle of the wall akd is the pressure coefficient obtained by curve

fitting with numerical simulations.

However, some limitations exist in their analytical solution. &mample, the shear stress at the
hanging wall may be less than that at the footwall due to the wall inclination. detivatian of

the normal stres4, (kPa) perpendicular to the wall, tegpressiorof & #/sir? is inaccurate
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Besides, theertical component of the shear force at the walls shouldidgi@stead of 2tdy/sin
in their analyseswvhere 1 (kPa) is the shear stress at the walls
2.1.1.2.2 Consideringcohesion and surcharge

Ting et al. (2011)sed the expressi@s follows to obtaithe normal stressh at thesidewalls in

a 2D inclined stope (shown Figure2-7):

8 Edy _ & F &
o L EE& &F&

. " .. 'BUEiggect U taer

where 2, (kPa)is shearstress.

The vertical stresis given bythe following equation after taking into account the backfill cohesion
¢ and surcharge:

UO$Ft2sEectU-f ¥
t-i —f WV

with

SE-4 SF'4 . . .
-i L E o BUE - ectU-f ¥ ‘taet;

t t

Figure2-7: A schematioziew of a 2D inclined stope (taken from Ting et al. 2011)
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The stress calculated by the propossthlytical solution wasound to comparewell with that
obtained fromnumerical simulationconductedby Li and Aubertin (2009e)However, itis
unreasonablé catulateboth 2, and 2with the MohrCoulombyield criterion at the same time

becausgield should nosimultaneouslyake place at aigen pointin two directions.

2.1.1.2.3 Consideringnonuniform vertical stress across the width

By making use othe theoryof Harrop-Williams (1989)who assumed that the trajectory of the
major principal stressk in backfilled stopesvas a circle arch, Singh et al. (2011) proposed the
following equation for thenajor principal stressh:

el 6l A s . <ikqgl >Aamqor_I qgl
U$U.(. U... P'F't —_.nms F A »65>A; 2:52A;qgb6 am@ ;qg/l q
tie<PUE- ...%U -f¥

<ikqgl >Aamqor_I qgl
EMA »:6:5>A; 2:52A;qgb am@ ;qg/l ‘tau

However,it is difficult to applythe equation tocalculatethe verticaland horizontal stresses in
inclined backfilled stops. NonethelesskEqg. 263 can beused to calculate the vertical stress in a
vertical stopdy submitting = 9C° into it.

Jahanbakhshzadeh et al. (2017, 2018a) complaegarevious analytical solutions and proposed a
2D solution for inclined stopes with a modified coefficiéht obtained by cunwitting with

numerical simulations. Theroposedsolutionwas given as follows for theertical stress:

Uso@ay ,6A cOa

- “>xU0a .
T P:IJFSFA G taey,
with
- L-6HBHR taew
. \/2 .
BL:SE.'U,F@-f*% ... %UA 't X
Ty 8 . .
B LsEu@F—$A—fr...‘:UFsr1; tary,

wherexy (m) is the distance from the hanging wéllandfy are theeffectsof geometrical factors.
The horizontal stress can be calculatedkbynultiplying the vertical stres3he variation of the

earth pressure coefficient across the width @odgthe height of the backfilled stope was taken
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into consideration through the coefficiekt. The calibrated analytical solution was further
validated byadditional numericatesults.Ilt has beershown that the proposed solution captured
well the effect of inclination anglsfopewidth, andinternalfriction angleon the stress distribution

in inclinedstopes

2.1.1.2.4 Threedimensional (3D) situation

Jahanbakhshzadeh et al. (2018b) extenden 2D arching solution to a 3D situation (shown in
Figure2-8) with K :

~ - SE7- YRR A 4
UOB\] 06'F >PIGA (;Oai

FA @Ua q ta®z

éél't: S E ?5;- R

Similarly, the horizontal stress can be calculatedkbymultiplying the vertical stressThe

analyticalsolution was validated by numerical and experimental resultg @ial. 2012).

%ock
mass

(FW)

Hanging wall

=l
(HW) \ Backfill /

v
1
3

Rock mass

L O 0
B & L S

£ 6\ b N\%

Transfer of
vertical stress to
shear stress

Shear
stress

Figure2-8. A schematiaiiew of a 3D inclined stope and a layer element with forces on it (taken
from Jahanbakhshzadeh al. 2018b)

Yanet al. (2019) proposed a 3D analytical solution for the stress in backfilled stopes by applying
the stress state at a pointhe plane

6 28 5
»

OgFt? 6 0
Sl — FsF A > 'GE W ‘tae;
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where 4y (kPa)is the average vertical stress across the width(kPa)and Lt (kPa)are the
longitude and transversal horizontal stress, respectit®hy is the backfill pressure coefficient

used in their solutiarK. the ratio between thé,. and L..

Ther analytical solution wawalidated againsthe experimental resultsbtainedby Take and
Valsangkar (2001)However,the same limitation as the soli of Ting et al. (2011) existed in

the proposed solution as it is impossible fghaenpointsimultaneouslyieldingin two directions

2.1.1.3 Summary

Table2-2 showsa summary of thabovementionedanalytical solutions. Although more and more
factorshave been taken into accoumtthe previousanalytical solutionsmnore improvements can
be made byaccounting fothe backfilling sequence, backfill inhomogene#tgd dynamic response

of the backfill due to blasting.

Although cohesion is consideredsieverabnalytical solutions (Terzaghi 1943; Askew et al. 1978;
Li et al. 2005, 2006; Ting et al. 201 Xu et al. 2018), the applicability and reliability remain
uncertain.When the backfill cohesioneaches a certain valuéhe stress calculateay these
equations can loeme zero and everegative This does not correspond to the numerical results
shown by Li and Aubertin (200%). Besides, these factors are usually considered separataky
existing analytical solutiong-urther efforts are still neededdwercomethese overlysimplifying

assumptions
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Table2-2: Summaryof the analyticakolutiors for the stress state in bacldil stopes

Analytical solutions

q4

3D°

D-1°

W7

Cv8

Others$

Askew et al. (1978)

Knutsson (1981)

Aubertin et al(2003)

Li et al. (2005, 2006)

Caceres (2005)

Pirapakaran and Sivakugan (2007

Li and Aubertin (2008)

Li and Aubertin (2009c)

Li and Aubertin (2009d)

Ting et al.(2011)

Singh et al. (2011)

Ting et al. (2012)

Sivakugan and Widisinghe (2013

Rajeev et al. (2016)

Hong et al. (2016)

Jahanbakhshzadeh et al. (2017)

Jahanbakhshzadeh et al. (2018b
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2.1.2 Numerical simulations

Compared to analytical solutionsjmerical simulations ammore efficient to anabe the stress
statein backfilled stopess manyinfluencingfactors can beonsideredincludingstope geometry,

inhomogeneity of the backfidndfilling sequenceetc
2.1.2.1 Backfilled stopes with vertical walls

2.1.2.1.1 Modeling using TNJTEP and NONSAP

Barrett et al. (1978) performetdimericalmodelng using TNJTERa 2D finiteelement progam,
andlaterusing NONSAR a 3Dfinite-elementprogram to assess the stress state inkthekfill of
primary stopesArchingeffects occurred in all the numerical modéfsthe 2D numerical models

the backfill was firstlyconsideredas linearly elastiand secondly asastoplasticrespectively It

is found the vertical stressamalmost the same in the two conditions, while the horizontal stress
was oscillating when the nonlinearity of backfill is not conside@umpared to the 2D linearly
elastic modelsthe numerical simulations with th8D linearly elasticmodels showed smatle

vertical stress.

2.1.2.1.2 Modeling arching effects usirjHASE

Aubertin et al. (2003) conducted numerical simulations with PHAG®cScience 2002) to
evaluate the stress state in backfilled stopés.archingeffect was confirmed in the backfilled
stope.The numerical results were compared with the analytical solution based on the Marston
theory using the atest, activeand passive earth pressure coeffigerdgspectively A relatively

large difference was observdgioth hevertical and horizontadtresgesaround the mieheight of

the backfilled stope were mutingher than the overburden streafichwasdueto theconfining
effects caused by theward displacement of tredewallsin the numerical modeig.

2.1.2.1.3 Modeling arching effects using FLAC

Li et al. (2003) applied FLAC to estimathe stresssin delayedbackfilled stopesusing the same
geometry and material properties as Aubertin et al. (2003)e numerical simulationthe stope
was first excavatethstantaneously in one stepd then filled in one step aftassetting the wall
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displacement induced by excavation to z&¥ith this mining sequence, the wall closure will not

beconsidered

Figures 29a and 29b showboththevertical and horizontadtresgsare higher in the céer than
those near the wadit a given depthindicating the occurrence @irchingeffects.Figures 29¢c and
2-9d showthat the Marston theomyndeestimats the stresss in backfilled stope&i et al. (2003)
also presented thalhe horizontal stress wasiiform across the width while the vertical stress

distributed nonuniformly.
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Figure2-9: Stress contours in the backfill: (a) the vertical stress and (b) the horizontal stress;
comparisons of the analytical and numerical results: (c) the vertical stress and (d) the horizontal
stress (taken fra Li et al. 2003)

Pirapakaran and Sivakugan (2007a) investigated the influence of fdlpegson the stresses in
backfilled stopes usingLAC. Their results show thaumerical modelwith severafilling layers

would induce more realistic ressitompared to the numegianodels with one filling layeGood
agreemergwere obtained between the numerical results and the analytical results by considering
/=(2/3) 3andK = Ko.

2.1.2.1.4 Threedimensional models with FLAC3D

Pirapakaran and Sivakugan (200dmalyzed by 3D numerical modeling with FLAC3D their
laboratory tests performed withsguare stopenodel A good agreemenwasobserved between

the numerical and experimentakults

FLAC3D was further applied byirapakaran (2008p model a square stope 10 m wide, 10 m long
and 60 m higlwhile FLAC wasusedto modela narron2D stope 10 m wide and 60 m high and a



25

circular stope with 10 m in diameter and 60 m in height. As shoviigre 2-10, the vertical
stresgsof the circle stop@btained by numerical modelingith FLAC andthose ofthe square
stopeobtained by numerical modelimgth FLAC3D agree well, bunuch smaller thathe vertical
stresgsof the narron2D stopeobtained by numerical modeling with FLAThese results indicate

the importance of taking into account the 3D geometry of backfilled stopes when the third

dimension is not significaly largerthan thewo other dimensions.
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Figure2-10: Vertical stress along the central line of the backfill (taken fRirapakaran 2008)

Depth within the fill z (m)

2.1.2.1.5 Plain-strain and axisymmetric models with PLAXIS

Fahey et al. (2009) used PLAXIS 2Dnwdela plain-strain stope 20 m wide and 50 m high and
an axisymmetric stope 20 m in diameter and 50 m in h€eldiair numerical results shotlat the
stresgsunderplain-strain conditios are much larger thathose inaxisymmetric conditiog) as

shown inFigure2-11.
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Figure2-11: Vertical and horizontal stressfor a plainstrain (PS) stope and an axisymmetric
(AX) stope (taken fronfrahey et al. 2009)
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2.1.2.1.6 Drainage and consolidation

Fahey et al. (2009) also investigated the stress state in backfdfey considering the drainage
and consolidation during and after backfilling. According to whether thezedrainage and
consolidation during the fillingthree filling types, namelyundrained filling, drained fillingand
partially drained filling were consideredrigure2-12a shows thathetotal horizontal and vertical
stresses at the end of filling were almost equal to the overbwtdessin undrained filling
conditions Then the stresses decreased during the consolidation procedure duramtge and
arching effectln partially drained fillingconditiors, a larger value of hydraulic conductivity of the
backfill could cause aatrease in the vertical stress at the base (shokigume2-12b) and a more
significant decrease in the horizontal strd8ssides, lte final stress ate of the backfill(after

drainage and consolidationjas almostthe same regardless of the filling type
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Figure2-12: (a) Total stress at the end of filling (EOF), consolidation (EOC) arwiddnan
(EOD)in undrained filling procesand (b) at tk end of fillingin partially drained filling process
(taken from Fahey et al. 2009)

2.1.2.1.7 Pore water pressure

Li and Aubertin (2009c) performed numerical simulatiam FLAC to evaluate the influence of
hydrostatiovaterpressure on the effective and totaésses in backfilledtopes. Three conditions,
namelypartly submergedsubmerged and overly submerdpeatkfill, were taken into accournthe

numerical results showed theatransition of the stresses occurred at the phreatic surface in partly



27

submerged kkfill. In submerged and overly submerged backfill, the effective stresses were found

to correlate well with those predicted by the Marston solution using effective backfill properties.

2.1.2.1.8 Kink effects observed with FLAC

Sivakugan et al. (2014nalyzed by numerical modelinghe vertical stregsat the bottomasa
function offill thicknesgMethod 1 stressthickness profileand adifferent positios asafunction

of depth (Method 2stressdepth profilg along the vertical central line dfackfilled stopesAs
shown inFigure2-13, their numerical results shawat the stresdepth profile Method 3 islower
thanthe stresshickness profileNlethodl), exceptnear the top andasewhere thevertical stresses
obtained by the two methods are identitrathe stresslepth profile a sudden increagethe stress
occurred near the bottorithis phenomenon agcalled kink effect by Sivakugan et al. (2014)
which was due tehe not fully mobilized friction caused by the fixed boundary condition at the

bottomin the numerical modeling
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4 —o—B/L=0.75_method 1
B/L=0.75_method 2
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——B/L=0.5_method 2
—o—B/L=0.33_method 1
—+—B/L=0.33_method 2
—+—B/L=0_method 1
6 ~—=— B/L=0_method 2
——Overburden

Figure2-13: Vertical stress along the central line of the backfilled stope with different widths
(taken from Sivakugan et al. 2014)

2.1.2.1.9 Fill-wall interface elements

In numerical modeling of the stresses in backfilled stopes, the ustedaae elements between
backfill and rock walls was subjectivkeiu et al. (2017)investigated the influence of interface
elements on the stress stamebackfilled stopesusing numericaimodels with FLAC Ther

numericalresults indicated that the vedicand horizontal stressdecreased with the increase of

the interface friction angle. Both the vertical and horizontal stsx$screase as the interface
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cohesion increasdrom 0 to 25kPabut be@ame almostonstantwvhen the cohesion excesti?5
kPaard further increas# In addition, tle stress state wésundto bemore associated with the
interface properties other than fill propertiédghen the interface friction angleas equal to the fill

friction angle the use ointerface elementdid not chang significantlythe stress state backfilled
stopes

Liu et al. (2016) also investigat¢heinfluence ofnonplanar interfaces theform of saw teetton

the stress distribution in backfilled stopesshewn inFigure2-14a. Figure2-14b indicated that
the obtained stresses were lower than tobsained by numerical modeling witttanar( = 180Y

interfaces Besides,their numerical results also showed thatwiis unnecessary to consider
interface &ments if the nonplanar interfaces were rough enough.
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Figure2-14: (a) A model of the stope with nonplanar interfaces and (b) the stedsagshe
height of the stope with different values of se&th angle (= 180°s the condition with a

planar interface) (taken from Liu et al. 2016)
2.1.2.1.1(Effects of adjacent excavati@nd backfilling
Falaknaz et al. (2015a) conducted numerical simulations with FLAC to investigate the stress state

in two adjoining stopesequentiallyexcavated and backfilledhe obtainedstresgso-contours are

shown inFigure2-15. The numerical results indicatédat after the secorstopewas backfilled,



29

the horizontal stresa the backfillof the first stope was higher than that of a single stdpke the
vertical stress was almost the same. Besithes, results showed thdhe effects of stope width,
friction angle, cohesiorgnddilation angle on the stress state in the first backfilled Stifmved

the same trends thosén a single stoppresented by Li and Aubertin (2009A% the depth of the
stopes increasl, the horizontal stress in the first stope incrddmsdow the midheighof the stope
while the vertical stressnly increasedlightly near the bottom of the stope. It was also reported
that the stregsin the backfillof the second stopgeresimilar to those in the backfilof a single

stope.
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Figure2-15: Numerical simulationsf stresses in backfilled stopes dynsidering adjacent
stopes: (a) a modelith two stopes; numerical results of i horizontal and (c) vertical

stresgsat the end of thélling process of the second stope (taken from Falaknaz et al. 2015a)

Falaknaz et al. (2015b) also performed numerical simulabipesnsidering the effect aélating

the internal friction angle an@ RL V V R Qfrvugd bhevatdst earth pressure coefficient. Their
numerical results showed thatreasing pillar width between the two neighboring stdgeto a
decreas@n the stresssin the first stope during the excavation and backdlbf the second stope

The effectwas more significant forcohesivebackfill material. In addition, when the elastic
modulus of the rock mass diminighehe stresssin the first stope increadeespecially at larger

depth. The stress path along the vertical central line indicated that the fill material in the first stope
yielded at some stages due to the loading and unloading process duriegcdation and

backfilling operatiors of the second st@p
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By consideringthe rock mass aslastoplastic,Falaknaz et al. (2015c) further evaluated the
influence of the rock maggopertieson the stress distribution in two sequentisdated adjacent
stopes. Thie numerical results indicated that the stesss the first stope with an elastoplastic rock
mass werdlifferent from tltose with an elastic modéflowever the influences of the stope width
and depth, the pillar widftand the rock mass modulas the stresses the firststope showethe
sametrendsasthose inthe first stopavith elasticrock mass. An increase of the natural stress ratio

resulted in amncreaseof the stresssin the first stope after the filling of the second stope.

Newman et al. (2018) conducted numerical simulations W82 (RocScience 2018 to
investigate the stress distribution in the adjacent rock mass as wathadill material.The stopes
were filled in 5 layers. The numericalresults indicated thaboth the vertical andhorizontal
stresgsin the rock masafter excavation wilteturn tofar-field stressat a large distance from the
stope wall. The distanaeas dependent on thie-situ stress ratiolt was also seen thadrsle stress
occurrednear the walls. They also reported that theraase invertical stress near thieottom of
thebackfilledstopewasinduaed by the stress continuity the numerical modelingvhich caused

the stresso transfer from thesurroundingock mass to the fill material.

Newman and Agioutantis (20183edRS2to evaluate the stress distribution in the fill material and
surrounding rock mass ftine case ofwo adjacent stopes which wesequentiallyexcavated and
backfilled. After the excavation and backfill proocessf the second stope (Stope Bje vertical
stressalong the verticatentralline (VCL) of the first stope (Stope A)creased slightly while the
horizontal stress increassujnificantly, as shown irFigure2-16. For the second stope, the stress
distribution was similar tthat ina single backfilled stope. Besidesjonlinear compressive state
was found in the stress distribution in the rock pillahjcli was induced by thensile stress

developed near the pillar back and floor.



0.25
—Stope A Backfilled_Vert Stress

——Stope B Excavation_Vert Stress
< Stope B Backfilled_Vert Stress
— -Stope A Backfilled_Horiz Stress

0.10

Stress [MPa]

0.05

——Stope B Excavated_Hariz Stress
A Stope B Backfilled_Horiz Stress
0.15 ossacr®

—_—— e — —_

20 25 30 35 40 45

Distance [m]

31

Figure2-16: The stress distributions within the backfill of the first stope (Stope A) along the

VCL due to the excavation drbackfilling of the second stope (Stope B) (taken from Newman
and Agioutantis 2018)

2.1.2.1.1IModeling thebackfill usingDEM program

Hasan et al. (2017) usednumericakode calledYADE based orthe discrete element method

(DEM) to investigate the stress distribution in backfilled stopes and the influence of wall friction.

As shown inFigure2-17a, the vertical stress reachesl maximum at about a quarter of the total

backfill height, which corresponded well with the experimental results of Knutsson (1881)

Figure2-17b, the decrease in contact point ratiosignificant (about 6%at the wall compared

with that in the center for frictional wall®esides, their numerical results also showed tthat

change in the shear force directiwas more obvious for thigackfilledstgpeswith frictional walls.
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Figure2-17: (a) Comparisons of the normalized vertical stress between the numerical and the

experimental results; (b) contact point ratio across the width (taken from Hasan et al. 2017)
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2.1.2.1.1Modeling the backfilling procedure with ABAQUS

Xu et al. (2018) conducted numerical simulations using ABAQUS to verify their proposed
analytical solution. The ahing effect was observed according to the stresg stattours.
Moreover, it is indicated that a relatively good agreement was obsbeteegden the stresses

obtained in numerical simulations and those calculated with-B6. 2

2.1.2.1.1reep behavior of the rockass

Qi and Fourie (2019performed numerical simulations with FLAC by considering the creep
behavior of rock mass (CBRM) to study thlenormal increase of the stressebankfilled stopes

after completion of backfilling They usedthe Burgercreep visceplastic model (CVISC)o
simulate the creepehaviorof rock massandthe MohrCoulomb elastglastic model (MC)to
represent the mechanical behaviobatkfill. The variations of the backfill stiffness and cohesion
werealso taken into account based be ¢urvefitting expressionproposed by Helinski (2007).

As shown inFigure 2-18a, both the vertical and horizontal stresses were smaller than the
overburden stress and the vertical stress is higifagr the horizontal stress ladlf-day afterthe
filling process In thisstage, the stresses are mainly dependent on thevesgliit of backfill and
arching effectskFigure2-18b shows that,ta88 days after the backfillindyoth the stresssweremuch
higher than the overburden stressl the horizontal stress become larger than the vertical stress. It

can be attributed to theonfining effects caused bgck displacement.

Depth (m) Depth (m)
(a) (b)
Figure2-18: Horizontal and vertical stresses along the VCL with time: (a) half day, add (b)
days (taken fron®i and Fourie 2019)
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Ther proposed modeling framework wappliedin Baixiangshan Iron MineA good agreement

was obtained betweethe field measuremenand numerical resultsThe stresses increake
significantly with an increase in thckfill stiffness butvererelatively insensitive to the variation

of the backfill cohesiom gap at the top of the backfill caused a decrease in the stress in the upper
part of thestope butadaninsignificant influence otthe stresss neathe lowerpartof the stope

The backfill placement delay coutdsult inalarger horizontal displacement of the rock mass and
lower stress in thbackfilled stope.

2.1.2.2 Backfilled stopes with inclined walls

2.1.2.2.1 Modeling arching effects

Aubertin et al. (2003) alsonducted some numerical simulations using PHASEstopes witha
wall inclination angle of 45°The obtainedtress distributionvas differentfrom that in vertical
stopes. Theertical stressvasfoundto vary significantly acrosthe widthof the backilled stope.
The maximum vertical and horizontal stresalongthe depth occurred at the rdigight of the

backfill. The resultsweresimilar to thosein vertical stopeshey obtained

Li et al. (2003) carried out numerical simulations for inclined esopsing FLAC. The results
showedthatthe horizontal stresalong the central linevaspredicted welby the Marston (1930)

solutionwhile the vertical stressas underestimated by the Mars{1930) solution

2.1.2.2.2 Investigating the factors of influence usiAigAC

Caceres (2005) evaluated the stress state in inclined bedldtibpesvith FLAC. Figure2-19a

indicates the occurrence of arching effe@t inclinedbackfilled stopesit is also seen frorRigure

2-1% that the vertical stress decreases as the wall inclination angle decreases and the maximum
stress occurs near the footwall of the stdpeir numerical results also illustrated ttize vertical

stress would decrease as the backsiight increasg The vertical stress was found to increase
proportionallywith the increase in thigackfill density. A higher internal friction angle could cause

a decrease inertical stress.
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Figure2-19: (a) Stress contours for inclined backfill with= 70°and (b) the stress distribution

across the width witdifferent inclination angles (taken from Caceres 2005)

Li and Aubertin (2009e) performed many numerical simulations to investigate the influence of
stope geometrandfill properties on the stress state along the hanging wall, footarmdl the
central lire. As shown irFigure2-20, the horizontal stress seetn beinsensitive to th@ariation

of the wall inclination angle while the vertical stressalong the center line and hanging wall
decreaseas the wallnclination anglelecreasgfrom 90%o 60? Along the footwall, the change of

stress was irregular.
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Figure2-20: Stress variation for various inclination angles: (a) aktegentral line; (b) along

hanging wall and (c) along footwall (taken from Li et al. 2009b)
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Thenumerical resultsf Li and Aubertin (2009e3lso showed thdtoth the vertical and horizontal
stresses decreased as st@pewidth decreased. Besiddsth the vertical and horizontal stresses
remainedunchanged whethe backfil <R X QJ TV ORdBat@ged, Wubelowa value ofabout

300 MPa The stressebecame oscillatorasE increased t8 *3D :KHQ WKH 3RLVVRQTV
increased the horizontal strestended to increase slightly whereas the vertical stress reduced
significantly. As theinternal friction angle 3increased from 10°to 407 the horizontal stress
decreasdwhile the vertical stress becanmsensitive to the variation of the friction angkelang

as its valueexceeded 20°As the cohesiorc was small and increasethe stresses tended to
decrease. When the coheswasbelow 10kPa,boththevertical and horizontadtresgesincreased
linearly with the depthHowever the stresselsecame wavyhenthe cohesion wakigherthan 10

kPa and less than &Pa, indicaing a change of mechanical behavwdthe backfill from granular
materialto a bearrlike material Their results further showed that emxcrease of dilatation angle
resulted ina decrase inboth the vertical and horizontsiresgs The stresses became oscillatory

once thdilatationangle wasigher tharb?

2.1.2.2.3 Threedimensional models

Jahanbakhshzadeh et al. (2018b) applied FLAC3D to verify their proposed analytical sbltions
consideing related # 3RLV VR Q §nd 3(ibtshialRriction angle) through the akst earth
pressureoefficient The influences of stope width and length were evaludteely concluded that
the stress would decreaae thebackfill length or widthreduced. These resultserresponded well
with those reported bli and Aubertin (2009e).

Yan et al. (2019) conducted numerical simulations with FLAC3D to verify their proposed
analytical solutionsAs shown inFigure2-21a, thér numerical results were firsiompared with
experimental data dfake and Valsangkar (2001). The numerical simulations thergerformed

to validatethar analytical solutionfor stopes with different walinclination angles(shown in
Figures 221b and 221c).
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Figure2-21: Comparisons of numerical results with (a) experimental results of Take and
Valsangkar (200) andanalytical solutiorresuts with(b) =80°nd (c) = 70°(B =184 mm,
taken from Yan et al. 2019)

2.1.2.3 Summary

Table 2-3 showsa summary of the numericahodeling perfomed by different researcrseto
analyze the stress state in backétl stopes

Table2-3: Summay of the numerical simulations for the stress state in bae#fdtopes

2D/ | Vertical/

References Software 3D | Inclined Main work
TNJTEP/N | 2D/ . . ) !
Barrett et al. (1978) ONSAP | 3D Vertical | Evaluating the stress state in the backfill

Estimating the stress state in vertical and inclii

Aubertin etal. (2003) | PHASE | 2D Both stopes and comparing with Marston solution

Consideringthe mining sequence and comparil

Li et al. (2003) FLAC | 2D | Both | o ution

Investigating the factors influencing the vertic

Caceres (2005) FLAC 2D | Inclined
stress

Pirapakaran and

Sivakugan (2007b) FLAC 2D | Vertical | Comparing with their experimental data

Pirapakaran and . Backfilling in layers and comparison with tt
Sivakugan (2007a) FLAC 2D | Vertical analytical solution they proposed

Used to calibrate and verify their analytic

Li and Aubertin (2008) FLAC 2D | Vertical .
solution
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Considering pore water pressure and compa

Li and Aubertin (2009c FLAC 2D | Vertical | ~. . . :
with their analytical solution
Li and Aubertin (2009¢ FLAC oD | Inclined Inves'glgatlng factorghat influencing the stres:
state ininclined backfilled stopes
Investigating some aspects of mechanics
PLAXIS : arching in backfilled stopes, foexample, the
Fahey etal. (2009) 2D 2D | Vertical difference between plaistrain and axisymmetri
conditions and the effect of consolidation
, Investigating the effect of adjacent excavation i
Falaknaz etal. (2015a)  FLAC 2D | Vertical backfilling on the stress in the backfill
Investigating the effect of adjacent excavation i
, backfilling considering a dependent relations|
Falaknaz et al. (2015b FLAC 2D | Vertical EHWZHHQ WKH LOWHUQDO |
ratio
Falaknaz et al. (2015¢ FLAC oD | Vertical Invesfugatlng th(_e eff_ect of adjacent_ excavation i
backfilling considering elastoplastic rock mass
Liu et al. (2016a) FLAC3D | 3D | Vertical Investigating the effect_ of nonplanar interfa
elementon stress state in backfilled stopes
Liu et al. (2017) FLAC3D | 3D | Vertical Investigating the effeqt of planar interfa
elementon stress state in backfilled stopes
Jahanba(llggii%adeh et FLAC 2D | Inclined | Verifying their analyticakolution
Jahanbakhshzadeh et : Verifying their analytical solution for the stre:
(2018b) FLAC3D | 3D Both state in 3D inclined stopes
Hasan et al. (2017) YADE oD | Vertical Using DEM to model the arching effect in tl
backfill
Jaouhar et al. (2018) FLAC 2D | Vertical | Verifying their analytical solution
: Investigating the effect of adjacent excavation i
Newman and RocScience , . , :
Agioutantis (2018) 2D (RS2) 2D | Vertical B?”(;I:fllllng on the stress in the backfill and ro
RocScience Investigating the effect of adjacent excavation
Newman et al. (2018) 2D (RS2) 2D | Vertical | backfilling on the stress in the backfill and ro
pillar
Xu et al. (2019) ABAQUS | 2D | Vertical | Verifying their analytical solution
Qi and Fourie (2019) FLAC 2D | Vertical | Considering the creep behavior of rock mass
Yan et al. (2019) FLAC3D | 3D | Inclined | Verifying their analytical solutions
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It is worth noting that most previous numerical simulations were conducted mainly toseemiéy
analytical solutions or compatkemwith experimentatesults Only a few studiesvere devoted

to purelynumerical simulatios Although many factors have ady been considered in numerical
simulations, some other factors, such as the more complicated geometries and more realistic

conditions, should also be considered in the future.

2.1.3 Relevant experimental tests

Experiments are usually believed to be the magpropriateway in research. However,
experiments especially field measuremernits mining engineering cabe complicateddue to a
number of uncertainties that can be involvAd existing experiment®r investigating the stress
state in backfilled stopeare quite rare similar tests includingoackfiled silos, backfill behind
retaining wallsbackfill ontrap doorsandbackfilledtrencheswill alsobepresentedThe reliability

of theexperimentsill be discussed.
2.1.3.1 Backfilled stopes

2.1.3.1.1 In-situ experiments

Belem et al. (2004) carried out field experiments in two inclined stad@syon Gold Minewith

the measurments ofthe vertical and horizontal stises in the center and horizontal stress at the
footwall and the barricad@sshown inFigure2-22a (see alsdHarvey 2004) The stope was filled

in three layers and the measurement lasted for 320 days after the end of bacKifidliegolution

of stress with the elapsed tiraad filling haghtswere assessed. The maximum stedshe base

of the stope occurred at about thé& By (shown irFigure2-22b) duringthefilling of the second
layer. The stresseas a function othe filling heights (stresthickness profile) wrealso shown to
below the overburden stressiggesting the occurrence of arching effects

It is worth noting that when placing the pressure cell,déngation from the ideal position was
illustrated but neglected in tinanterpretation. The mentioned mining activities in the vicinity of

the stope may also influence the measurement.
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Figure2-22: (a) Positions of measuring systems in tlope and (b) the stresses in the three

directions at the base of the stope (taken from Belem et al. 2004)

Thompson et al. (2012) measured the vertical and horizontal stresses in two stopes (685 stope and
715 stope) at the Cayeli MinEigure2-23a shows the measuring cages in stope 715. Both the total
earth pressure (TEP) and the pore pressure (Pore P) were measured for 140 days. The degree of
cement hydrdon was illustrated by recording the temperature in the fill material, which
contributed a large part to the generation of effective stress. Comparisons of the stresses measured
in the two stopes suggested that a high deposition rate anddowlerconent would result in a

higher pressuren thebarricade
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Figure2-23: Measurements in the 715 stope: (a) measuring points atah{Bdermtotal earth
pressures (TEP), pore pressures (Pore P) and temperature (Temp) for Cageg@kaendrdm
Thompson et al. 2012)
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Wang et al. (2019) measured the vertical stress in aibbedidtope 70.91 m high with two stress
boxes (shown ifrigure2-24a). The influence of the excavation of adjacent stopes was investigated
and the measad stresses were plotted with time. As showrrigures 224b and 224c, AB
represents the backfill process of the monitoring stope; BC is the curing process of the cemented
backfill;, CD and DEarethe excavation and backfillg of the secondary stope mahe back wall

of the primary stope, respectively; E€presentshe condition when the cemented backfill was
exposed in the front wall and pressed by the back wall and FG is the lnagkdtibcess of the

stope excavated in the stage EF. It is fotlnradthe maximum stress occurs at point F.

~7 70.91n

2.50 =+ Analytical solution (Wang et al. 2019) 120 =+~ Analytical solition (Wang et al. 2019)

2.00

2# stress box
Il

35m

Vertical stress (Mpa)
Vertical stress (Mpa)

0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400

Time (Day) I':ne (Day)
(@) (b) (c)

I# stress box

Figure2-24. Field experiments: (a) The position of the stress boxes; (b) vertical stress of 1# stress

box; (c) vertical stress of 2# stress box (adapted nang et al. 2019)

2.1.3.1.2 Laboratory models

Pirapakaran and Sivakugan (2007b) designed a laboratory apparatustoentiea vertical stress

at the bottom ofhe square and circular columns filled with sand. By filling the columiayers,

the vertical stress at the stope bottom with different filling heights was plotted aadcthieg

effect was clearly observed. Bess, the measured stress was also successfully reproduced by
numerical simulations conduced with FLAC and FLAC3D.

Ting et al. (2012) improved the apparatus of Pirapakaran and Sivakugan (2007b) to apply it to
measure the vertical stress at the bottdran inclined stope (shown iRigure2-25a). Four strain
gauges were placed on tbetsidesurface of bottsidevalls to analyze the shear streswd it was

reported thashearstress at the footwall was higher than that at the hanging wall. Besides, it was
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also indicated that a rougher wall surfédee tolower vertical stress. As shown Figure 2-25b,

the vertical stress increased to its maximum at an inclination angle of 807 Numerical simulations
were also conducted with FLAC to model the experimental tests. It was seen that thealumeric
results agreed well with the measured stress in the column with rough and mnedghmess

surface but underestimated the stress measuréhe column witha smooth interfaceHowever,

it is unreasonable to place the strain gauges on the outsideesoffdae column. When the stope
inclination angle changes, the gauges will no longer stay at the same height. Besides, there may be
sand attached to the footwall especially for the case with a rough interface when filling the column,

which may influencehte measured stress.

Av erage vertical stress at the base of stope,

=3 i 70 75 80 85 90
uuuuuuu Slope angle (degrees)

(@) (b)

Figure2-25: Laboratory tests measuring the vertical stress innedlstopes: (a) a side view of

the experimental apparatus and (b) the average vertical stress at the base with different inclination

angles (taken from Ting et al. 2012)

Sivakugan and Widisinghe (2013) used the apparatus of Pirapakaran and Sivakugap (2007b
conducted additional experiments in circular and square stopes, and found the vertical stress
increase linearly even darger depth. Theseexperimental results contradicted with those of
Pirapakaran and Sivakugan (2007b). The possible reason may due to clearance between the stope
and the balance. If the clearance is too small, the column is likely to contact with the bottom tray,

and some lads carried by the wall witransformto the bottom.
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2.1.3.2 Silos

2.1.3.2.1 Experiments in square silos

Janssen (1895) conducted experiments in four square silos with different side lengths and measured
the vertical load on the bottom using corn, whaatlrye as the filling materiall he results showed

the occurrence archingeffects in backfilledilos and the experimental results corresponded well

with his proposed analytical solution. The experimental apparatus is simple, fl@xibleffective,

which has been extended for many experiments (Pirapakad8ivakugan 2007b; Ting et al.

2012; Han et al. 2018).

Jarrett et al. (1995) used pressure cells to measure the vertical and horizontdisteesguare

silo with a side length of 2 m and a heigh8 m. The largescale laboratory tests showed that the
horizontal stress at the corner of the wall was higher than that in the center of the wall and the
difference enlarged with the increasingifif height, which ould be explained by the variable
deformation of the flexible walls. The vertical pressure showed a pronounced arching effect. The
experimental results were compared Wb QVVHQYYVY DQDO\WLFDO VROXWLRQ
center of the wall was observed to be close to Janssen's thauogyansactive earth pressure
coefficient. In their experiments, the pressure cells were placed 10 mm from the wall, but the way
to fix the cells was not illustrated in detail. How to make shiatthe pressure celldo not move

or rotate throughout the prriments is m aspecto be considered.

2.1.3.2.2 Experiments in circular silos

Deutsch and Schmidt (1969) performed experiments to investigate the overpressures on the silo
walls and found the lateral pressure on the walls during discharge could reach fotineistasic

pressure within the pipe feed zone. The stress obtained from previous codes of practice were
compared with the measunegbults showing an underestimation of the pressure. Besides, the static
SUHVVXUH PHDVXUHG LQ WKebryir&iRted @eaB thE Btisd GherDuQng\akl Q 1V

active pressure coefficient.

Blight (1986) carried out a series of experiments indulle silos to measure the horizontal stress
during thecontinuouslyfilling and emptying process (shownhigure2-26). The results indicated
-DQVVHQTYV WKHRU\ ILWWHG WKH PHDVXUHPHQWY UHDVRQDEC
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It is also seen that a lot of data falling outside the curve andréinburden stress using anrast

earth pressure coefficient was suggested to provide an upper envelope for the horizontal stress in
the filling process. In addition, the horizontal stress increased moderately at the start of the
emptying process, but alnsd all the measurements fell inside the envelope defined by the
overburden stress. In addition, horizontal stress was observed nonuniform in some cases and no

significant switch pressure was found when the emptying process began.

©h = MEASURED HORIZONITAL PRESSURE:kPa
1] 50 100 150 200

2
=]

g

g

¥ = CALCULATED OVERBURDEN:Pa

g

Figure2-26: The horizontal pressure in a coal silo with 20 m in diameter and 54 m high (take
from Blight 1986)

Ramirez et al. (2010a, 2010b) performed lasgale laboratory experiments to measure the
horizontal stress on the cytirical silo walls during the filling and discharging process. The stress
during the filling procedure was shown to betd®B0% higher tharthat based on th&anssen
(1895)solution at the bottom part of the silbwasdue to the 5 mm recess from theen surface

of the silo wall where the pressure cells were mounted. During the discharging process, the

horizontalstress was much higher thidoat duringthe filling stress.

Li et al. (2014) conduedlaboratory tests to measure both the horizontal anticel stress in the

silo during backfill by wild pouringshown inFigure2-27a). The pressure sensors were calibrated

before and after the installatiohe variation of the fill densityin different heights was
investigated using experimental tegts expressiorwas poposed byheapplication of theurve

fitting technique on test resultSigure2-27 shows thathe vertical stres@neasured by Sensor 1)
wasbetter iHVFULEHG E\ WKH DUFKLQJ DQDO\\VadtireRBth\pRBXHAW LR Q Z
coefficientat large depth. The horizontal stress perpendicular to the pouring(piaasured by

Sensor 3)was better described byhe analytical solution using D N \dk-kést earth pressure
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coefficient whilethe oneparallel to the pouring plan@gneasured by Sensor @)as even higher

than the overburden pressultewas becausef thelack of free face in the horizontal directions
limiting the full release of excess strasduced by the transient impaktowever, the accuracy of

the pressure measurements may not be very high due to the very large stiffness and thickness of
the used cells. Besides, the measured vertical stress and horst@ssesverenot in the same

heights, the calculation of the lateral earth pressure coeffitighit not beaccurate.

Pouring
direction
f 25 1+ —==RBased on overburden 10 | =—Based on overburden solution
Y - — Arching solution = —— Arching solution
l— 69 cm —» QZO - O Experiment % = 8 1 A Parallel
< [ a % | < .Prependicular
r L
Sensor 1 213 K, 26
190 cm @ E 2
¥ T £ C =
25 cm h 2107 = 41
=  Tlm & g
Rl g s 221
28 cm Q - [
L et =
xS 077,' lllllll 1y 0 T Pt
grid 0 0.4 0.8 1.2 1.6 0 0.4 0.8 1.2 1.6
Sensor2 | |Sensor3 hy (m) hy (m)
(@) (b) (c)

Figure2-27: (a) Locations of pressure sensors inlihekfilled silg vertical () and horizontalc)

stresses measured and calculated with the analytical solutions (adapted from Li et al. 2014)

Han et al. (2018) designed a laboratory model to investigate the distribution of stress in the silo and
YHULI\ -DQVVHQTV Pdgu@es8a 3hd RZBR). BEa@h pessure cellsvere used to
measure the horizontal streststhe wall Forcesensors we appliedto measurehefriction force

(force sensors Blong the wallndthevertical load (force sensors &) the bottomThe measured
vertical and horizontatresses were observedi® slightly underestimated Iblyosecalculatedby
applyingJansdH Qdfdhingtheory. InFigure2-28b, the ratio of themeasuredhear force to the
horizontal force along the height was always smaller thar, indicating a not fully mobilized

shear at the fitlvall interface The lateral pressure coefficient calculated by the laboratory data was
also shown to be smaller than tbeD Q N laQitefedrth pressure coefficient.
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Figure2-28. (a) aschematic diagram and (bphoto of the laboratory model ang) the variation
of with the ratioz/D (zis the depth anb is the silo diameterjadapted from Han et al. 2018)

2.1.3.3 Retaining walls

Frydman and Keissar (1987) conducted centrifuge tests to measure lateral earth pressure on
retaining walls In thar model, the aluminum retaingnwall could be rotated @undits base by a

disk to simulate an active stafiehe rockface modeled by wood was coated with a layer of sand on

its surface to ensure the same friction langith the fill material. For an atest state, the
experimendl resuts were in a fair agreement with the theoretmaddictions When the backfill

was in the transition process from arredt to an activetate the modified coefficient tended to
DSSURDFK 5DQNLQHYY DFWLYH SUHVVXUH FRHIILFLHQW RI WK

Take and Valsagkar (2001) developed a centrifuge model to measure the lateral earth pressures

on retaining walls. Soil and fluid were used foe calibrationof pressure cellsThe relationship
betweerpressure cell output aride pressuravas linear for fluid calibrdon but nonlinear for soil

calibration. But it was not specified which omes used in the later calculation. Then the
experiments were conducted using dense soil and loose soil with different wall rougtneéss.
experimentalUHV XOWYVY GHPRQVWUDWHG \Wwokl® hMapdied WouWesQrifHeythe U FKL Q-
reduction ofateral HDUWK SUHVVXUH ,Q DGGLWLRQ WKH UHVXOWYV \

average interface friction angle of the two side wallsld better repesent the stress distribution.
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Yang and Tang (2017) measured the horizontal stress on the retaining walls at different heights
using pressure cellshown inFigure 2-29%). Three moving modes of the retaining wall were
considered, namely translation mode (fOtation around top mode (RTandrotation around

bottom mode (RB)The continuous and nonline&ailure surfacevas found related to the moving

modes of retaining walls and backfill widthigure 2-2% shows that the failure surfaces are all

within the Coulomb failure surface with a sliding angle of¥432. The meaured horizontal

stresesfor all wall movement modeservesmaller than tbsecalculatedby & RXORPEfV VRO XWL
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I + 4 + d ik d
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Figure2-29: Experimentamodel and results: (a) a schematic model and (bfpthee surface of

the backfill with translation modgaken from Yang and Tang, 2017)

2.1.3.4 Trap doors

Terzaghi (1936) conducted a few trdpor experiments using dry sands and found that the lateral
earth pressure coefficient was betw&gmandKa. Besides, the pressure in saturated sand measured
at the bottom of a permeable trap door correspdnell with the theoretical analysis. It was also
stated that the change of the mass state due to vibrations maynhasggaificantinfluence on

the mobilization of the friction forces.

Ladanyi and Hoyaux (1969 easured the vertical stress actingaorerticallymovingtrapdoorto
check the validity othearching theoryAluminum rods were usdd simulate aranulamaterial
under a condition closer 8D plane strainAn experimental apparatus was developed to measure
the pressure on the trap door during uphend downward movement. The results indicated that

the analytical solutiomf Janssen (1895) witthe earth pressure coefficiet = cog 3(1+sir? 3
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predicted well the measured strebsring a downward movement of the structwhile the
measured stress during an upward movement of the strweaisrén good agreement withat
calculated by their proposed solution usihgearth pressure coefficiekt= co 3

2.1.3.5 Trenches

Hong et al. (R16) developedraapparatus with an adjustable width to measure the vertical stress
at the bottom ofa trench. 12 groups of tests with 6 different widths and two densities were
conducted The results were compared with the Marston solution using difféaésral earth
pressure coefficients and interface friction leagAs shown irFigure 2-30a, a good agreement
was observed wheh= 2/33andK = Ka. The average product &f and tan/ of the experimental
results was 0.125 (shown kigure2-30b).
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Figure2-30: (a) Comparison between Marston solution and experimental results with loose sand
and (b) variations ok tan /with the relative hight (adapted from Hong et al. 2016)

2.1.3.6 Summary

Existing experiments to model backfilled stopessmiigelimited, and more experiments are needed
to validae analytical and numerical solutionsspecially with the simultaneous measurements of
the horizontal and vertical stressstress distribution along the depihwell aghe stresssunder

saturatedr unsaturated conditions.
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Experimental results can help to better understand the stress state in backfilled stopes, but
disadvantages arswally combined with advantagéseld measurements can reflect the complex
geometryof backfilled stopes and real experimental conditions. However, it may be rather difficult

to interpreter the experimental resudescauseeven nearby activities can inflnce the measured
stress. Besides, the high cost and long term-sitinexperimental may be another challenge. While

in laboratory tests, many conditions can be controlled, including the material propadas
geometriesand testing methods. It id¢sa easier to conduct a series of tests in a relatively short
period. Whereas, laboratory moslelay be less representatioethe real conditiondn both the
laboratory and field experiment$etintroduction ofmeasuring systesmay alsacaffectthe stras

state In addition the disturbance ahanual operatioshould be minimized

2.2 Lateral earth pressure coefficient

The lateral earth pressure coeffici#{= L+ v} is an important parameter in geotechnical and

mining engineering. Throughout the yeamsany theories have been developed, among which
-DNefWVHVW HDUWK SUHVVXUH FRHIILFLHQW 5 Da@dpasQveV DFW
earth pressure coefficiemtre usually used.The parameter is used in almost all the previous
analytical solutions to calculate the vertical and horizontal stresses in backfilled siopeser,

which value should be used has been a debate for many years. It is important to have a good
understandingnd use of its valu® obtain a goo@stimationof the stresstatein the backfiled

stopes
2.2.1 Theory

2.2.1.1 Theoretical formulas of the earth pressure coefficient

In this section, only the equations for the lateral earth pressure coefficient will be presented.
Detailed equations for the stress state using the coefficient can be found in 3dciion

2.2.1.1.1 At-rest earth pressure coefficienp K

If aloose granalrsoil in a seminfinite space is underormalconsolidatiorwithout anyhorizontal
strain,the soilis usualy regardedasin an atrest stat@and the atest earth pressure coefficient is
commonly expressed byD N\ { V-exhpirtal equatiomas follows(Jaky 198):
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-, LSFOR) ‘tagw
In addition, for shomogeneoussotropic and linear elastic material, a theoretical formula using

+RRNHTV ODZ FDQ DOVR Edirext¥ariGprassurésadaiciedtP LQH W KH
a
sF a

-4 L tagx

22112 5SDQNLQHTYVY HDUWK SUHVVXUH FRHIILFLHQW

In geotechnicaéngineeringthe value of the earth pressure coefficiéns usuallyrelated to the
movement of the retaining wall. all of infinite stiffness and negligible thickness is placed in an

initially atrestsoil in a seminfinite space. Then the sait one side of the wall is excavated

without disturbing the soit the other sidelf the wall moves awagnoughfrom the remaining

soil, the soilcan yield and reaches active statsThe 5SDQNLQHYTYV DFWLYH KUBHVVXUH
calculated byhe following equation (Rankine 1856)

SFecqh

Tﬁ
- —6 - s .
oL P=FVWF—GL_—— ‘tay,

If the wall movessufficiently towards the soil, the satlan yield ad reaches passivestate The

S5DQNLQHYTV SDVVLYH K I3 ehtaMedythE RIkbwingregla@i(Rankine 1856)

(s SEecedl

-aLP=IFWVWE—GL———. ; -
3 JFv w tG SE.cqn tgz

2.2.1.1.3 Krynine (1945) Kk

Due to stress rotatiom the soil, thehorizontal andvertical stresss areno longer theprincipal
stresgs. The principal stress ratidKps is different from the earth pressure coefficient. Krynine
(1945) proposedn equationas followsfor K DW URXJK ZDOOV XVLQJ WKH ORKU({V

i
——— ‘ta

2.2.1.1.4 Handy (1985) K

Handy (1985)proposedhe following equation considering the stress rotation:



50

L OAE-5ecb )
*«PAE-4...%a

- A teer;

where isthe angle between the minor principal stress\artical direction.

For ideal smooth walls, the equation can be simplifidéhtevith = 90°. For rough verticalalls,
the equation can be simplified kx with =45% 32.

2.2.1.1.5 K obtained bycurve fitting

Caceres (2005) obtained the following egstkssure coefficienKc used in inclined stopes by
curve fitting with numerical results conducted with FLAC (showFRigure2-31):
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Figure2-31: The earth pressure coefficient obtained from FLAC and €fittueg derived for the
rock friction angle rangéaken from Caceres 2005)
2.2.1.1.6 Empirical coefficient

Jahanbakhshzadeh et al. (2017) also proposed a lateral earth pressure caefigieanhsideing

the nonuniform distribution of stress in inclined stopes:
- L-pHBHR ‘teet;

. - D A B.1” .
BL:SE..'WFl——f%..%0p ‘taeu
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2.2.1.1.7 K obtained from theoretical analyses

Ting et al. (2012) applied tHeasic concept of soil mechanics to calculate the normal stness

plane, and deduced the lateral earth pressure coeffiCientinclined stopes:

SE-4 SF-4 . . ..
S L= E—— L 'eUE -+t U- 1 ‘taw

Sobhi et al. (2017) modified the formula of Ting et al. (2012) and proposed an equation for the

earth pressure coefficieKi along thecentral lineof inclined stopes as follows:

SE-g _sF-¢ .
-1 L tOE to...‘t-U taex

Jaouhar et al. (2018) assumed a uniform mpmorcipal stress k alongthe arc layer element and
deduced lateral earth pressure coefficidfy in vertical stopes:

T 6
-oF :sF -5, (%f$aA
L 6

2.2.1.1.8 K obtained frontriaxial strength criteria

- tay,

Sun et al. (2018) derived the earth pressure coeffibignbnsidering the intermediate stress effect
using four triaxialfailure criteria. Using the DruckePrager (DP) criterionled to the following

expression fothe earthpressure coefficierpp:

u¥u F kx E 3w10e < o

=1 E L p p tae Z
*E7 UYL E kx E Y000 < i
Using the Matsuok&lakai (M-N) criterion, the earth pressure coeffici&mn became:
Z . v o —— : :
-/EQL—u—folEsF—u—fr¥v—f6-|Eu teed;

Using the Ladébuncan (L:D) criterion led to the following expression fdhe earth pressure

coefficientK,p:
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Using the unified strength theory (UST), the earth pressure coeffiGientan begivenas follows:

_— T E>:sFece;
St ESEt Eu>ecd

't ags;

The four analytical formulas were applied to calculate the wall pressarsilos which were
compared with previous measurements of wall stress in deep and squasgbswn inFigure
2-32, applyingthe UST methodvith b = O yielded the maximum pressure and overestimated the
stress due to the total neglection of the intermediate stress éfptyingthe D-P method yielded

the minimum pressure and undemastted the stress because of the overestimation of the
intermediate stress effedhe bestagreemenwasobtainedbetween the measured pressuaed

thosecalculatedby applyingthe L-D method.

Wall pressure, P, (kPa)
Wall pressure, P, (kPa)

0.0 ¢&& L L L : - g L L L L L )
0.0 0.2 0.4 0.6 0.8 1.0 1.2 0 o) 4 6 8 10 12 14

Depth from material top to calculation section, s (m) Depth from material top to calculation section, s (m)
= UeTib=0) s LD —o- UST (b=0) % L-D
—o— UST (b=1/2) —— D-P o UST(b=1/2) —- D-P
- M-N O  Test(Zhang et al. 2017) =A- M:EN O Test(Yuan 2004)
g RS h 1) | ~o- UST(b=1)

(@) (b)

Figure2-32. Comparisondetween measured wall pressures and calculated pressures by applying

aralytical formulas for (a) deep silos and (b) squat sif@keffrom Sun et al. 2018)

2.2.1.2 Kused in analytical solutions

Table 2-4 shows a summary dhe latral earth pressure coefficient used in previous analytical
solutions. It is seen that there is not a consensus about which value should be used to determine the

stress state in backitl stopes
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Table2-4: K used in analytical solutions

Analytical solutions K used Notes
Janssen (1895) J Obtained from experiments
Marston (1930) Ka --
Aubertin et al. (2003) Ko, Ka, Kp Used for comparisons
Li et al. (2005,2006) Ko, Ka, Kp Used for comparisons
Caceres (2005) Kc The fit curve from numerical results
Pirapakaran and Sivakugan (200 Ko 1=2/33
Li and Aubertin (2008) Ka --
Li and Aubertin (2009c) Ka =3
Ting et al. (2011) Kr Obtained from theoretical analyses
Singh et al. (2011) Ka [=2/33
Sivakugan and Widisinghe (2013 Ko =3
Rajeev et al. (2016) Ko, Ka Dependent on the wall roughness
Hong et al. (2016) Ko, Ka, Kk K=K, / 2/33 .Ko, Kk, / 1/23
Jahanbakhshzadeh et al. (2017 K The fit curve from numerical results
Jahanbakhshzadeh et al. (2018} K The fit curve from numerical results
Jaouhar et al. (2018) Kwm Obtained from theoretical analyses
Xu et al. (2018) Ku -
Sun et al. (2018) Kop, Kun, Kip, Kust Obtained frontriaxial strength criteria

2.2.2 Numerical simulations

Li et al. (2003) conducted numerical simulations with FLAC to investigate the arching effect in
backfilled stopesThey found thathe lateral earth pressure coefficient across the width was closer

to anactive state.

Fahey et al. (2009) investigated the influence of dilation angle and hydraulic conductivity on the
variation of the earth pressure coefficientvéis found that the earth pressure coefficient along the
VCL in a fully drained stop#as betwea the value oK szandK zwhen the dilation angleas O.
Besidesit tendedto be closer té&a with a negative dilation angle while closettpwith a positive

dilation angle (shown irFigure 2-33a). As shown inFigure 2-33b, the lateral earth pressure
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coefficients in partially drainedtopes fluctuatéalong the height buwvere similar for different

hydraulic conductivities.

50 — 50 T3
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2 L @ 30+
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| . *1 4 / : Ko =1-sing’
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Stress ratio (G/07) Effective stress ratio (o}, /0,)

(a) (b)
Figure2-33: The earth pressure coefficient for (a) different dilation angles in dry stopes and (b)

different hydraulic conductivities in partially drained stopes (taken from Fahey et al. 2009)

Sobhi et al. (2017)anducted a series of nhumerical simulations with SIGMA/W (GH®PE

2010) to investigate the lateral earth pressure coefficient along the central line (CL) of backfilled
stopes. It was indicated that the lateral earth pressure coefficient in verticalvsaspesse tda

HIFHSW QHDU WKH WRS RI WKH VWRSH |RU atdiridtidrUadgleey VWR St
(shown inFigure2-34a). However, innclined stopes{a can be used only for stopes with a large
inclination angle. Therefore, a new earth pressure coeffikigitq. 286)wasproposedin Figure

2-34b, Kswas shown to express well the earth pressure coefficient with various inclination angles.

08 T $=210° 820° 430° ©40° 0.7 a= ¢90° @880° 470° ©60° =50°
0.7 JUSSSNNN
Ka(10°) 0.6
0.6
x
x
= 05 e £ 05
2 K, (20°) 2
5:‘:;) 0.4 i' E
2 b = g 0.4
S03 W K, (30°) S
T K, (40°) 0.3
01 +
0 . % 3 ; 0.2 + | } } }
0 10 20 30 40 0 10 20 30 40
h(m) h (m)
(a) (b)

Figure2-34: The lateral earth pressure coefficient along the CL of backfilled stopes with different
(a) friction angles and (b) inclination angles (taken from Sobhi 804al7)
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Yang et al. (2017b) performed numerical simulations mainly to evaluate the lateral earth pressure
coefficient andorincipal stress ratid{ys near the rock walls considering the dependencdanfd

#The influence of thetopeZLGWK <RXQJYV PRGXOXV LQWHUQ&O® IULFWL
interface elements were assessed. The numerical results indicated pinaicipalstress ratio was

close toKa, while the lateral earth pressure coefficient was clo$® for dependent 3and #and

was uncertairfior independent values Bdand #

Later, Yang et al. (2018) theoretically analyzed the earth pressure coefficient along the VCL of the

cohesionless backfilled stopes according to the Mixdulomb criterion (shown JRigure2-35q).

It was concluded that when” (1-sin 3/2, K = Ka, and when > (1-sin 3/2, K= Ko. Numerical

simulations were conducted with FLAC to verify the theoretical analyses and a good agreement

was obtained (shown [iRigure2-35p).

() (b)
Figure2-35: (a) Thestate of the backfill for different relationships betweeand 3and (b) the
earth pressure coefficient along the VCL as a function(tdken from Yang et al. 2018)
2.2.3 Experiments

Previous experiments conducted to measure the stress in stopes or siotlares gave some

evidence of the lateral earth pressure coefficient. The details of those experiments can be found in

Section2.1.3and some conakions about the earth pressure coefficient are shown as follows.
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As shown ifFigure2-36q, Jarrett et al. (1995) found the pressure at the centex whihwas close
WR -DQVVHQYY WKHRU\ XVLQJ DQ DFWLYH HDUWK SUHVVXUH
coefficient was near an-atst condition for the stress perpendicular to the pouring direction while

the stress parallel to the pouridgection was between an-@st and a passive state (shown in

Figure2-36p). InFigure2-36¢, Han et al. (2018) showed the lateral pressure coefficient in ¢the sil

was smaller than the active earth pressure coefficient.

(a) (b) (c)

Figure2-36. K measuredn laboratory tests: (a) pressures near the central and corner of the wall
(takenfrom Jarrett et al. 1995); () at different fill heightsh (taken from Li et al. 2014); (¢} at
different depthz (D is the silo diametetakenfrom Han etal. 2018).

Thompson et al. (2012) found in the field measurementsthieagarth pressure coefficient was

variable with depth and time.

Figure2-37: K calculated from field measurement at different positions in the 715 stope (adapted

from Thompson et al. 2012)
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2.3 The stability of side-exposed backfill

In openstoping miningthe ore body is usuallynined outin the form of primary and secondary
stopes.Primary stope arefirst excavated and then backfilled with a cemented backfill. After a
certain timeof curingwhen the backfill gains enough strength and is able to support itself under
gravity, theneighboringsecondary stope is excavated. If the backfilthe primary stopés not

well designedit canfail during orafter the excavation dhe adjacensecondarystope,resulting

in severalproblems such aslamage of equipment, ore dilution loss and even threatening the
safety of the miners.

Numerows investigations have been conducted to determine the minimum required cohesion of
sideexposed backfill. For example, many analytical solutions have been proposed as a preliminary
tool, among which Mitchell et al. (1982) solution is the most used oneaictige. Besides,
experimental tests and numerical simulations halsebeen applied to assess the sdposed

stability of the mine backfill.
2.3.1 Analytical solutions

2.3.1.1 Traditional solution

Traditionally, the backfill is designed by rmsidering thevertical stress based on the overburden
solution(Askew et al. 1978; Mitchell et al. 1982)he unconfined uniaxial compressive strength
(UCS) of backfill should be higher than tlertical overburden stress §, which leads to a
nonuniform backfill alonghe depthAnother wayis to use a uniform backfiith theUCS « 42,
which is determined by the limit equilibrium analysesadD wedge model for cohesionless
backfill. The solutiongesult in veryconservativalesignbecause the shestrengthsalong the fill-

rock interfaces are ignored.

2.3.1.2 Mitchell et al. (1982) solution

Mitchell et al. (1982) analyzed the stability of siebgposed backfill based on a wedge model shown

in|Figure2-38| Thefactor of safetyES) is calculated by considering the equilibrium of the wedge

as follows:
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where . (= 45° 3/2) is the sliding angle between the assumed sliding plane and the horizontal;
is the cohesion along the interface between the backfill and the sidewal¥ &n#i - (Btan .)/2,

m) is the equivalent height of the wedge block.

Figure2-38. The wedge modaif Mitchell et al.(1982)solution (taken from Mitchell et al. 1982)

By assumings,=c,H ( B, andFS= 1, theminimumrequired cohesion of the backfillealculated
by:
0 *
W——— ‘tetu;
t@ E-fWA
By further assuming3= O for the backfill, theninimumrequired unconfined uniaxial compressive
strength (UCSpecomes:
U U=
7%% t?L S L— ‘tefv;
GELA @ EsA

The Mitchell et al. (1982) solutionontains several assumptigoasdiscussed by Li and Aubertin
(2012). For example, the sliding surface is assumed as an inclined plane, which should be a curved
surface according to their experimaintesults.The solution is not applicable to the backiila
low-aspectratio stope becausthe sliding plane may intersect the top surface of the backfill.
Moreover, the frictiorangleof the fill-wall interface, stope inclinatiomnd surchargen the top

surface of the backfilire not considered the Mitchell et al (1982) model
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2.3.1.3 Wedgemodel with different shapes

Dight and Coulthard (1980) proposed a 3D solution by considersiiging wedgeof different
shapeand confining pressurekt (kPa) applied at the sidewallg¢shown inFigure 2—39?. FS is

expresseasfollows:

> 7 ? ? .
2%, E9 2KOP =0 B ZEPE tagh P =12 KD A PF 0 BRD B
) 9 OBRJE é&# OBP?KO it agw,
with
.S
9 LUR$H:u*. Eu*. Ft*HF v* HG X,
X
HL$P=Db ey,
S F _ _
#, L Ty ‘'t fz;
k*GF*QGO
=T fu o{
—-fRL-fU?KD ‘tasrr;

where (°) is the angle between the wedge side plane andadieill sidewall plane;&(°) is an
angle made between the two lines of intersection formeithdoyvedge side plansliding plane

and the horizontal basshown inFigure2-39 2l is the decrease of the wedge lendtle to the

angle ; As (m?) andAs (m?) are the base area and the section area of thealldef the wedge,

respectively anét: (m) is the depth of tension crack.

(a) (b) (€)
Figure2-39: Forces and geometry for 3D wedge analysis: (a) a general view of haliwéduye,
(b) side view and (c) plan viewakenfrom Dight and Coulthard 1980)
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Their parametric studies indicatedatthe horizontal stress below a certain value exerted on the
backfill could increase the stabilittiowever it could be detrimentato the $ability of the backfill

whenits valuewas largerthana certaincritical value.

2.3.1.4 Inclined stopes

Based on the Mitchell et al. (1982) solution for vertical stofesth et al. (1983proposed an

analytical solution for the minimum required cohesion of the baakfdlack MountainMine for

stopeswith awall inclination angle of 55°(shown ifFigure2-40):

U*
?L - ‘tesrs
t@ErgwA

with

¥ix Fr8Ex ub
ray:* E*g;
whereX is a geometric parametétris worth notingthatX was takeras 2.21lbased orurvefitting

‘taert;

with their experimental results

Even though the analytical solution agrees well with the experimental résisksl on curve
fitting, no further results were illustratéalshow if the analytical solution could be usegnedict
the stability of exposed backfill under differesituations In fact, the minimum required cohesion
obtained by Eq.-202 is insensitive to the variation of the inclination angBesides, the solution
inherits all the drawbacks of the Mitchell al. (1982) solutionincludingthe neglect of the stope
width and backfill friction angle.

Figure2-40. Geometry otthe Smith et al. (1983) model for sieexposedackfill in an inclined
stope(takenfrom Smith et al. 1983)
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Mitchell (1989) modified the Mitchell et al. (1982) solution and proposed a solution to evaluate
the stability of sideexposed backfill in inclined stopes by cuifitting with experimental data. The
minimum required cohesion is expressed as follows:

U*ecel

SE*
The proposed analytical formula was observed to predict the experimental data reasdriebly

?Lréd ‘teeruy

werehoweverobtained by applying diffentwall closure stregs neglectedn Eq. 2103. Further
validation of the formula is still needed. Besides shl@tioninheritsthelimitationsof the Mitchell
et al. (1982model

Dirige and De Souza (2008gveloped analytical solutions to access the stabilisidefexposed

backfill in inclined stopefrigure2-41jshowsthewedgemodel forstability anayses Two different

wall roughness, namely smooth and rough rock wall surfacesonsidered, respectively.

Figure2-41. A schematic model for sidexposed backfill in inclined stopes (adapted fidimge
and De Souza 2008

For rough rock walls with a cohesionthe factor of safetys givenas:

—fF _ W=} ? O £ * U
Y ool *UO:SF...'J=fP;F2 ecl;ecsU ... o<l

(5L p tary

whereH* (=H - (Btan .)/2, m) istheequivalent height of the sliding weddée required cohesion

of the backfill is expressed as:
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For smooth rock walls, the factor of safetyexpressed as

(5L—fT- E...‘tiJ—fi- . ? et

—fU° <0 " OFUSF .. W—fr 0. W Lsrx
The required cohesion of the backfill is expressed as:

PLOOSE O fhec. 0l (s Pl g 9= fF ‘tasr

‘ : . o= yecel. e < < : A
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In the Dirige andDe Souza (2008) model, the shear stress along the hanging wall was neglected,
independently on the wall inclination angles. Besides, the normal faloeg thehanging wall
andfootwall in inclined stopeare not considered in the equilibrium anadysf tre wedge model.
Besides, the angle of the sliding plane was incorrectly regarded as the angle made between the two
lines of intersection formed by the side (hanging or foot) wall, sliding pkm the horizontal

base.

2.3.1.5 Surcharge

Zou and Nadarajah (2006)texnded Mitchell et al. (1982) solution by involving a load faétor
defined as the ratio of surcharge to the weight of the wedge block. The critical height of the backfill
is calculatedas followsby setting FS = 1:
t %P - E
>t U (BF-f? —fV¥;?
ksEROUS$ Ft%$

According to the formula, the critical height of the backfill increases with an increase of the

—f—ft‘Jd@anU&Ft?@&Bg

*

‘taerz

cohesion and the friction angle.

Li and Aubertin (2012) modifiethe Mitchell et al. (1982) solution by incorporating the surcharge
on the stope surface of thackfill. Thefactor of safety and the required cohesion of the backfill

arecalculated as follows
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wherepo (kPa)is the surcharge amdis the adherence ratio of the interface cohesion to the backfill
cohesion. The modified solution was seen to represent well the experimental results of Mitchell et
al. (1982). It is noted that the values of the internal friction angle and adherenaeseatim the

analytical solution were obtained by cufiiting with the model tests of Mitchell et al. (1982).

2.3.1.6 Backfill with a low aspect ratio

Li and Aubertin (2012) also proposed an analytical solution for the stability analyses-of side

exposed backfilwith a low aspect ratio (shown |Rigure 2-42). The factor of safety and the

required cohesion of the backfill are calculatedbiisws:

(5L_fiE t? ‘tes

—fU LE*:UtF:N? .;ecetU ' s
LEU* t

?L L ‘taest

tk(5F—fd —fU;ectlUo E:N*: .

Then the solution of Li and Aubertin (2012) was compared thighMitchell et al. (1982) solution
to assess the influence of the stope geometry, interface progedtgurcharge, which suggested
that the Mitchell et al. (1982) solutiaves conservative.

Figure2-42: The backfill with a low aspect ratio (taken frdrhand Aubertin 2012)
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2.3.1.7 Considering the dug pour of backfill

Li (2014a) developed an analytical solution éstimatingthe requiredstrength ofsideexposed
backfill by consideringhe reinforcing effect of the high cemented plug. Tesitical positions of
the sliding planevere consideredAs shown i@a, whenthe sliding planés within the
plug, thefactor of safety and the required cohesion ofdtueexposedackfill are deduced as:

—fP thy
(5L < E — AV < ‘tae|suy
—fY :MEIUFt—N”?p*UEIQFtl\k_‘u'p@éF*aeF$_thA-<-tU
aL uEL}UEQ@éF*aeF$_thA t
: 1 % - ] < tassy
l Ny EMUUENJ_%@&F*aeF$_fUAp

(BF—=fd —fU;ecstU t

wherer; is the ratio of the plug pour cohesion(kPa)to the final pour cohesion(kPa) rip is the
ratio of the interface cohesion between the plug pour and sideywékPa)to the plug pour
cohesioncy, (kPa) rit is the ratio of the interface cohes between the final pour and sidewal

(kPa)to the final pour cohesion(kPa);Hs (m) is the elevation of the intersection line between the
sliding planeand the front wall.

(a) (b)

Figure2-43. Backfilled containing a plug with the sliding plare in the plug andk)
intersecting withthe top surface of the plug (taken fran2014a)

For thecase otfthesliding plane intersecting the plug surface (showRigure2-43p), thefactor
of safety and the required cohesion of the backfill are calculated by:
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Compaed to theMitchell et al. (1982) solution and the modified solution of Li and Aubertin
(2012) this solution predicted a smaller value of the minimum required cohesion if the cement

ratio of the plug pour is higher than the final pour.

2.3.1.8 Shear strength calculated by arching solutions for the stress state

Li (2014b) proposed a generalized solution for the stabilitgidéexposedbackfilled stopes
considering the cohesion of filbck interface and different aspect ratioBhe sheastrengthat the
fill-rock interface was calculated by a 2D arching solution of Li et al. (2003). For high aspect ratio

stopes, the factor of safety and required cohesion are shown below:

L N LI
(5L — g Errqus P F— ‘tassy
t * tu}*U?S
? "H — < - E— :
LU e g i E s B tesz
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whereH' (= H +Btan /, m) the height of the wedge model at the back wall.

For low-aspectratio stopes, the factor of safety and required cohesion are described as:

L .
- E < F =G ‘tastr

2L L"Y S . E
(5F—fd4n—fU;+<qU

h tasts

with
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Comparedto the Mitchell et al. (1982) solutlon anthe Li and Aubertin (2012) solutiorthe
application of this solution predex a relatively smaller required cohesion and largerTBough
parameters calibration,gmod agreemenvas obtained between this solution éinel experimental
results ofthe Mitchell et al. (1982) However, the normal stress on the wals obtained by
applyinga 2D archingsolution while the stress state should be estimated by taking into &ccoun
the 3D geometry and influence of sidewall expostesides, cohesiowas neglectedn the

arching solution

Through numerical modeling with FLAC3Dj and Aubertin (2014) fountha the shear resistance
acted vertically along the upper part of the sliding wedge while nearly parallel to the sliding
direction in the lower part. So, the wedge block was divided into two parts (sdﬂguheZ-M .

The sheastrengthat the filkwall interface was calculated applyingthe 3D arching solution of

Li et al. (2005). The factor of safety is expressed as:
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whererps andrpp are the ratios of the interface cohesion of the sidewalls and the back wall to the
backfill cohesion, respectivelydw (m) is the height of the lower wedgk; is the lateral earth

pressure coefficient.

A good agreement was obtaineetween the experimental results of Mitchell et al. (1982) and the
proposed solution using selected internal friction angle and adherence ratio obtained by the curve

fitting method.
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(@) (b)

Figure2-44. Forces on the two parts of the model: (a) the upper block and (b) the lower wedge
(taken fromLi and Aubertin 2014)

2.3.1.9 Tension cracks

Li and Aubertin (2012) also considered the tension cracks in thegmbsed backfill, and the

depth of the tension crackk (m) can be estimated by

t?

* L= — tasty,
¢ " UO-fwwF1 t; ¥

The equivalent width of the sliding wedBe(m) can be obtained by

$ L F*r; —fU tastz
Then the situation can be regarded as a-bBgpectratio stopeusing the equivalent widtB; to
substitute the widtB in the modified solution ofi and Aubertin (2012).

Yang et al. (2017a) performed numerical simulations with FRIB@ analye the stability of side
exposed backfill. Their numericaésultsshowed thathe tension crack and wedge sliding may

occur at the same time. Théurther developedan analytical solutiorby considering the tension

crack (shown ifFigure2-45) as follows:

o - ?5
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Then numerical simulations with a zero and a nonzero (UC&h6jon cuoff were conducted.

LL

A better agreement was obtained betweein fieposedsolution and the numerical results.

Figure2-45: Sideexposed backfill with tension crack (taken frafang et al. 2017a)

Zhaoet al. (2019) proposed an analytical solution to evaluate the FS abgudsed backfill with
a tension crack by applying the differential slice metAdeir analytical solution was nwt closed

form, but theFS can be obtained lalculations initeraion. Eight centrifuge tests for the side
exposed stability were conductadd all the backfill models were brought to failuke average
FS of 0.97was obtained by applyingheir analytical solution. The prediction error on thelyS
using their analytial solutionwas 0.29, which is smaller than the error @67 calculated by the

Mitchell et al. (1982) solutiarit suggested the validity of their analytical solution.

2.3.1.10The pressure at the back wall

Liu et al. (2018) proposed an analytical solution fer ghability analysis of the backfill with the

front wall exposed and the back wall pressured by uncemented backfill. FS is estim#ted by

following equation
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where .s (°) is the angle between thirectionof the shear force at the fgide wall interface and
the horizontal.. and .s were assumedssome certain values and four formulaere developed
and compared with numerical resuttistained with FLAC3D It is indicated that the analytical

solution predicted better the numerical results whem5% 32 and .s=45% 32.

2.3.1.11Confining pressure induced by the surrounding rock

Wang et al. (2019) developed an analytical solution for the cemented backfill stability with the

front wall exposed, the back wall pressed by tadififjs, the side walls confined by the

surrounding rockanda sucharge due to the broken rock mass (shoWiignire2-46). Based on

the limit equilibrium theory, the required cohesioradculated as follows:
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Figure2-46. Mechanical modedf acemented backfilltekenfrom Wang et al. 2019)
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whereFy, (kPa) is the pressure on the back wall calculated by considering the densifying effect due
to gravity;Ns (kPa) is the normal stress applied on the backfill induced by the surroundingrrock;
(kN/m®) and 3 (°) are the unit weight and friction angle of the surrounding ragk(kN/mq) is

the unit weight of the broken rock at the tdp;(m) is the height othe broken rockf is the

Peripheral hardness coefficient of the rock

When 3varied from5° to 457 the values of the two term& Ein. (sin. - cos. tan3] and [2 cos
(cos. + sin. tan3] in Eg. 2136are both appropriately equals toThen, the required strength can
be estimated as

(A

t..%  OVEL$.E(s—fUFVOgecU—fb t.. %
7%5 2 P ELS Elom TR VO0me U b, .
SFecd UUS. H:itN*YecoUE. — f I, SFecd
The UCS calculated by Eq-13B9 was then applieds the design strength of the backfill in the

‘tasud

Dahongshan MineThe stressvariation during the backfilling asmeasured anghown inFigure

2-241 The measured stresses were always smaller than the UCS of the ,bsuffjisting the

validity of the proposed analytical solution

2.3.2 Numerical simulations

2.3.2.1 Early research for qualitative analyses of sideexposed stability

Barrett et al. (1978) assessed the -wgposed stability of the backfill wita 2D finite-element
codeTNJTEP and 30inite-elementcodeNONSAP, respectivelyThe influence of theposition

where the exposure stadis the shbility of the backfill was investigatetl.was revealed thé&wer

failure zones occurred when the exposure position was closer to the back#ksttpe backfill

width increasd, the failure areas and the displacement of the exposure fade increase. In
addition, the displacements of backfill after exposure obtained by 3D numerical simulations were

found to be less than those obtained by 2D numerical simulations.

Cundall et al. (1978nodeledthe stability of the backfill in transverse pillar exttian using a 3D
finite-difference program. Three types of filling materials were used to investigate their failure
mechanism. The mining sequence was nedleby first removing onetenth of the pillar
instantaneouslfollowed by the removal adne quarter, one halind finally allof the pillar.lt was

found that the stability of cemented hydraulic backfi#s mainly governed by gravity while the
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influence of rock deformation on the backfill stability upon exposmas insignificant.The
numerical results also showed that the stability of cemented rock backfill was affected by the

deformation of surrounding rock.

Dight and Coulthard (1980) employed the 2D program TNJTEPISA based on the Efruager
criterion and inestigated the influence of the backfill geometry and properties on its stability upon

side exposure. The effects of the exposure height and depth and the backfibbmiaéhfailure

areaswere studiedshown inFigure2-47). The resultgorresponded wetb thoseof Barrett et al.

(1978).Besides a wedge shape with a tension crack was found to repnesérihe failure zone

during the sequential exposure process.

Figure2-47. Failure zones witlan exposuréeight of 20, 30, 40, 50, 60 and 70 m (taken from
Dight and Coulthard 1980)

Pierce (2001) applied FLAC3Version 2.00) to roughly evaluate the required cohesion of the
backfill with a side or base exposure, respectively. For-eig@sed conditions, it was
demonstrated that the required cohesion increased with a growing exposure width. Besides, the
shear fdure dominated in the sidexposed backfill, and a smaller friction angdsulted ima larger
required cohesion. The overlaying backfill waandto have a small effect ahe stability ofthe

backfill exposed belowlue to theoccurrence oérching effets in the overlaying backfill

2.3.2.2 Inclined stopes

Dirige andDe Souza (2008xpplied FLAC3D to model the inclined backfill with side exposure to
verify their analytical solutions. The backfill was assigned a specific cohesion and the convergence
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of the dispacementwas used as a criterion to determine the backfill state. However, only a few
stable conditions were considerddore numerical simulations are still needed to obtain the
minimum required cohesion of sig@xposed backfill to verify their analyticablution

2.3.2.3 Blastvibrations

Emad et al. (2012) conducted numerical simulations with FLAC3D to investigate the influence of

blast vibrations on the sieexposed stability of cemented rockfill. As showirigure2-48| tensie

stress occurred at the top of the backfill under dynamic analyses, indicating the failure of the
backfill. The blast vibration was proved to decreasesthkility and increase ore dilution. Besides,

the higher the peak compressive stress of the blasting load, theindiigence can be observed.

Emad et al. (2014) then evaluattee stability of asideexposedcemented rodkl at northern
Manitobawith FLAC3D. Their numerical results showed that the backfill remained stable under
static conditionsAfter consideing the effect of blast vibration tensile stress developed in the

backfill andthe backfillbecameaunstable.

(a) (b)
Figure2-48: Vertical stresses in backfill after the excavation of the secondary stope: (a) static
analysis; (b) dynamic analysis (taken fr&mad et al. 2014)

2.3.2.4 Ciitical cohesion

Falaknaz (2014) carried out numerical simulations with FLAC3D to estimate the minimum
required cohesion of siekxposed backfill using the trial and error method. The displacement and
the strengtkstress ratio were used to analyzedtability of thesideexposedackfill. It was found
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that the critical cohesion would increase as the backfill length or heaybased buteemedo be
insensitive to the backfill widtiBesdes, exposing the backfilling in more steps tended to reduce
the displacement andareasehe factor of safety

2.3.2.5 Reproducing experimental tests

Liu et al. (2016b) conducted a series of numerical modelings with FLAC3Pptoduce the
experimental results ahe physical model tests of Mitchell et al. (198®)e gradual exposure of
thebackfill by removing the timber at the exposed face one by one unfdithee of thebackfill

was reproduced by the sequential numerical simulatibing yield state andrshgthstress ratio

of the backfill were used to determine the state of the backfill in the numerical simulations. The
numerical results (shown indicatedthatthe model tests of Mitchell et al. (1982)
were performed under undrained conditiofikis explairedwhy a good agreement was observed
between the experimental resudtsd the Mitchell et al. (1982) solution with a backfiiction

argle 3=0q

Figure2-49: Comparisons of the numerical results with the analytical solution and experimental
date of Mitchell et al. (1982) (taken from Liu et al. 2016b)

2.3.2.6 Tension crack

Yang et al.(2017a) conducted a series of numerical simulations with FLAC3D to verifly the
analytical solution proposed by considering the tension crack. The critical cohesion was obtained
by the trial and error method. The state of the backfillevasuatedy obseving the displacement
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along the VCL of the exposed face and the yielding state of the backfill. The tension crack was
also observed in their numerical models.
2.3.2.7 The pressure at the back wall

Liu et al. (2018) obtained the minimum required cohesion of #ekfh with the front wall
exposed and the back wall pressured from numerical models conducted with FLAC3D. The
displacement and the strengdtness ratio were used to distinguishithe backfill is steble or
unstable

2.3.3 Experimental tests

2.3.3.1 Vertical backfill

Mitchell et al. (1982) performed 26 smaltaled laboratory model tests (shov\ilﬁigureZ-SOa) to

measure the critical exposed height of the backfith wlifferent stopegeometries antackfill
properties. Those models hatlths of 0.2 m and 0.4 mengthsof 0.4 m, 0.6 mand0.8 m and
heightsvaryingfrom 0.6 m to 1.8 m. The backfih the boxesvas kept saturated and cured for 2.5
to 5 hoursbeforeits exposire by removing the 0.1 rhigh timber at the front face one by one

quickly. The maximum exposed height of the backfill was recorded and plqﬁﬁgi.IireZ-SOJ. It

was found that the experimental results corresponded well with their proposed analytical solutions.

(a) (b)
Figure2-50: Experimental tests for the sidgposed stability of backfill: (a) model construction
and (b) comparisons with the analytical solution (taken from Mitchell et al. 1982)
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Mitchell (1986) conducted eighentrifuge tests with cemented sand to measure the critical failure
height of the prototype backfill. The tested samples were cast with three different cement ratios
and cured for 28 days. The experimental results indicated that the critical heigldtedidyl the
standard uppebound equation for vertical slope stabilily£ 2UCS/ ) was conservative. Besides,

Mitchell et al.(1982)solution underestimated the critical height. It was also observed that tension

crack (shown irFigure 2-51) would occuy accompanied by the failur@he falling mass could

reach 30to 50% of the total massf the backfill, causing unacceptable ore dilutioh.similar

tension crack was also observed in the centrifuge tests conducted by Zhao et al. (2019).

(a) (b) (c)
Figure 2-51: Tension crack during the failure of the model: (a) test 1a and (b) tesk2a from
Mitchell 1986) and ) test No. 1a (taken from Zhao et al. 2p19

Antonov (2005) performed two laboratory expeents to investigate tretability of sideexposed

backfill using theetaining wall model shown |i|ﬁigure2—52a. In the model, the retaining wall with

a high cement ratio should be able to support itself and the backfill with a low cement ratio after

the excavation of the secondary stofyge.shown irEFigureZ-Sza, a wooden box with a geometry

of 1.24 m high, 1.0 m longand 0.6 m widevas assembled and the front wall could be lifted to
simulate theexposing procesd hethickness of theetairing wall decreased from 0.1 m at the base
to 0.05 m at the tofhe retaining wall was first constructeath a cement ratioof 2% and cured
for 7 days before filled with uncemented sarar the first modelboththe outerextremitiesof the
retaining wall wereiked horizontally with a 1 cm wide and 1 cm thick weadtick. After the
removal of the front wall,he retaining wall remained stable foveeal days, even with some
obvious tension crack#n the second modetlhe outerextremitiesof the retaining wall were not

fixed. Theretainingwall finally became unstable and collapsedre¢@posure height of 0.99 m.
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(a) (b)
Figure2-52: A schematic view ofa) the retaining wall modednd (b)laboratory mode{taken
from Antonov 200%

Yang et al. (205) conducted laboratory tests with a scale ratio ofQltd Tnvestigate the backfill

stability of a stope in Sijiaying Iron Mine (50 m in length, 25 m in widtid 100 m in height). As

shown inFigure 2-53k, pressure cells are placéd the pillars and at the roof of the backfill

Displacement meters are fixed at the roof of the backidl the ground surface. A cemeailing

ratio of 1:8 wasused in the backfil|Figure 2-53p shows the sidexposed backfill after the

excavation of the left secondary stope. It is indicated that although pidees of backfill fell
down near the top, the backfill remained stable, which suggestdddigned cemettiling ratio
was effective.

(a) (b)
Figure2-53: (a) The positions of the measuring systems and (b) theesmiesed backfill (taken
from Yang et al. 2015)
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2.3.3.2 inclined backfill

Smith et al. (1983) conductedine model tests with a height mang from 1.8 m to 4.2 m to
investigate the sidexposed stability of the backfilh inclined stopes aBlack Mountain Mine

(shown inFigure2-548). The testing procedure was similar to that of Mitchell et al. (1982). Tests

on the samples taken from the moidelicatedthat the uniaxial compressive strength was equal to

twice thecoheson. The UCS obtained from their experimental results was used to calibrate their

analytical solution(Eq. 2101) As shown ifFigure2-54p, X = 2.21 wabtainedthroughcurve

fitting and used in the equation

(@) (b)

Figure2-54: Experimental tests for the si@gposed stability of inclined backfill: (a) model
construction and (b) comparisons with the analytical solutidketiiom Smith et al. 1983)

Mitchell (1989) conducted several centrifugg@eriments to investigate the influence of stope wall
inclination and wall closure stress on the stability of ®dposed backfillThe cemented backfill
with a cementontentof 2.5% was cur@for 28 daydefore exposuréds shown irEFigure2-55a,

a curved failure surfacetersecting the hanging wall and footwalasobservedThe Mitchellet

al. (1982) solution was found to largely overestimaterdugiired strength of experimental models.

Therefore,Eq. 2103 was proposed bgalibraing with the experimental results. As shown in

Figure2-55p, the solutiorpredicedwell the experimentalesults
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(a) (b)

Figure2-55: (a) Model 3 (with 10% @S wall closure stress and a wall inclination argl@é5j
after failure and (b) comparisons of the analytical solution and experimental data (taken from
Mitchell 1989)

Dirige and De Souza (2008) conducted four centrifuge tests to evaluate the stéliigygide
exposed backfilith a stope wall inclination angle of 7Rl theexposedackfill remained stable

at the designed gravity levelss shown ifFigure2-56| a fewtension cracks hawstarted to develop

near the topf Model 4.Besdes, a potentialiding surface making an angtd about 60 ~ 65° to

the horizontalvas observed

Figure2-56: Tension cracks and failure surfatevelopmenin Model 4 (taken fronDirige and
De Souza 2008)
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2.4 Final remarks

The literature review indicates thatany analytical, numericahnd experimental investigations
have been conducted the past years on the filall interactions in terms of stress state and
stability of sideexposed backfill. Basedn ths literature review the following remarks can be

given:

(1) For the stress stata backfilled stopesa more generalized analytical solution is desired to
estimate the stressin various conditionslt is also interesting to carefully investigatee
stresesnear the bottorof backfilled stopes by taking into accotiné kink effecthecause it is
closely related to the design of barricades,-sixigosed backfilland basedxposed sill mat
It is alsointerestingto correctly take into accouthe influence of cohesion, wall inclination
angle and the stress state after ssoposureof the backfill In terms of experimeatworks, a
detailed measurement of the stress distribution along the whole depth is of vital importance.

(2) For the lateral earth pressure coefficient, more efforts are still needed to fully understand its

distributionin backfilled stopes

(3) For the sideexposed backfill desigmore workis needed to investigate tk&bility of side
exposedbackfill in real conditions even though the Mitchell et al. (1982) solution has been
widely used in the practicé. is worth noting the existing analytical solutions for the stability
of sideexposed backfill in inclined stopes contain solingitations and more efforts are
required.The influence of confining pressures and blasting vibratghmild be taken into
accountLaboratory experiments and field measurements are needed for the verification of the

proposed analytical solutions and numerical simulations.
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Abstract: Mining backfill is increasingly used in underground mine stopes around the. world
good understandgof the stress distribution in backfilled stopes is a critical concern for the design
of barricades or sill mats and sidgposed backfillsThis can be realized by using arching
analytical solutions or by numerical modelings. The former will give exgotlgame distribution
between the stress and depth and that between the stress at the bottom and thickness of backfill
while the latter does not always show the same trend. More specifically, a sudden increase of
vertical stress near the bottom of thepst@an be observed on the distribution curves of stress and
depth. This is callethe kink effect. It can significantly affect the stress estimation for the design

of barricades because their construction is made in access drift at the base of stopes, ltteve
mechanism otfhe kink effect has never been fully investigated. It has never been considered in
analytical solutions developed for evaluating the stresses. In this paper, the mechamedamiof

effect will first be analyzed. A conceptual anadgt solution is then proposed to evaluate the stress
distribution in backfilled stopes by considering the kink effect near the bottom. The proposed

solution is further validated by additional numerical modelings performed with FLAC.

Keywords: Backfilled stope; Numerical modeling; Stress at the bottom; Stress along the depth;

Kink effect; Analytical solutions
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3.1 Introduction

Using backfill in underground mine stopes has become a common practice around the world. Stope
backfilling can bring several advantages, including improved ground stability, increased ore
recovery, and reduced volume of mine wastes to be disposed offaces{(#4ubertin et al. 2003;

Potvin et al. 2005; Darling 2011; Li 2014a, 2014b).

The successful application of backfill requires a good understanding of the stress distribution in
backfilled stopes. This can be important for the design of barricadesi(Bidrertin 2009a, 2009b,
2011; Yang et al. 2017), sill mats (Mitchell 1991) or sta@osed backfill (Li and Aubertin 2012;

Li 2014a, 2014b; Yang et al. 20d)7

Over the years, a number of analytical solutions based on the arching theory (Marston 1930;
Janssen 1895) have been proposed for evaluating the stresses in backfilled opéeihgsizontal
(*n; kP9 and vertical ¢; kPg normal stresses in an opening backfilled with cohesionless backfill

can be estimated as follows (Li et al. 2003):

A Us 26404 e
Slip=gp®FA A U,
A Us ?GA—igOé . .
& Lpop@F A A Uk,

where (kN/m?®) is the unit weight of the backfilB (m) is the width of the opening;(} is the

friction angle along the fillvall interfaces, which is taken as the internal friction angle of the
backfill 3() for rock walls with rough surfacel;(= 4/ 1,the poe water pressure is not considered

in this study) is the earth pressure coefficient. In Marston (1230)) is the thickness of backfill

while « and s are the horizontal and vertical stresses at the base of the backfilled opening,
respectively. In badkled stopes,s and « are usually taken as the horizontal and vertical stresses

at a depttz (m) from the top surface of the backfill for a given thickness of backfill. Even though
the physical meanings of, «, andz(m) are different in the two casehe stresghickness curves

and stresslepth curves based d&ys.3-1 and3-2 will superpose with each other. This tends to
indicate that the distinction between the two cases is not necessary. However, these two types of
stress profiles can be very different in numerical modelings. For instance, the numerical modelings

conductedby Sivakugan et al. (2014) showed that the vertical stress at bottom increases
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monotonously and tends to become stable as the thickness increases while the vertical stress also
monotonously increases with the depth and tends to become stable with dephddenly

increase with depth near the bottom. This last trend has also been observed in numerical modelings
conducted by Li et al. (2003), Fahey et al. (20@8y Xu et al. (2018). The sudden increase of the
stress near the bottom thie backfilled opemng was called kink effesty Sivakugan et al. (2014).

It should be noted thalhekink effect near the bottom can significantly influence the pressures on
barricades. This is because the horizontal pressure on barricades is determined by the horizontal
stress applied by backfill near the bottom of the stope with the same height range as the access drift
(barricade). The kink effect has been partly explained by the limited deformation of the backfill
near the stiff base of openings by Sivakugan et all4p@nd Liu et al. (2017). This, however,
cannot explain the absence of kink efseshown in other numerical modelingsi ¢t al. 2003;
Pirapakaran and Sivakugan 2007a; Sobhi et al.)20h@ mechanism dhekink effect is not yet

fully understood. Morever, an analytical solution is necessary to take into account the kink effect

for better estimating the stredspth relationship in backfilled stopes.

In this paper, the mechanismtbgkink effect near the bottom is first investigated. An analytical
solution is then proposed to evaluate the stresses in backfilled stopes, after taking into account the
mechanism of the kink effect. The proposed analytical solution is further validated by additional

numerical modelings performed with FLAC.

3.2 Mechanism ofkink effects

The knk effect was observed through numerical modeling performed by Sivakugan et al. (2014),
who explained it as a result of not fully mobilized-fithll interface friction near the bottom due

to the stiff base restriction on the downwardvwament of backfill. More loads thus transfer to the
bottom, resulting in higher vertical stress near the bottom compared to the vertical stress based on
full arching theory.However, this cannot explain the absence of kink effsbbwn in other
numericalmodelings (Li et al. 2003; Pirapakaran and Sivakugan 2007a; Fahey et al. 2009; Sobhi

et al. 2016). Here, the occurrencelwkink effect is related to the stress and yield states of backfill.

Figure3-1 shows the yield envelop following the MeGoulonb criterion for cohesionless backfill
and the possible stress states of backfill along the vertical central line (VCL) of a vertical opening,
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where the verticall, and horizontal’ stresses correspond to the majioand minor % principal
stresses, respectively. On the figl¥keg,LV WKH 5DQNLQHYYVY DFWLYH HDUWK SUH

as follows:

Lp=Si@wriaLSF? “ue;
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follows:
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Ko "Ka Coulomb yield envelope

Yielding
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KO > Ka
Unyielding
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Figure3-1: Possible stress statestie backfilled stope(adapted from Yang et al. 2018)

For a given friction angleV ZKHQ WKH YDOXH Ri$ |&&L MahRQ@rifival Vdud L R
defined by the following equation (Yang et al. 2018):

SFecqd _
pL—F— U
one will haveKo > Ka. The Mohr circle of stress state is below the yield envelope and the backfill
is in an atrest (elastic) state. No large deformation occurs during the begimfibgckfill
placement. The frictional shear strength of the backfill and thedill interfeces is little mobilized.

The arching effect should not be significant and the stress variation with depth should be close to
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that based on overburden solution at a given small thickness of backfill. When more backfill is
placed, large deformation of upgayers can occur due to the gravity and softness of the backfill;
something like a large number of small deformations can result in large deformation. The large
deformation and movement of the backfill will lead to a full mobilization of the frictionadrshe
strength of the backfill or fillvall interfaces, resulting iafull development of arching effecand

a reduction of the stresses along the upper part of the backfill. Near the bottom of the stope,
however, the stiff base limits the downward movenaoétihe backfill. The frictional shear strength

of the backfill or filkwall interfaces, resulting in little arching effect along this part of the backfill
near the bottom of the opening. A kink effect can be observed in the stress profile along the height

of abackfilled stope.

WKHQ 3RLVYVREQIMAaller tnenlite critical value 0@ defined by Eq3-5, one will have

Ko < Ka. The Mohr circle of stress state tends to exceed the yield enyelbjpd is impossible
The backfill yields and largéplastic) deformation occurs from the beginning to the end of
placement of any thickness. The friction shear strength of the backfillasdilinterfaces is fully
mobilized along the whole height of the backfill. The arching effect should be fuljopedsfrom

the bottom to the top of the backfill. The absence of kink effe@xpected.

Table3-1 shows a summarization of previous numerical results of stresses in backfilled openings.
The backfill is considered as elastoplastianaterialobeying theviohr-Coulomb criterion in all
the numerical models shown in the talliés seen again thaébekink effect is observed whe#hts

larger than the critical valu&, but absent wherAs smaller than the critical valu®.

3.3 Analytical solution

The analysisn the previous section indicates thilaé kink effect is absent on stress distribution
along the height of backfilled opening whé& £, but observed whe#> £ For the former case,
Egs.3-1 and3-2 can still be used to evaluate the stresses in ladkbpenings without any
PRGLILFDWLRQ 7KH 5D QN L Qd$hduld benised kh theDsblwah Hedalsy he U H
backfill is in a yielded and active state. For the latter case, slight modification needs to be

considered.
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Table3-1: A summay of previous numerical resultegardingthe occurrence of kink effexct

P 3(9 R P> 2? | Kink? Literature Software
0.2 10 | 0.413
Yang (2016)
0.2 20 | 0.329
0.2 30 | 0.250 Li et al. (2003)
FLAC
0.2 30 | 0.250 _ _
PirapakaramndSivakugan2007a)
0.2 35 | 0.213
0.2 30 | 0.250 Li andAubertin (2008)
0.2