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Abstract

Underground mined-out voids need to be backfilled for the stability of the surrounding rock and also to increase

ore extraction from adjacent pillars. One of the relatively newer means is cemented paste backfilling, which has

been extensively adopted in underground mining operations around the world. During and after the placement

of cemented paste backfill (CPB) into stopes, complex multiphysics (thermal, hydraulic, mechanical and chemical)
processes take place in the large mass of CPB and could affect its consolidation behavior. An analysis of the consolida-
tion process in CPB mass is essential for the assessment of CPB behavior and cost-effective designs in practice. In this
paper, multiphysics simulation of the consolidation behavior of CPB mass is performed under different conditions,
including the mixture recipe, and backfilling, drainage, surrounding rock and curing conditions. It is found that the

in situ consolidation behavior of CPB structures is a function of the multiphysics processes that occur in the cement-
ing backfill mass. Moreover, the rock mass conditions, including the geometry and rock wall roughness, influence the
consolidation process of CPB structures. Cement content, curing time and backfilling rate play a crucial role in the
consolidation process of CPB. The obtained results can facilitate a better understanding of the consolidation behav-
iour of CPB for backfill designers and engineers, and thus contribute to enhance the engineering of CPB structures.
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1 Introduction

Cemented paste backfill (CPB) is an engineered mixture of
tailings (man-made soils), hydraulic binder and water (Fall
et al. 20074, b). After preparation in a backfill plant usually
located on the mine surface, the fresh CPB is transported
into underground stopes (mined-out voids) via reticulated
pipelines and/or gravity system (Haiqiang et al. 2016). As
the hardening process of the large fill mass progresses,
CPB provides ground support to the adjacent stopes
(Ghirian and Fall 2014; Cui and Fall 2016a, b; Zhang et al.
2015), which can maximize ore recovery (Yilmaz et al.
2003; Benzaazoua et al. 2004; Fall et al. 2010), and reduce
surface subsidence (Hassani et al. 2001a, b; Jehring and
Bareither 2016). Moreover, the relatively high amount of
binder and solid content ensure that the CPB mass gains

*Correspondence: mfall@uottawa.ca

Department of Civil Engineering, University of Ottawa, 161 Colonel By,
Ottawa, ON K1N 6N5, Canada

Journal information: ISSN 1976-0485 / elSSN 2234-1315

@ Springer Open

strength more quickly compared to rockfill and hydraulic
fill (Cui and Fall 20154, b). In addition, the application of
CPB enables a reduction of approximately 50—-60% of the
sulphidic tailings deposited on the surface (Khaldoun et al.
2016; Potvin and Thomas 2005). Hence, from an envi-
ronmental point of view, cemented paste backfilling is an
alternative means of reducing environmental issues (e.g.,
acid mine drainage) associated with surface tailings dis-
posal. Consequently, cemented paste backfilling has been
widely employed in the underground mines throughout
the world (Haigiang et al. 2016).

In engineering practices, mechanical stability is consid-
ered as one of the most important design criteria of CPB
structures (Fall et al. 2015). The mechanical performance
of CPB structures is closely related to the consolidation
process in the CPB. The backfilling process is flexible
(i.e., the process is continuous or carried out in different
filling stages), which means that the dissipation of pore
water pressure (PWP) will take place in CPB due to water
drainage through the barricade (a retaining wall built to
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contain backfill material) and/or from the surrounding
fractured rock mass, and/or water consumption caused
by binder hydration, which can result in an increase in
the effective stress and strength (Cui and Fall 2015a, c).
Moreover, binder hydration induced chemical shrink-
age will further contribute to volume changes (Cui and
Fall 2015a) and thus to the densification of CPB, which
is desirable for increased strength. In addition, the tem-
perature dependence of binder hydration (Schindler and
Folliard 2003) means that the heat transfer and resultant
temperature changes must be taken into account in the
analysis of CPB performance. Therefore, the consolida-
tion process is controlled by complex multiphysics (i.e.,
thermo-hydro-mechanical-chemical, THMC) processes
that occur in the CPB. Apart from the coupled THMC
processes, the rock mass/backfill interaction (interface)
can affect the stress distribution and thus the volume
changes in the fill mass (Fahey et al. 2009). Specifically,
with the development of consolidation, relative displace-
ment along the rock mass/CPB interface will occur, and
the resultant interface stress will reduce the influence of
the self-weight stress of CPB (i.e., the arching effect will
occur) (Fang and Fall 2018), which will result in non-
uniform volume changes in the CPB. Therefore, analysis
of backfill-rock interface behavior in stopes is essential
for the assessment of the consolidation behavior of CPB
mass.

However, conventional analysis techniques on con-
solidation, such as Terzaghi (1943) consolidation theory
and Biot (1955) consolidation theory, only focus on the
volume contraction behavior triggered by the dissipation
of excess pore water in saturated soils or porous media
(Ceccato and Simonini 2016; Ai and Hu 2015), namely,
the analysis of coupled hydro-mechanical (HM) pro-
cesses. Therefore, these classical theories are not suitable
for the assessment of the coupled THMC consolidation
behavior of CPB materials. To address this problem Cui
and Fall (2016a), developed a fully coupled multiphysics
model that analyzes the consolidation process in CPB and
incorporates the THMC processes that occur in CPB and
thus affect its consolidation behavior. This new approach
fully considers the effect of self-weight, pore water flow
and drainage, chemical shrinkage, thermal expansion,
and temperature on the binder hydration. Moreover, Cui
and Fall (2017) developed an elastoplastic model to ana-
lyze changes in the interface behavior during the inter-
action of rock mass/backfill. In the elastoplastic model,
the hardening/softening behavior, chemical hardening
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process and the effect of the rock wall roughness on
the interface properties (interface adhesion and friction
angle) are taken into account. Therefore, the fully coupled
multiphysics model for analyzing consolidation prob-
lems and the evolutive elastoplastic interface model will
allow prediction of the consolidation behavior of CBP at
the field scale. In the present study, these two models are
integrated to numerically model the consolidation behav-
ior of CPB mass under various field conditions, including
the filling rate, stope geometry and inclination angle, rock
wall roughness, mix components (cement content) and
drainage conditions. The integration of these two models
(multiphysics and elastoplastic interface models) is nec-
essary in order to describe the consolidation behaviour of
the CPB when arching effect takes place, i.e. in the case of
narrow stopes. The arching effect significantly affects the
distribution and magnitude of stress within the CPB, thus
its consolidation behaviour.

2 Mathematical models

In this study, two models are integrated to examine the
volume changes of the fill mass in a stope: a fully cou-
pled multiphysics model that analyzes the consolidation
process in CPB as proposed by Cui and Fall (2016a), and
an evolutive elastoplastic model that analyzes changes
in the interface behavior during the interaction of rock
mass/backfill, as provided by Cui and Fall (2017). Details
on these two models including the assumptions made,
model derivation and determination of model coeffi-
cients are provided in Cui and Fall (2016a, 2017). A brief
description of the two models is provided in Sects. 2.1
and 2.2, respectively.

2.1 Fully coupled multiphysics model for consolidation
process

Due to the strongly coupled THMC processes that
occur in fill mass, the consolidation behavior of CPB
in a slurry state is a very complex process compared to
that of conventional geomaterials, such as natural soils.
A multiphysics model for the consolidation behavior of
CPB must satisfy the principle of pore space continuity
(Cui and Fall 2016a), which requires that the pore space
changes associated with the CPB skeleton and solid
phase must be consistent with the volume changes in the
pore water and pore air. Hence, based on the principle of
pore space continuity, a consolidation equation based on
multiphysics can be derived as follows and is elaborated
in detail in Cui and Fall (2015a, 2016a):
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where S is the degree of saturation; Py, and P, denote the
PWP and pore-air pressure, respectively; v and E denote
the Poisson’s ratio and elastic modulus, respectively; ag;o
is the Biot’s coefficient; & is the degree of binder hydra-
tion; o is a total stress tensor; S, is the effective degree
of saturation; 6, is the residual water content; # refers to
the CPB porosity; v, Veh—ws Vab—ws Viailings and v, denote
the specific volume of the capillary water, chemically
consumed water, physically adsorbed water, tailings and
cement respectively; R,_,, /5. means the mass ratio of the
chemically consumed water and hydrated cement; w/c
is the water to cement ratio; C,, is the binder content; ¢
refers to the elapsed time; /1, denotes a non-negative
plastic multiplier; Qcrp is a plastic potential function;
I represents the first stress invariant; and a7 refers to
a coefficient of the thermal expansion of the solid phase
in the CPB. The determination of the model parameters
mentioned above is given in Cui and Fall (2015a, 2016a).

As demonstrated in the consolidation model (i.e.,
Eq. (1)), the chemical process is incorporated into the
volume changes in CPB through the variable &, namely,
the degree of binder hydration. To characterize the pro-
gress of the hydration reaction in CPB, the following
exponential equation proposed by Schindler and Folliard
(2003) is adopted:

sty = (2B |05 X +030. X
~ 0194 fwje 0 AT T Aelag

t B
E 1 1
-expq —< T /exp—a — — — | |dt
. R\T, T
0
(2)
with

EAT) = 33,500 4+ 1,470 x (293.15—T) T < 293.15K
(1) = 33,500 T > 293.15K

where 7 and B respectively represent the time param-
eter (hours), and hydration shape parameter, T, refers
to the reference temperature (K), R is the ideal gas con-
stant (8.314 J/mol/K), E, refers to the apparent activation
energy (J/mol), and X, and Xr4 denote the weight pro-
portion of the blast furnace slag and fly ash relative to the
total binder mass, respectively. In accordance with the
definition of the degree of binder hydration (i.e., Eq. (2)),
the influence of temperature, mixture recipe and elapsed
time are incorporated to determine the progression of
the hydration reaction.

2.2 Evolutive elastoplastic interface model

To incorporate the effect of the interface behavior
between the CPB/rock mass into the analysis of the con-
solidation process, an evolutive elastoplastic interface
model developed by Cui and Fall (2017) is adopted to
assess the interface shear stress in the present study. In
this model, the changes of the yield surface in the stress
space is characterized by a modified Drucker-Prager
(D-P) yield function Fj,y, and the changes in the direc-
tion of the plastic displacement is determined with a
non-associative plastic flow rule (i.e., the plastic potential
function Qs differs from the yield function Fj;y).

Fingt (1, VT2 8, A) = /To + Gingg (6, A [I = Cirp (6)] = 0
3)

Quy = VT2 +2V3sin (Ving )11 | [9+ 3 sin (Vi)

(4)

where J; is a second deviatoric stress invariant, A, is the
effective plastic displacement, a;,,;y and C;,r are the yield
function parameters, and ¥;,,s denotes the interface dila-
tion angle which will change with binder hydration and
normal stress level acting on the interface. Details on

how the interface model coefficients are determined can
be found in Cui and Fall 2017).
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Fig. 1 Schematic diagram of THMC pressure cell

3 Model Validation

The two models presented above are first implemented
into COMSOL Multiphysics (a commercial finite ele-
ment method (FEM) code software; Comsol 2015).
Then, the integrated model is validated against results
obtained from laboratory investigations on the consoli-
dation behavior of CPB and field measurements. Typi-
cal examples and results that validate the model are then
presented below. Additional examples and results that
validate the model are also presented elsewhere (Cui and
Fall 20154, b, c, 2016a, 2017).

3.1 THMC Consolidation Test—Lab

To study the consolidation behavior of CPB, a series of
pressure cell tests were conducted by using a THMC
pressure cell apparatus (see Fig. 1). This pressure cell
apparatus was originally developed by Ghirian and Fall
(2013), which is mainly composed of an air pressure
system, a Perspex cylinder [10 cm (diameter) x 30 cm
(height)], an air-pressure driven piston and two plates
with three tie rods to hold the THMC cell. The adopted
air pressure system can apply up to 600 kPa of air pres-
sure onto the CPB sample to simulate the increase of
self-weight stress in a stope during backfilling opera-
tions. To collect the data, a linear variable displacement
transformer (LVDT) was mounted onto the top of the
cell to record the vertical settlement, and a suction meter
(model: MPS-2) and a temperature sensor (model: 5TE)
were installed inside the THMC cell. Artificial silica tail-
ings (medium size tailings; contain 45% of particles with
size <20 pm), Portland cement Type 1 (4.5 wt%) and tap
water (w/c=7.6) were used to prepare the CPB samples.

i
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|
Fig. 2 Geometry and mesh of simulated model of cell test

After placement, the pressure cell was covered with a
thermal insulation blanket to slow down the heat trans-
fer between the CPB sample and the surrounding envi-
ronment. In terms of the application of air pressure, the
applied pressure was gradually increased to 150 kPa in
the first 12 h. Then, the pressure was increased every 24 h
until 600 kPa (an average filling rate equal to 0.131 m/h
was used in this study). Moreover, two different initial
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Fig. 3 Comparison of predicted results and experimental data for
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temperatures of the CPB (5 °C and 25 °C) were used to
investigate their effects on the consolidation process.

A 2D axisymmetric model was used to simulate the
pressure cell test. The geometry model and mesh are pre-
sented in Fig. 2.

A comparison of the simulation results and moni-
tored data from the vertical settlement is plotted in
Fig. 3. It can be clearly seen that the simulated results
are in good agreement with the recorded data in terms
of both changes in trend and magnitude. Moreover,
the results show that (1) the vertical displacement
increases with applied air pressure, which confirms
that the developed model is able to capture the effect
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of backfilling operations on the self-weight stress, and
thus its effects on the consolidation behavior of CPB;
(2) the initial temperature of the CPB has a significant
effect on its vertical settlement. As shown in Fig. 3, the
vertical settlement of the CPB with an initial tempera-
ture of 25 °C (can represent the initial temperature of
CPB in summer season) increases by approximately 8%
compared to that of the CPB with an initial tempera-
ture of 5 °C (can represent the initial temperature of
CPB in a cold mining region) at 7 days; (3) during each
curing age, the air pressure applied is constant but the
vertical settlement continues to increase, which indi-
cates that chemical shrinkage contributes to the volume
changes in the CPB.

Apart from the settlement, the changes in the PWP
(Fig. 4a), and temperature (Fig. 4b) can also be accu-
rately captured by using the developed model. From
these two figures, it is evident that (1) the major
changes in the PWP and temperature occur at the very
early ages, which coincides with changes in the verti-
cal settlement (see Fig. 3). This is because the binder
hydration takes place rapidly at the very early ages. As
a result, a relatively large volume of pore water is con-
sumed, which in turn results in a significant change
in the PWP. Meanwhile, the rapid binder hydration
releases a large amount of heat and thus affects the
temperature in the CPB at the early ages; (2) similar to
the obtained results from the vertical settlement, the
initial temperature of the CPB can also impose a sig-
nificant impact on the changes in the PWP and tem-
perature. The good agreement between the numerical
simulations and results from the laboratory tests fur-
ther confirms that the developed model can reliably
simulate the consolidation behavior of CPB.

3.2 Field Study 1-Undrained CPB Mass

To study the field behaviors of CPB, a series of field
monitoring programs have been carried out (e.g.,
Thompson et al. 2009; Helinski et al. 2010; Li et al.
2014). Although the reported field data are limited to
total stress (e.g., Hassani et al. 2001a, b), PWP (e.g.,
Shahsavari and Grabinsky 2015) and temperature (e.g.,
Williams et al. 2001) in the CPB, the obtained results
can still provide useful information on the field behav-
iors of CPB, including the consolidation process.

In the present study, the predicted results are com-
pared with the measured data from a field monitoring
program conducted by Belem et al. (2004) at the Doyon
Gold (DG) Mine (Canada). The investigated stope has a
height of 29 m and a width of 11 m with a dip of 90° and
an azimuth of 90°. A backfilling operation that consists
of two stages was adopted, which includes a plug layer
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(cement content: 7% and solid content: 70%). After
3-days of curing, the residual stope was filled with CPB
with a cement content of 3% and a solid content of 70%.
An earth pressure cell (TPC series) was used to record
the changes in the total pressure at the stope base (ele-
vated 0.6 m). Water drainage was not allowed on this
stope. The corresponding mesh and stope geometry are
shown in Fig. 5.
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Fig. 8 Comparison of predicted results and measured values of PWP
at Kanowna Belle mine

A comparison of the predicted results and monitored
total stress values is presented in Fig. 6. Based on the
obtained results, it can be found that (1) as expected, the
filling processes have significant impacts on the changes
in total stress, especially during the plug placement
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stage; (2) during the curing of the plug layer (from the
2nd to the 5th day), there is a slight reduction in total
stress which gradually took place and can be attributed
to the transfer of stress from the fill mass to the rock
walls (arching effect) with the development of consoli-
dation of the CPB mass; and (3) after the residual filling
commenced (from the 5th day), the total stress shows a
relatively limited increase compared with that observed
during the plug-fill, which further contributes to the dis-
crepancy between the total stress and self-weight stress.
From Fig. 6, it can be seen that the predicted results are
in good agreement with the monitored data. Hence, the
developed model is able to reliably assess the changes in
total stress in CPB under undrained conditions.

3.3 Field Study 2-Drained CPB Mass

To investigate the field behavior of CPB under drained
conditions, in situ measurements were conducted by
Helinski et al. (2010) in the Kanowna Belle mine. In this
monitoring program, a piezometer was installed at the
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center of the stope base to monitor the changes in the
PWP in the CPB. The backfilling strategy was to carry
out filling in two stages. Pore-water drainage through the
retaining structure (i.e., the barricade) was allowed. More
details on the CPB design are provided in Helinski et al.
(2010). The geometry model and mesh are presented in
Fig. 7.

As can be seen in Fig. 8, the changes in the PWP are
captured well by the developed model. Specifically,
during the first stage of filling, the PWP gradually
increases with filling. After 1.4 days (the commence-
ment of the curing of the plug layer), dissipation of the
PWP is observed in the CPB, which is attributed to
the water drainage through the barricade and binder
hydration induced water consumption (i.e., the self-
desiccation process). The dissipation of the PWP can
directly contribute to reductions in pore space and
thus to the consolidation process of CPB. In addi-
tion, from Fig. 8, it can be observed that the effect of
the residual filling on PWP is minimal, and a slight

Table 1 Input parameters, and initial and boundary conditions

Input item Parameter Value
CPB Stope geometry (m) 15 m (W) x 30 m (H)
Inclination angle (°) 90
Cement content (wt%) Residual fill: 4.5 (60.4 kg/m3), and
plug fill: 7 (80.2 kg/m?)
w/c ratio 7.6
Initial void ratio 1
Backfilling rate (m/h) 05
Backfilling strategy 2-stages of filling with 1-day plug
Rock mass Density (kg/m>) 2500
Young's modulus (GPa) 30
Poisson’s ratio 0.3
Thermal conductivity (W/m K) 39
Heat capacity (J/kg K) 790
Mechanical module Top surface Free
Lateral sides Roller
Bottom side Fixed
Volume force Gravity
Hydraulic module Top surface No flow
Lateral sides No flow
Bottom side No flow
Volume force Gravity
Initial value Hydraulic head =0
Thermal module Top side (°C) 25
Lateral sides (°C) 25
Bottom side (°C) 25
Initial temp. (°C) 25

wt% weight percentage with respect to the total weight of the solid phase in CPB
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increase in the PWP appears during the middle of
the second and third days. Then, the PWP decreases
regardless of the backfilling that followed, which can
further contribute to the volume changes in the fill
mass. Therefore, the good agreement between the
predicted results and field data further validates the
predictive ability of the developed model for CPB
behavior under drained conditions.

4 Model Applications

After the successful validation of the models, a series of
numerical simulations were carried out to investigate the
field consolidation behavior of CPB mass under various
conditions or with various factors. They included dif-
ferent curing ages, stope geometries, inclination angles,
rock wall roughness, cement contents, backfilling rates
and strategies, and drainage conditions. To assess the
consolidation behavior of CPB under different condi-
tions, a control stope with a predefined geometry, back-
filling strategy and rate, mix recipe and curing condition
was utilized as a reference. All numerical investigations
were performed by modifying the conditions of the con-
trol stope. Details on the input parameters, and initial
and boundary conditions of the control stope are listed
in Table 1.

The geometry and mesh for the control CPB mass and
stope are presented in Fig. 9. Three monitored points are
examined: 29.5 m, 7 m and 0.5 m from the stope floor.
These three monitored points are used to investigate the
development of consolidation with curing time. Moreo-
ver, the monitored point of 7 m is located on the interface
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where the filling takes place, and thus can provide use-
ful information about the backfilling operation includ-
ing both the curing time of the plug layer and the effects
of subsequent filling. Therefore, this monitored point is
used to study the effects of the stope geometry, rock wall
roughness, mix components, and backfilling and drain-
age conditions.

The backfilling strategy (filling operation carried out
in two-stages) and rate (0.5 m/h) adopted in the con-
trol stope is presented in Fig. 10. After the first layer of
CPB was placed into the stope, the fresh plug layer was
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allowed to cure for 1 day. Then, residual backfilling was
carried out.

During and after filling, water drainage through the
barricade was allowed. For the numerical implementa-
tion of the drained condition in the CPB, a water mass
flux boundary condition was incorporated into the
hydraulic module and applied on the right vertical side
of the drawpoint. The water mass flux can be computed
by multiplying the pore water density and its velocity
through the retaining wall. The latter can be determined
by using Darcy’s law.

4.1 Effect of Curing Time

With curing time, binder hydration induced chemical
shrinkage, water drainage through the barricade and/
or fractured rock mass, and self-weight induced volume
changes will contribute to the consolidation process in
CPB. Moreover, due to the temperature dependence of
binder hydration (Cui and Fall 2015a; Schindler and Fol-
liard 2003), the heat generated by hydration reactions,
and heat transfer between the CPB and surrounding rock
can affect the chemical reaction rate and thus the con-
solidation process. Therefore, the effect of curing time on
the consolidation behavior of CPB needs to be examined.
Figure 11 presents the changes in the average degree of
consolidation (i.e., the ratio of the vertical settlement
at any time and the final settlement) for three different
heights of the CPB. From this figure, the following char-
acteristics that depict the changes in the consolidation
process in the CPB are found:

i. CPB strongly demonstrates time-dependent con-
solidation behavior. The changes in the rate of con-
solidation with time (i.e., the slope of the consoli-

ii.
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dation curve) can be attributed to the hardening
process of the CPB skeleton, reduction in the rate
of hydration with time, and reduction in the per-
meability of the CPB. Specifically, in terms of the
effect of the hardening process, the CPB stiffness
will be progressively increased by enhancing the
bonding between tailings particles with the pre-
cipitation of binder hydration products in the cap-
illary pore space [35, 36], and the densification pro-
cess through the consolidation of the CPB (Tariq,
2012; Fall et al. 20074, b). The resultant stiffer CPB
can resist larger loadings and thus reduce the rate
of consolidation under a constant filling rate with
time. Secondly, in terms of the effect of the rate
of binder hydration, previous experimental stud-
ies (e.g., Ghirian and Fall 2015; Han et al. 2016)
on cementitious materials have found that pre-
cipitated hydration products on the surface of an
unhydrated binder can delay water diffusion into
the unhydrated binder particles. As a result, there
will be gradual reductions in the rate of binder
hydration, and thus the contribution of chemical
shrinkage to the development of consolidation is
gradually reduced. In addition, another contribu-
tor to the delay in consolidation is the reduction
of CPB permeability as consolidation of the CPB
proceeds (Helinski et al. 2010) and thus gradually
reduces the amount of water drainage through the
barricade, which can in turn delay seepage-induced
consolidation. Consequently, the time rate of the
change in consolidation shows a decreasing trend
with time.

Moreover, CPB also shows a distinct consolida-
tion behavior between the filling stages and cur-

—
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Fig. 12 Changes in void ratio with curing time: a 14 h (completion of plug filling); b 84 h (completion of filling operation); and € 168 h
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ing of the plug layer (i.e., 1-day of curing from 14 h
to 38 h). Specifically, greater volume changes take
place during the filling stages due to the increase
in the overburden stress by the placement of fresh
CPB. With increased self-weight stress, the CPB
becomes more consolidated.

iii. In addition, by comparing the consolidation behav-
ior at three different heights of the CPB mass, it
can be observed that the CPB becomes more con-
solidated at greater heights for any given filling and
curing time. This is because the relatively fresh
CPB is poured at higher elevation in backfilling
operations that take place in different stages. The
fresh CPB has relatively low stiffness, higher per-
meability and faster rate of hydration. Hence, CPB
becomes more consolidated with greater height.
Consequently, the development of spatially non-
uniform consolidation appears in the CPB.

To further illustrate the spatial distribution and devel-
opment of the consolidation process in CPB, void ratio
changes in the control stope are investigated and pre-
sented in Fig. 12. It can be observed that the develop-
ment of consolidation of CPB is relatively uniform at a
given height at the early ages (see Figs. 12a, b). With time,
the non-uniform distribution of the void ratio becomes
apparent, especially in the vicinity of the rock walls (see
Fig. 12¢). The non-uniform change in the void ratio is
mainly attributed to the arching effect (Yilmaz et al
2018). In addition, Fig. 12 shows that a major change in
the void ratio takes place around the layer interface when
the filling takes place in stages (i.e., 7 m from the stope
base). This is due to (1) the distinct interface proper-
ties and inconsistent rate of consolidation near the layer
interface (Cui and Fall 2016a), and (2) the difference in
the refinement of the capillary pore space around the
layer interface when filling takes place in stages. More
specifically, the interface adhesion and friction angle
will be gradually increased during the 1-day of curing.
Therefore, the first layer (i.e., the plug layer) is able to
form higher shearing resistance along the backfill/rock-
wall interface compared to the second CPB layer. Moreo-
ver, the precipitation of hydration products also plays an
important role in the reduction of the void ratio. Com-
pared with the fresh residual CPB layer, more hydration
products can form in the pore space of the plug layer,
which can contribute to the changes in the void ratio
near the layer interface. In addition, compared to the
plug layer, binder hydration occurs more quickly in rela-
tively fresh CPB (i.e., second layer), which causes signifi-
cant chemical shrinkage and thus contributes more to the
development of consolidation of the CPB along the layer
interface. Consequently, the variations in the void ratio
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Fig. 13 Effect of H/W ratios on the consolidation process of CPB

near the interface of the different backfill layers gradually
become more pronounced with time. Similar results have
been found in previous studies on CPB (e.g., El Mkadmi
et al. 2013; Li and Aubertin 2009).

4.2 Effect of Stope Geometry

Due to the different ore bodies and adopted stoping
methods, the resultant stopes may differ in terms of size
and inclination angle (Cui and Fall 2016a; Dirige et al.
2009). To investigate the effect of the stope geometry,
three stopes with different height-to-width (H/W) ratios,
including 1:1 (15 m x 15 m), 2:1 (30 m x 15 m) and 4:1
(45 m x 15 m) are chosen for further investigation in this
study. The changes in the average degree of consolidation
at a monitored point of 7 m from the stope floor with dif-
ferent H/W ratios are plotted in Fig. 13. It can be seen
that the changes in the H/L ratio have significant impacts
on the consolidation behavior of CPB, especially in the
post-filling stage. Specifically, during the filling stage,
the consolidation curves for the different H/L ratios fol-
low a similar trend of change, namely, an increase in the
self-weight stress with filling can significantly affect the
consolidation behavior of CPB. However, after the fill-
ing takes place, there is an apparent discrepancy in the
consolidation behavior of the CPB stopes with different
H/L ratios, and a lower rate of consolidation is obtained
in the stope with a high H/L ratio. This is because the
CPB placed at a greater height exerts more overbur-
den stress onto the monitored point. As a result, there
are more volume changes in the CPB with a higher H/L
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ratio (re: Fig. 14) during the filling process (void ratio
decreases with higher H during the filling process due
to more overburden stress), which can further increase
CPB stiffness (Cui and Fall 20164, b). Consequently, after
placement, the stiffer CPB placed at a greater height can
significantly reduce the rate of consolidation. Hence, CPB
demonstrates distinct post-filling consolidation behavior
in stopes with different H/L ratios.
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a b c
Fig. 14 Spatial distribution of void ratio of CPB with different H/W ratios after 7 days of curing:a 1:1 (15m x 15 m); b 2:1 30 m x 15 m); and ¢ 3:1
(45mx 15m)
Apart from the H/W ratio, the stope inclination angle
is another key factor that affects the resultant backfill
0 '\.\ : : geometry. To investigate the effect of the stope incli-
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g £ ! _\\ However, the differences in the degree of consolida-
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< 09 | | '\\.\\\\ more evident after approximately 2.75 days. In particu-
: ; 'ijl\ lar, a lower degree of consolidation is observed in the
10 PO 5 * 50 — ""“5'(')0 inclined stope due to the effect of the inclination angle
Time (day) on the stress distribution in CPB. Previous studies on
: o o CPB (Cui and Fall 20164, ¢, 2017) found that under the
Fig. 15 Effect of inclination angles on the consolidation process of . .
PR gravity effect, more overburden stress is transferred

to the footwall (i.e., lower rock wall). As a result, non-
symmetrical distribution of stress and volume changes
emerge in the inclined stope, and become more pro-
nounced with reductions in the inclination angle (see
Fig. 16). Moreover, the inclined stope can further con-
tribute to the arching effect (Cui and Fall 2016a; Suazo
and Fourie 2015). As a result, vertical stress acting on
the monitored point is reduced with the enhanced
arching effect in the inclined stope. Therefore, there are
smaller volume changes in the inclined CPB, which is
clearly shown in Fig. 16 as well.
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4.3 Effect of Rock Wall Roughness

Ore extraction operations (e.g., the use of explosives)
cause the roughness of rock walls. However, the rough-
ness of rock walls can affect the rock mass/CPB inter-
face behavior or properties (i.e., friction angle and
adhesion) and thus influence the consolidation process
of CPB. To quantitatively characterize the roughness
of a rock wall, the roughness index R; (i.e., the ratio of
the actual and projected lengths along the rock wall in
the shearing direction) is used in this study. Three dif-
ferent R; including 1 (smooth rock wall), 1.5 and 2 are

selected to investigate the effect of rock wall rough-
ness on the consolidation behavior of CPB. The mod-
eling results are presented in Fig. 17. It is evident that
the rock wall roughness has significant impacts on the
consolidation behavior of the CPB. The changes in the
consolidation curves which start from the second stage
of filling becomes more apparent with each layer. As
demonstrated in Fig. 17, with increases in the rock wall
roughness, there is a greater degree of consolidation of
the CPB during filling, namely, the volume changes in
a stope with more rough rock walls are reduced after
the completion of the stope filling process (post filling
stage). This can be attributed to the increased arching
effect with a CPB/rock mass interface that has more
surface roughness (Cui and Fall 2017). As a result, the
resultant vertical stress acting on the monitored point
decreases with an increased arching effect, and thus
the associated volume changes are reduced in the stope
with a more rough rock wall during the post filling
stage. However, it should be underlined that arching
effect is only significant in narrow stopes. Several field
(e.g., Thompson et al. 2009; Li et al. 2014) and modeling
studies (e.g., Cui and Fall 2017) have shown that the
vertical stress in narrow backfilled stope is significantly
less than the overburden stress because of the arch-
ing effect, which is primarily due to the consolidation
process of the CPB, and the improvement of CPB/rock-
mass interface characteristics with binder hydration
(Cui and Fall 2017). The consolidation of the CPB leads
to the development of settlement and effective (hori-
zontal) stresses, thus allowing shear stresses to develop
at the CPB-rock interface (Fahey et al. 2009).
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4.4 Effect of CPB Mix Components

The mix recipe plays a key role in the stability of CPB
structures (Cui and Fall 2015a, ¢). In fact, cement con-
sumption can account for up to 75% of the production
costs of CPB (Fall et al. 2008; Grice 1998). In other
words, a cost-effective design of CPB structures largely
depends on the cement content. Due to the significance
of the cement content in CPB design, three different
binder contents, including 3 wt% (43.9 l(g/m3), 4.5 wt%
(60.4 kg/m®) and 7 wt% (82.2 kg/m?) are examined to
study their impacts on the consolidation behavior of
CPB. The effect of cement content on the changes in
the void ratio of the CPB is plotted in Fig. 18. It can be
seen that the discrepancy in the consolidation behav-
ior in CPB with different cement contents appears since
the very early ages, and becomes progressively more
obvious with filling and the curing that follows. Spe-
cifically, CPB with less cement content shows a higher
rate of consolidation up to the completion of the filling.
After completion of the filling, CPB with more cement
content becomes more consolidated. This is because
during the filling process, more cement content gener-
ates more cement hydration products which can fur-
ther increase the stiffness of the CPB. As a result, the
increase in the overburden stress by the newly placed
CTB will cause a lower degree of consolidation when
the cement content is higher. However, after the com-
pletion of the filling, consolidation induced by chemi-
cal shrinkage may be prevalent. As a result, CPB with
a higher binder content becomes more consolidated
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Fig. 19 Effect of filling rate on consolidation process of CPB

during the post-filling stage. Therefore, this study
clearly demonstrates the combined effect of harden-
ing induced by binder hydration, overburden stress and
chemical shrinkage on the consolidation behavior of
CPB.
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4.5 Effect of Backfilling Rate

Due to the differences in planning and scheduling under-
ground mining, the backfilling rate may vary from one
stope to another. The differences in filling rate affect the
CPB operation time and thus the mining cycle and mine
productivity (Khaldoun et al. 2016; Veenstra et al. 2011).
Therefore, it is necessary to study the effect of the filling
rate on the consolidation behavior of the CPB. In this
study, a range of backfilling rates including 0.5 m/h (i.e.,
12 m/day), 1 m/h (i.e., 24 m/day) and 2 m/h (i.e., 48 m/
day) are simulated. The simulation results are presented
in Fig. 19. It can be observed that the filling rate has a
significant effect on the development of CPB consolida-
tion. As the filling rate is reduced, there is an increase in
the consolidation at the end of the filling sequence. For
example, after the filling operation is carried out; i.e.,
1.625 days for 2 m/h, 2.25 days for 1 m/h, and 3.5 days
for 0.5 m/h, the average degree of consolidation is 0.57,
0.62 and 0.67 respectively. This is because a reduced rate
of filling results in a longer filling time (and thus curing
time) for a given CPB height. Consequently, the consoli-
dation process can continue longer, and the precipitation
of more hydration products can further refine the pore
space. Thus, the CPB becomes more consolidated with a
slower rate of filling.

4.6 Effect of Drainage Conditions

During and after pouring into underground stopes, CPB
may be subjected to drained (Thompson et al. 2009,
2012) or undrained (Helinski et al. 2010; Suazo and Fou-
rie 2015; Doherty et al. 2015) conditions. Water seepage
through the barricade not only causes the dissipation of
PWP, but also contributes to the consolidation of CPB.
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Hence, CPB placed into a stope in both drained and und-
rained conditions is investigated in this study. The vari-
ation in the void ratio at a monitored point is plotted in
Fig. 20. For the implementation of the drainage condi-
tion, a mass flux (i.e., a product of water density and
Darcy’s velocity) boundary condition is applied on the
barricade surface (right vertical side of the drawpoint).
The obtained results demonstrate that the differences in
the consolidation behavior start from the second stage of
filling. As the filling operation progresses, and stops (post
filling stage), the difference between the drained and
undrained conditions becomes even more evident. As
shown in Fig. 20, the major change in the consolidation
of the CPB for the undrained condition mainly occurs
during the filling stage, namely an increase in the over-
burden stress due to the filling operation significantly
contributes to the volume changes in CPB in the und-
rained condition. However, the degree of consolidation in
the drained condition is only 0.72 after filling is carried
out, namely, greater volume changes take place in the
CPB in the drained condition after filling is carried out.
This is due to water drainage which can further contrib-
ute to the densification of the CPB skeleton, and is thus
more favorable for the stability of the CPB structure.

The spatial distribution of the void ratio of CPB is pre-
sented in Fig. 21. It can be seen that the arching effect in
the stope in the drained condition (i.e., Fig. 21b) is more
obvious in comparison with that in the undrained con-
dition (i.e., Fig. 21a). This is because more settlement
occurs in the former. Correspondingly, there is also rel-
atively more interface displacement. Therefore, a large
degree of shear stress will take place on the interface
resistance which can further contribute to the arching
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Fig. 21 Spatial distribution of void ratio of CPB under different drainage conditions after 7-days of curing: a undrained CPB; b drained CPB
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effect in CPB. Moreover, it is evident in Fig. 21 that there
is a pronounced change in the void ratio which occurs
around the interface during the filling stages (ie, 7 m
from the stope floor) for the drained condition. This is
due to the fact that there is more reduction in the pore
space in the drained condition during and after plug
placement. As a result, after 1-day of curing, the plug
layer becomes stiffer in comparison to that in the und-
rained condition. Therefore, after subsequent filling,
there is a greater difference in the stiffness of the CPB at
the interface, which can result in strain concentration in
the corresponding regime for the drained condition.

5 Conclusions
The following conclusions are made based on the
obtained results in this study.

i. The in situ consolidation behavior of CPB struc-
tures is controlled by the coupled THMC pro-
cesses through the effect of the self-weight of CPB,
water drainage through the barricade, temperature
changes induced by the heat transfer between the
CPB and the surrounding environment, and chem-
ical shrinkage caused by the development of binder
hydration.

ii. The consolidation behavior of CPB structures is
time-dependent, that is, the void ratio significantly
varies with curing time. Moreover, changes in the
void ratio mainly take place at the early ages.

iii. The rock mass conditions, including the geometry
and rock wall roughness, can affect the consoli-
dation process of CPB structures. Increased rock
mass/CPB interface roughness and low inclination
angles can further contribute to the development
of the arching effect in CPB, which is more favora-
ble for its stability.

iv. Cement content plays a crucial role in the consoli-
dation process of CPB. The variations in the degree
of consolidation of CPB with different cement con-
tents are more evident from the second stage of
filling, which clearly demonstrates that chemical
shrinkage affects consolidation behavior.

v. A slower rate of filling can further increase the vol-
ume changes in the CPB, and thus will be benefi-
cial for its stability. However, the differences in fill-
ing rate affect the CPB operation time and thus the
mining cycles and mine productivity.

vi. Water drainage through barricades can drastically
reduce the pore space of CPB, and thus contrib-
utes to the stability of retaining structures and CPB
mass in stopes.
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