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Abstract: Cemented paste backfill (CPB) has been one of the best practical approaches for tailings management and underground goaf treat-
ment. Paste rheology is a science to study the flow and deformation behaviors of paste or filling body under the effects of stress, strain, temper-
ature, and time during the CPB process. The goal of studying paste rheology is to solve the engineering problems existing in four key pro-
cesses; that is, paste rheology should meet the engineering demands of thickening, mixing, transportation, and backfilling. However, paste rhe-
ology is extremely complicated due to its high concentration, materials complexity, and engineering characteristics of non-stratification, non-
segregation, and non-bleeding. The rheological behavior of full tailings in deep thickening, rheological behavior of paste in mixing and pipeline
transportation, and rheological behavior of filling body are introduced and discussed: (1) gel point, compressive yield stress, and the hindered
settling function are adopted to characterize the rheological properties of full tailings in deep thickening. Combination of Coe—Clevenger the-
ory and Buscall-White theory can also analyze the thickening performance in the whole area of deep cone thickener; (2) yield stress and vis-
cosity are consistent with the evolution trend of the relative structure coefficient of paste in mixing; (3) coupling effect of wall slip and
time—temperature dependency has a significant influence on the rheological properties and pipeline transportation; (4) damage variable is intro-
duced to the Burgers model to describe the creep damage of the filling body. However, in-depth and systematic studies were still needed to es-
tablish a complete theoretical system of paste rheology in metal mines.

Keywords: paste rheology; cemented paste backfill; thickening; mixing; pipeline transportation

1. Introduction

As important natural resources that human beings depend
on for survival, mineral resources are the basis of human so-
cial and economic development. However, the mining in-
dustry has resulted in serious safety and environmental is-
sues [1-4]. With the development of global mining science
and technology, especially the innovation of tailings thicken-
ing and high concentration slurry pipeline transportation, ce-
mented paste backfill (CPB) has been one of the best practic-
al approaches for tailings management and underground goaf
treatment [5-8]. Moreover, CPB has become an essential
method for green mining in China because of its advantages
of being safe, environmental, economical, and highly effi-
cient [6,7,9-10]. CPB can use solid waste in mines (tailings)
to treat the two major hazardous sources (underground goaf
and surface tailings pond caused by mining), achieving the
goal of “one waste to cure two harms” [6,11].

Paste, a type of toothpaste-like structure fluid with non-
bleeding, is made of multiscale granular materials and water,
as shown in Fig. 1. According to available data, more than
200 metal mines are estimated to have adopted or are build-
ing CPB systems [6—7]. The typical flow-process diagram of
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CPB in metal mines is illustrated in Fig. 2 [6-7,11-13].

CPB in metal mines mainly consists of four key processes:
full tailings thickening, multiscale aggregate mixing, paste
pipeline transportation, and paste backfilling and consolida-
tion in underground goaf. The low-concentration tailings
slurry discharged from the minerals processing plant is first
thickened and then mixed with cementing materials (e.g., ce-
ment), coarse aggregates (e.g., waste residue, gravel), and
other materials to prepare paste slurry. After mixing prepara-
tion, the paste is then transported to the underground goaf for
backfilling through pipelines by gravity or pumping. In un-
derground goaf, paste slurry solidifies and hardens into filling
body. According to the National Standard of the People’s Re-
public of China (GB/T 39489—2020), the technical indexes
of CPB should meet the requirements shown in Table 1 [13].

Although CPB has been widely used in China, its theoret-
ical foundation is still relatively weak, limiting the develop-
ment of essential technology and equipment. In thickening,
the tailings slurry concentration increases from less than
30wt% to approximately 70wt% after flow through the deep
cone thickener (DCT, also called paste thickener), and the
tailings slurry changes from solid-liquid two-phase flow to
non-Newtonian fluid after flocculation, settling, sedimenta-
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Fig. 1. Paste with characteristics of non-stratification, non-se-
gregation, and non-bleeding.

tion, and shearing [14-20]. In mixing, solid particles (ce-
ment, coarse aggregates, chemical additives, and other ma-
terials) must be uniformly dispersed in non-Newtonian
thickened tailings slurry under the effects of convective mo-
tion, diffusion, and shearing; the materials also transform
from loose solid or thickened slurry into a homogeneous
paste with good fluidity [21-23]. In pipeline transportation,
the prepared paste slurry should be transported to the under-
ground goaf stably and continuously; pipeline vibration,
pipeline plugging, pipeline wearing, and pipeline explosion
should be reduced or even avoided by controlling the flow

Mineral processing plant

30wt%
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behavior of paste [9,24-27]. To effectively control ground
pressure and strengthen mining in the backfilling and solidi-
fication links, ensuring a uniform distribution of filling body
strength and adequate roof contact and control deformation
creep in the filling body is necessary [28-31].

Therefore, the flow and deformation behaviors of the
paste or filling body should be investigated to understand the
mechanism of the CPB process. At the same time, rheology
is the study of the deformation and flow of matter [32]. Ac-
cordingly, it is rheology that provides a theoretical founda-
tion for the four key processes in CPB.

This paper gives a systematic introduction of paste rhe-
ology in metal mines. The rest of the paper is structured as
follows: Section 2 introduces the framework of paste rhe-
ology in metal mines. Section 3 discusses the complexity of
paste rheology. Sections 4, 5, 6, and 7 present and discuss the
rheological behavior of full tailings in deep thickening, paste
in mixing, paste in pipeline transportation, and the filling
body, respectively. Section 8 concludes the study and de-
scribes future work in paste rheology in metal mines.

2. Framework of paste rheology in metal mines

Paste rheology is a science to study the flow and deforma-
tion behaviors of paste or filling body under the effects of

Coarse
aggregate

Cementing
materials

Thickening

TO0wt%

Backfilling

’-% Mixing

Pumping

=

80wt%

B TSI

Filling body

Gravity
Transportation

Fig.2. Typical flow-process diagram of CPB in metal mines.

Table 1. Technical indexes of CPB

Bleeding rate / % Slump / mm Yield stress / Pa

Setting time / h Uniaxial compressive strength / MPa

1.5-5 180-260 100-200

>8 0.2-5
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stress, strain, temperature, and time during the CPB process.
It is a branch of rheology with the particularity and complex-
ity of the mining industry. The framework of paste rheology
in metal mines is shown in Fig. 3 [12]. Based on rheology
theory, the main research content of paste rheology is the
constitutive equation of paste. The research methods com-
prise theoretical study, rheological experiments, and numer-

Theoretical basis

(O nsA-M Research

equation

content

Meeting the engineering demands

Paste rheology
in metal mines
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ical calculation. Moreover, artificial intelligence (AI) model-
ing has increasingly become an important research approach
in CPB [33-34]. The goal of studying paste rheology is to
solve the engineering problems existing in four key pro-
cesses; that is, paste rheology should meet the engineering
demands of thickening, mixing, transportation, and back-
filling.

Theoretical
study

Rheological

Research experiments

methods .
Numerical

calculation

Backfilling

Fig. 3. Framework of paste rheology in metal mines.

3. Complexity of paste rheology
3.1. High concentration

The paste concentration can generally reach approxim-
ately 80wt%, which is much higher than that of low-concen-
tration tailings slurry [15,27,35]. Determining whether the
solid particles are dispersed in the water or the water is dis-
persed in the solid particles at such a high concentration is
difficult. In comparison, the traditional solidliquid two-
phase flow is a dispersion system with water as the disper-
sion medium and solid particles as the dispersion substance.
Paste has high viscosity and plasticity (yield stress) without
an obvious critical flow rate and critical concentration during
pipeline transportation. Its pipeline transportation shape is
non-Newtonian fluid, with obvious plug flow (also called
plunger flow) characteristics [6,9,36]. Under the high con-
centration condition, the paste slurry produces a non-negli-
gible 3D (3-dimension) structure among particles. Calculat-
ing the interaction between particles and fluids using the for-
mulas of resistance and lift force under the two-phase flow
model is difficult [37].

For example, the two-phase flow theory cannot explain
the friction effect between particles and the rheological beha-
vior of non-Newtonian suspension substrate formed by fine
particles (tailings and cement particles). Therefore, high con-
centration is an important reason for the complex rheological
behavior of paste slurry.

Moreover, high concentration makes it difficult to determ-
ine the paste flow model. High concentration slurry has
strong non-Newtonian fluid flow characteristics during
pipeline transportation. The flow model of paste is different
from the traditional model of solid-liquid two-phase flow.
The corresponding shear-induced migration of particles must
be considered in determining the flow model of the paste
slurry during pipeline transportation. Consideration must be
given to whether the plug flow model can continue to be ad-
opted or not, whether the coarse particles have radial move-
ment during transportation, and related movement rules are

required or not [38—39]. All these factors must be considered
when determining the paste slurry flow model due to high
concentration [38—41].

3.2. Complexity of paste slurry materials

The complexity of paste slurry materials is mainly reflec-
ted in the physical and chemical properties of slurry materi-
als [11-12,32,37].

(1) Complexity of physical properties.

The composition, size, and shape of particles in paste are
more complicated than traditional suspensions, leading to the
complexity of paste rheology [37,42]. Paste slurry comprises
tailings particles, cementing materials, coarse aggregates,
water, and chemical additives. Moreover, the composition of
tailings in each mine is not the same. At the same time, the
particles in paste have the characteristics of multiple scales,
from a few microns to a few hundred microns. The upper
limit of particle diameter can also reach a centimeter level
when coarse aggregates are added. The tailings particles are
irregular (not spherical or ellipsoidal), and the shape of solid
particles is different.

(2) Complexity of chemical properties.

The chemical composition, hydration reaction, and chem-
ical action of additives in paste slurry are also more complic-
ated than traditional rheological objects, aggravating the
complexity of paste rheology [37]. The chemical composi-
tion of the tailings from each mine is different. In the case of
small particle size, the difference in chemical composition
greatly impacts the rheological property of paste slurry.
Moreover, flocculant, cement, superplasticizer, and other
chemical additives are added during the CPB process, caus-
ing chemical reactions and changes in the 3D structure of the
slurry.

The complexity of paste slurry materials leads to diffi-
culty in the rheological measurement of paste slurry
[37,43—45]. The complexity of paste slurry material compos-
ition makes it difficult to guarantee the repeatability of paste
slurry rheological test samples and the uniformity of the dis-



720

tribution of components inside the sample during measure-
ment, especially in the rheometer when measuring the yield
stress of the slurry. The problem of repeatability affected by
slurry composition and the problem of uniformity affected by
the mixing effect during sample preparation can lead to some
differences in the internal 3D structure. Such differences dir-
ectly affect the measurement results of the yield stress of the
CPB slurry.

3.3. “Three non” engineering characteristics

Compared with the traditional low-concentration tailings
slurry, paste has “three non” engineering characteristics: non-
stratification, non-segregation, and non-bleeding [11-12,
37,46]. Based on the “three non” engineering characteristics
of paste, the paste slurry is obviously no longer an ordinary
solid-liquid two-phase flow. For no-stratification character-
istics, the paste slurry is a non-Newtonian fluid with yield
stress. Under static conditions in the underground goaf, the
coarse particles do not have settlement movement in the ver-
tical direction, and critical yield stress exists. For non-segreg-
ation characteristics, the coarse particles moving synchronic-
ally with the non-Newtonian suspension substrate comprises
fine particles of tailings, and the segregation led by the separ-
ation of the coarse particles from the non-Newtonian suspen-
sion substrate does not occur. For non-bleeding, the paste
slurry has a 3D structure inside, the pore connectivity
between the 3D structures is dense, and the internal water in
the 3D structure does not flow easily.

To realize the “three non” engineering characteristics of
paste slurry, studying the 3D microstructure of complex flu-
ids and the movement of particles in complex fluids is neces-
sary. The rheology of paste in metal mines has obvious in-
dustry particularity compared with traditional rheology.
However, investigating the microscopic 3D structure and the
coarse particles of the paste slurry is difficult. Therefore, the
rheological behavior of paste in CPB is complex. Moreover,
exploring paste rheology in metal mines is difficult due to
high concentration, complexity material composition, and the
“three non” engineering characteristics.

4. Rheological behavior of full tailings in deep
thickening

The deep thickening of full tailings in DCT is illustrated in
Fig. 4. In deep thickening, the form of tailings changes from
solid particle to floc and even the floc network, with the con-
centration in DCT increasing from 30wt% to approximately
70wt%.

4.1. Rheological properties of full tailings in deep thick-
ening

Gel point, compressive yield stress, and the hindered set-
tling function are adopted to characterize the rheological
properties of full tailings in deep thickening [47—49]. Gel
point and compressive yield stress can characterize the de-
gree of the dewatering of the flocs. The hindered settling
function can characterize the dewatering speed of the flocs.

Int. J. Miner. Metall. Mater., Vol. 29, No. 4, Apr. 2022
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Fig. 4.
DCT.

Schematic of the deep thickening of full tailings in

Gel point is the critical concentration that flocs begin to touch
each other and is the concentration at the beginning of the
compression zone [50]. The compressive yield stress refers to
the stress that must be applied to increase the slurry concen-
tration further when the slurry network structure yields and
compresses at a certain concentration [47,49]. The hindered
settling function is determined, as shown in Eq. (1) [47].

R@®) = (V) @ M

where R(¢) is the hindered settling function, Pa-s-m™"; ¢ is
the solid volume fraction, %; A is the Stokes drag coefficient;
V, is the volume of the particle (floc), m’; u is the settling ve-
locity under different concentrations, m-s™'; u is the Stokes
settling velocity, m-s .

Gel point varies with the rotational speed of the rake
[12,51]. According to the small-scale dynamic thickening ex-
periment results using the full tailings from a copper mine,
gel point significantly increases during the sedimentation
process under the effect of shear. Gel point first increases and
then decreases as the rake speed increases, reaching a max-
imum of 61.8wt% at the rake speed of 0.13 rad/s [12,51]. The
floc network structure is broken under shear, and the internal
water is discharged. The floc size then becomes small, and
the floc network structure is compacted, resulting in an in-
crease in concentration. However, when the rotational speed
of the rake is higher than 0.13 rad/s, the flocs are mixed with
water, and the gel point decreases slightly [12,51].

At the same time, the compressive yield stress and
hindered settling function are considered functions of the sol-
id volume fraction in underflow [12,51-53]. The functions
are shown as Egs. (2) and (3), respectively [12,51].

a(e-0)(b+0-0.))"

(¢-0e)

py(@) = 2
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R@)=ri(p=rs)" +r, (3)

where a, b, k, r,, 1, 7, and r, are the fitting parameters; 4, is
the limiting volume fraction of tailings; 4, is gel point.

4.2. Relationship between the rheological properties and
microstructure of thickened tailings

As displayed in Fig. 5, the compressive yield stress in-
creases with the underflow concentration, whereas the pores
in thickened tailings become less when the underflow con-
centration rises. When the underflow concentration is
55.8wt%, the pore structure is mainly parallel plate pores
with openings on all sides. It is the main part of the water
channel and has good connectivity with the surrounding
pores. The strength of the network is low, which shows low
compressive yield stress (10.25 kPa). The pore structure is
mainly tree-branch-shaped pores with both ends open when
the underflow concentration rises to 58.7wt%. This kind of
pore is located at the network node. It has a high degree of
connectivity with the upper and lower pores. It also has many
connected positions and is an important part of the water
channel. The strength of the network is low, which suggests
low compressive yield stress (10.57 kPa). When the under-
flow concentration is 63.4wt%, the pore structure comprises
cylindrical pores with one end closed and wedge-shaped
pores or conical pores with one end closed. The pores are loc-
ated at the network’s edge, forming a local water channel.
Under a stable state, the water in the slurry is difficult to
drain, and the network strength is large, which indicates that
the compressive yield stress is large (11.09 kPa). When the
underflow concentration reaches 66.2wt%, the pores are rel-
atively independent, and forming a drainage channel is diffi-
cult. The liquid in the dense slurry is isolated by solid
particles, and the strength of the particle network is high,
which represents high compressive yield stress (11.45 kPa).
We can conclude that the more obvious the pore microstruc-
ture is, the smaller the compressive yield stress of thickened
tailings is, whereas the worse the pore microstructure is, the
larger the compressive yield stress is.

4.3. Deep thickening mechanism of full tailings based on
rheological properties

In the settling area of DCT, the settling rate of solid is only
a function of the concentration. It has no mechanical relation-
ship with the floc groups in the lower part (compression area)
of DCT. The solid settling rate can be obtained from
Coe—Clevenger theory (C—C theory) [54], in which the inter-
actions among flocs are ignored. The solid flows through the
compression area when the concentration is larger than the
critical concentration. In the compression area, flocs form a
continuous network structure, resulting in the particle migra-
tion being affected by gravity and structural force. The set-
tling rate of particles is no longer related to the concentration
only. The settling and thickening process in this area can be
described by Buscall-White theory (B—W theory) [48], in
which the compressive yield stress and the hindered settling
function are considered.
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Fig. 5. Relationship between the rheological properties and
microstructure of thickened tailings (green represents pores in
thickened tailings) (modified from [12]).

To describe the deep thickening of full tailings in DCT,
we can take the gel point as the separatrix and use C—C the-
ory to analyze the area when the concentration is smaller than
the gel point, and then apply B-W theory to explore the area
when the concentration is larger than the gel point. By com-
bining these two theories, we can analyze the thickening per-
formance in the whole area of DCT, as displayed in Fig. 6
[47].

Solid flux

o C—C theory
o B—W theory
—— Combination of C—C and B-W
— Feeding concentration
--- Gel point

Underflow concentration
Fig. 6. Combination of C—C theory and B-W theory.

5. Rheological behavior of paste in mixing

In paste mixing, ultrafine cement particles are not easy to
disperse in high concentration and high-viscous thickened
tailings, as illustrated in Fig. 7. To obtain homogenization
fluidization paste, a horizontal double-shaft mixer is widely
used. Solid and slurry move circularly in the horizontal
double-shaft mixer; subsequently, a homogeneous paste
slurry is obtained, as shown in Fig. 8.

Fig.7. Aggregate of cement in paste.
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Fig. 8. Paste mixing in a horizontal double-shaft mixer.

5.1. Influence of mixing on the microstructure of paste

The microstructure of paste during mixing obtained by a
particle video microscope is shown in Fig. 9 [12]. Paste is a
network consisting of aggregates of various sizes and some

Int. J. Miner. Metall. Mater., Vol. 29, No. 4, Apr. 2022

particles during mixing. Many aggregates are formed by tail-
ings and cement particles. At the same time, there still exist
some pores (blue) among the aggregates. Moreover, the ag-
gregates become small with continuous mixing, indicating
that the ultrafine cement particles disperse in the thickened
tailings evenly. In general, the effect of shearing on the mi-
crostructure of the paste is characterized by the evolution of
the pore structure. Fig. 9(a) displays that when cement is ad-
ded and mixed for 10 s, large red blocks (cement) and a few
pores (water) exist, resulting in high structural strength. Fig.
9(b) and (c) illustrate that the cement gradually disperses and
the pore distribution is uniform as the mixing time increases,
suggesting that the strength of the structure decreases.

Fig. 9. Microstructure of paste during mixing: (a) 10 s; (b) 180 s; (c) 300 s. Red, blue, and green represent cement, water (pores),

and tailings, respectively.

Moreover, the microstructure of the slurry has obvious
fractal characteristics. Therefore, using fractal theory to ana-
lyze the structure quantitatively is feasible. On the basis of
Moore’s work [55], we adopt relative structure coefficient A’
to investigate the structural evolution of paste during mixing.
A'1is related to the box-counting dimension, and it can be cal-
culated through Eq. (4).
_ Dg(?) = Dgmin

A=
DBmax -D Bmin

“)
where Dg(?) is the box dimension of the microstructure in the
mixing, Dy and Dy, are the maximum and minimum of
Dg(?), respectively.

When all the aggregate structures in the system are des-
troyed, the solid particles (tailings and cement) are uniformly
distributed in the slurry, and then Dy, = 1. The range of A'is
0-1. A large A’ indicates that particles connect with each oth-
er in the microstructure. Therefore, we set A'at the initial time
as 1, and Dg,x = Dg (¢ = 0). Then, the A’ in Fig. 9(a—c) can be
calculated as 0.97, 0.52, and 0.49, respectively.

5.2. Relationship between the rheological properties and
microstructure of paste

To investigate the relationship between the rheological
properties and microstructure of paste, the measurement of
rheological properties is performed simultaneously for yield
stress and viscosity determination at different times. The
evolution of rheological properties and A’ with mixing time is
shown in Fig. 10.

It illustrates that the yield stress and viscosity are consist-
ent with the evolution trend of A". Both rheological properties
and A’ decrease with mixing time first and then reach a stable
state at approximately 5 min. Under the effect of shearing, the

microstructure of paste is destroyed and A’ decreases, result-
ing in the reduction of yield stress and viscosity. Meanwhile,
particles reconnect, and the microstructure is reconstructed.
When the reconstruction rate is equal to the destroy rate, A’
becomes stable. Note that viscosity has an upward trend
when the material is soaked at the beginning of mixing. After
reaching the peak, it begins to decrease under the action of
shear.

250
—e— Yield stress | | ¢
225 —8— Viscosity '
11.6 &
a\‘:’ 200 g
2 r=041 {14 3
3
2 150t 112 5
125 11.0
100 0.8

0 360 660 960 12.00 15.00 18b0
Mixing time / s

Fig. 10. Evolution of rheological properties and A' with mix-

ing time (modified from [12]).

The phenomenon that the rheological properties of paste
decrease with mixing time is so-called shear thinning.
However, in some special conditions, such as ultra-high
shear, the shear thickening of the paste may occur [22].

6. Rheological behavior of paste in pipeline
transportation

Paste flowing in the pipeline is regarded as “plug flow”
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due to high concentration [27]. Based on the Buckingham
equation, the flow resistance of paste in the pipeline is al-
ways determined through Eq. (5) on the condition that the
yield stress and plastic viscosity are known [9,24].
i= 0= D 2, )
where i is the flow resistance, AP is the pressure drop, L is
the pipeline length, D is the pipeline diameter, v is the velo-
city of paste, 7, and ng are the yield stress and viscosity of
paste, respectively.

However, some key factors, including working conditions,
environment, and transportation distance, affect the shear rate
and the shear history of paste, resulting in changes in its rhe-
ological behavior, such as the shear thinning behavior of
paste during long-distance transportation, the wall slip phe-
nomenon caused by particle migration in a complex flow
field, and the temperature effect of alpine regions on paste
transportation [9,27,56-57]. Therefore, the flow resistance
predicated by Eq. (5) is inconsistent with the actual situation,
leading to pipeline accidents, such as vibration, pipeline-
plugging, pipeline-wearing, and even pipeline explosion.

6.1. Influence of wall slip on pipeline transportation

Due to high yield stress and high plastic viscosity, the
paste flows in laminar flow generally during the pipeline
transportation process. According to apparent slip theory
[58], the following assumptions are made for the paste lamin-
ar flow in the pipe: (1) the fluid in the slip layer has no slip on
the pipeline wall; (2) the slip layer thickness is small and does
not affect the viscosity characteristics of the main body of the
slurry; (3) the slip layer thickness is the same everywhere on
the wall and is unaffected by the pipeline size; (4) under lam-
mar flow conditions, the shear stress from the center to the
wall changes linearly along the radial direction.

The flow structure of paste under laminar flow conditions
in a pipeline is shown in Fig. 11, where 7, and R are the plug
flow and pipeline, respectively. The radial shear stress 7 of
the paste is linearly distributed, with the maximum value at
the wall and zero at the center. For the fluid with yield stress
7, and the ponit with a distance » from the center of the pipe,
it is assumed that when r = r,, T = 7, that is, ro = ‘ryR/ Tw,
where T, is the wall shear stress. Assuming that the thickness

Slip layer

Shear flow Plug flow

Fig. 11. Schematic of the wall slip in the pipeline transporta-
tion of paste (modified from [27]).
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of the slip layer is 6, 7, = R — 6. In the range of 0 <7 <7y, T is
less than 7,. At this time, no shear deformation occurs, and
the velocity of each point is the same. Thus, this part of the
paste is in the plug flow zone. In the range of o <r <ry, T is
more than 7. This part of the paste is in the shear flow zone,
and shear deformation occurs. A slip layer formed by particle
migration occurs in the range of 7, < < R. This part of the
paste is in the slip layer.

Therefore, the influence of wall slip on flow resistance
should be considered. The flow resistance based on rheolo-
gical properties and wall slip can be determined through Eq.
(6) [12,56].

. 16 32v

T 3@ +D) " BBaw+ DD
where S, is the slip coefficient, which is related to the thick-
ness and viscosity of the slip layer.

Q)

6.2. Influence of time—temperature dependency on
pipeline transportation

The rheological properties of paste are commonly known
as time-dependent [22,59—62]. At the same time, the differ-
ent temperatures generated from the geographic location of
the mine, the friction between the pipeline and paste, the rock
mass surrounding the pipeline, and the cement hydration may
affect the rheological properties of paste [63—65]. Therefore,
predicting the coupled effect of time and temperature on the
rheological properties of paste and flow resistance is import-
ant [59-62].

The influence of time—temperature dependency on the
yield stress and viscosity is described by Egs. (7) and (8), re-
spectively [9,12,61].
7y(1,T) = Ty (o, To)exp{—k[t+ci (T = 30)]} @)

(6, T) = no (t0, To) —m [t + 2 (T = 30)] 3
where 7,(#,T) and ng(z,T) are the yield stress and viscosity
at thixotropic time ¢ and temperature 7} 7y (fo,To) and
ngo (0, Tp) are the yield stress and viscosity at the initial
thixotropic time ¢, and reference temperature 7,; k and m are
the thixotropic time parameter; ¢, and ¢, are the fitting coeffi-
cients.

Substituting Egs. (7) and (8) into Eq. (5), the flow resist-
ance considering time and temperature effect is obtained, as
shown in Eq. (9) [9,12,61].

it,T)= ;—g‘ryoexp {=k[t+c, (T -30)]}+

% {mgo—mlt+c2(T=30)]}, 1< tom ®
i(t,T) =i(towa, 1),
where fi is the thixotropic equilibrium time of paste. Ty,
so, kK, M, C1, €, and .y, are constants for a particular paste,
which can be determined by rheological measurements.

Note that the number “30” in Egs. (7) and (9) is a specific
temperature value during the experiment [9,12,61], and it
may be different for other pastes or experiments. Moreover,
if we ignore the interaction between wall slip and time—tem-
perature dependency, then we can substitute Egs. (7) and (8)

1> liotal
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into Eq. (6) to investigate the coupling effect of wall slip and
time—temperature dependency on pipeline transportation.
The flow resistance can be determined by Eq. (10).

16
i(l, T) = m‘ryoexp{—k[t+ Cq (T - 30)]} +
32y
—_ —m[t+c(T-30)]}, <t
B+ D)D {mBo —m[t+c2( )1} total
i, T)=i(toa,T), t>toal
(10)

7. Rheological behavior of the filling body

After being transported to the underground goaf, paste
slurry solidifies and hardens into the filling body, known as
artificial low-strength rock. The filling body and surrounding
rock form a unified geological body, as illustrated in Fig. 12.

Fig. 12. Filling body in the underground goaf.

When the filling body is exposed to geological action,
mining disturbance, or other external factors, it may be relat-
ively stable after experiencing a period of deformation or
may maintain a long continuous slow deformation (creep).
However, the filling body may undergo a rapid deformation
under the effect of blasting or another underground engineer-
ing and then experience another stable or creep period.
Moreover, the filling body may be destroyed. At present, re-
search on the rheological behavior of the filling body mainly
focuses on the creep behavior, which consists of creep dam-
age [66—68] and creep hardening [69]. Little attention is paid
to stress relaxation, long-term strength, elastic after-effect,
and flow of the filling body.

Compared with rock, the strength of the filling body is low
because it has many pores. The creep damage of the filling
body appears early under the action of stress. Therefore, con-
sidering the damage in the creep constitutive equation of the
filling body is necessary. To define the damage with the
change value of the deformation modulus, the damage vari-
able D(o,?) is introduced on the basis of the effective stress
model and the strain equivalence principle [68], as shown in

Eq. (11).

Do) =1- ﬁ [E(0,00) + (E(0,0)— E(0,))e™]
(11)

where D(o,t) is the damage variable at loading time ¢,
E(0,0) is the initial deformation modulus at the o stress
level, E(o, ?) is the deformation modulus at the stress level o
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and the loading time ¢, E(o,0) is the stable deformation
modulus, e is Euler number, and « is the material parameter
related to the stress level.

Substituting Eq. (11) into the Burgers model [70], we can
obtain the improved constitutive equation of the Burgers
model, as presented in Eq. (12) [68].

o 1 1 1 ik,
&) = T(o-,t)[E_M+n_Mt+ E—K(l—e )] (12)
where ¢ is the creep strain, o is the stress level, £y and Ex
are the deformation modulus, 7y and 7i are the viscosity
coefficient.

The effects of loading time and stress level on the creep
parameters are considered in Eq. (12), reflecting the phe-
nomenon of parameters weakening with loading time and the
law of damage and deterioration of the filling body. The
creep damage can be explained by the macro—micro struc-
ture evolution of the filling body under the action of stress.
Based on the CT scan images and simulation of the creep
damage of the filling body, the creep damage can be divided
into four stages: no microcrack region, initiation, and aggreg-
ation of microcrack; connection of microcrack; and forma-
tion of macroscopic fracture region [29,71].

8. Conclusions and future work

As a branch of rheology, paste rheology in metal mines
has only been developed for over a decade. The study of
paste rheology is extremely complicated due to its high con-
centration, the complexity of paste slurry materials, and the
“three non” engineering characteristics. The rheological be-
havior of full tailings in deep thickening, paste in mixing and
pipeline transportation, and the filling body are introduced
and discussed in this paper.

However, in-depth and systematic studies are still needed
to establish a complete theoretical system of paste rheology
in metal mines. The following topics are proposed: standard
for measuring the rheological properties of paste; con-
stitutive equation of paste for the four key processes of CPB;
combination of theoretical study, rheological experiments,
numerical calculation, and Al (artificial Intelligence) model-
ing; application of paste rheology in the research and devel-
opment of CPB technology and equipment.
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