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Abstract: The macroscopic flow behavior and rheological properties of cemented paste backfill (CPB) are highly impacted by the inher-
ent structure of the paste matrix. In this study, the effects of shear-induced forces and proportioning parameters on the microstructure of
fresh CPB were studied. The size evolution and distribution of floc/agglomerate/particles of paste were monitored by focused beam re-
flection measuring (FBRM) technique, and the influencing factors of aggregation and breakage kinetics of CPB were discussed. The res-
ults  indicate  that  influenced by both internal  and external  factors,  the  paste  kinetics  evolution covers  the  dynamic phase and the stable
phase. Increasing the mass content or the cement–tailings ratio can accelerate aggregation kinetics, which is advantageous for the rise of
average floc size. Besides, the admixture and high shear can improve breaking kinetics, which is beneficial to reduce the average floc size.
The chord length resembles a normal distribution somewhat, with a peak value of approximate 20 μm. The particle disaggregation con-
stant (k2) is positively correlated with the agitation rate, and k2 is five orders of magnitude greater than the particle aggregation constant
(k1). The kinetics model depicts the evolution law of particles over time quantitatively and provides a theoretical foundation for the mi-
cromechanics of complicated rheological behavior of paste.
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1. Introduction

With the advancing of carbon peaking and carbon neutral-
ity goals, and the proposal of the concept that clear water and
lush mountains mean gold and silver mountains, the utiliza-
tion of tailings resources and comprehensive treatment to en-
vironment have been attached great importance [1].

However, many vacant lands still appear and tailings are
left on the surface due to the extraction of resources, which
not  only  has  led  to  environmental  pollution  and  geological
disasters,  but  also  posed  a  significant  threat  to  mine  safety
production [2–3]. Against such background, cemented paste
backfill (CPB) technology is considered as a crucial research
field for  underground metal  mining [4].  CPB technology is
the  resource  utilization  of  solid  waste  such  as  tailings  and
slag to produce a paste that does not exude water, delaminate,
or  segregate  [5–6].  Unlike  traditional  viscoplastic  fluids,
pastes exhibit high solid content and multiscale characterist-
ics,  leading to the complexity of their  rheological behavior.
Pastes exhibit  specific rheological  features such as solid–li-
quid  transitions  and  shear  thinning,  resembling  the  rheolo-
gical behaviour of non-Newtonian suspensions. Furthermore,
their rheological properties are influenced by factors such as
content, shear, and additives. In the present, the pivotal role
of rheology in CPB has gained widespread recognition along

with rheological studies delving into various process aspects
of CPB. The paste is used to backfill the goaf to achieve safe,
environmentally friendly, and efficient ore mining.

Rheology of paste is the study of slurry flow and deforma-
tion law [7]. CPB in metal mines mainly consists of four key
processes: the thickening of tailings, the mixing of multiscale
aggregates, the pipeline transportation of paste, and the back-
fill and solidification of paste in underground stope. It is the
rheology that provides a theoretical foundation for these four
processes.  For  the  past  few  years,  paste  rheology  has  re-
ceived extensive attention and in-depth research at home and
abroad, and a lot of work has been done in rheological con-
cepts, rheological properties and their influencing factors [8].
Accordingly, key research results have been achieved. When
a  paste  is  sheared,  the  stable  mesh  structure  between  the
particles reacts to the shear stress, which is primarily determ-
ined  by  the  contact  forces  between  the  particles.  Con-
sequently,  having a deep understanding of  the particle con-
tact  forces  in  paste  slurries  is  a  crucial  precondition for  the
study of the rheological behavior of pastes. The reason is that
pastes are more difficult to achieve in situ fine structure evol-
ution monitoring due to their high concentration [9], low light
transmission, and complex composition. In recent years, the
fine-scale  mechanisms  that  create  complicated  rheological
behaviors in pastes have been ignored, and the majority of in- 
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vestigations  of  paste  kinetics  have  been  limited  to  hypo-
theses and numerical simulations. It is indicated that it’s dif-
ficult  to  confirm  the  established  model  using  experimental
parameters and investigating the microscopic process under-
lying  the  non-Newtonian  rheological  behavior  of  the  paste
[10–11]. The inability to apply theoretical results to the pre-
diction and regulation of  rheological  behavior  has  hindered
the  breakthrough  of  paste  manufacturing  and  conveying
technology [12–13]. In recent years, fine structural observa-
tions  of  concentration  suspensions  have  become  possible
with  the  rapid  developments  of  new  technologies  such  as
computed  tomography  (CT),  electron  microscopy,  and  fo-
cused  beam  reflection  measuring  (FBRM)  [14].  Among
them, computed tomography and electron microscopy have
the advantages of high resolution, while they also present the
disadvantages  of  requiring  sample  preparation  for  experi-
ments  and  lagging  data,  which  makes  it  impossible  to  get
real-time  dynamic  evolution  parameters.  However,  in  addi-
tion to high precision (0.5 μm) and wide field of vision, the
FBRM approach does not require sample extraction or pre-
paration  before  the  experiment,  ensuring  the  reliability  and
instantaneity of experimental results. Based on FBRM, Yim
et al. [15] analyzed the characteristics of flocs with time un-
der various shear rate conditions by measuring the changes of
fine microstructure of fresh concrete in shear flow. This work
is significant for analyzing the properties of floc fluctuation
at  different  shear  rates  and  understanding  the  time-varying
effects  of  thixotropic  fluids  [16–17].  Ferron et al. [18–19]
carried out  monitoring of  the fine-scale  structural  evolution
of cement paste using FBRM, analyzed the effect of factors
such as thickeners and cohesive minerals on particle dynam-
ics [20], and proposed a particle dynamics model that fitted
the characteristics of cement paste. In order to optimize pro-
duction  parameters,  FBRM  is  also  utilized  to  observe  the
evolution of the floc structure during flocculation and settle-
ment  [21].  The  above  investigations  fully  demonstrate  the
technical benefits and feasibility of the FBRM technology in

the field of studying the particle dynamics of high concentra-
tion suspensions.

To sum up, the key to comprehending the rheological be-
havior  of  highly  concentrated,  multi-scale  particle  suspen-
sions is to investigate the expression of inter-particle forces.
Through FBRM experiments performed on a copper ore tail-
ing paste [22] to determine the fine-scale structure’s particle
number and chord length distribution features, the analysis of
the tests demonstrates that the inter-particle forces are related
to the degree of flocculation of the slurry, which is directly
presented as a change in the particle aggregate size. Thus, this
article  proposes  a  kinetic  particle  model  based  on  the
Smoluchowski  theory  [23]  and  analyzes  experimental  data.
In conjunction with inter-particle interactions, the number of
particles and chord length distribution are used to systematic-
ally illustrate the law of paste slurry when it is influenced by
content,  cement–sand  ratio,  admixtures,  and  shear  action.
Through  the  analysis  of  the  factors  influencing  the  kinetic
evolution  of  paste  particles,  the  study  reveals  the  kinetic
mechanism of fine structure evolution, thus providing a the-
oretical basis for the paste preparation and performance regu-
lation. 

2. Experimental 

2.1. Experiment materials

Tailings  from  a  copper  mine  with  a  specific  gravity  of
2.72 were utilized in the research. The particle size distribu-
tion was determined by a laser particle size analyzer, and the
results are shown in Fig. 1. From these, we can see that the
particle sizes less than 20 and 74 μm were 54% and 87%, re-
spectively,  which  can  be  classified  as  fine  tailing  sand  ac-
cording to the industry standards [24]. As shown in Table 1,
the chemical composition is analyzed by X-ray fluorescence
spectroscopy  (XRF).  The  main  components  of  tailings  are
SiO2, CaO, MgO, Al2O3, etc.

The  cementitious  material  is  made  of  ordinary  Portland
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Fig. 1.    (a) XRD patterns of tailings; (b) particle size distribution of experimental materials.
 

Table 1.    Main chemical components of tailings wt%

Pb S As Cu Ag CaO MgO Al2O3 SiO2 Others
0.7 0.39 0.057 0.05 1.59 9.26 1.4 6.19 64.68 15.83
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cement (32.5), and the particle size distribution is shown in
Fig. 1, with an average particle size of 37 μm. According to
the test, its chemical composition is detailed in Table 2, with
the specific surface area of 4.1 m2·kg−1 and a specific gravity
of 3.15.
 
 

Table 2.    Main chemical components of cement wt%

MgO SiO2 Na2O K2O Al2O3 SO3 Fe2O3 CaO Others
1.40 20.70 0.18 0.48 4.50 2.60 3.30 65.10 1.74

 
In order to analyze the effect of admixture on the interac-

tion force between particles, a super-plasticizer (naphthalene-
based)  produced by BASF [25]  was selected as  the admix-
ture, which was commonly used to reduce the yield stress of
slurry, thus reducing the pipeline transit resistance. 

2.2. Experimental instruments

The FBRM was adopted to quantify the particle popula-
tion characteristics (particle number and chord length) in or-
der to analyze the particle dynamics evolution in the slurry.
The  whole  experimental  setup  included  FBRM  probe,  a
beaker containing samples, a computer, and test bench, with
installing the FBRM probe at an angle of 45° to detect a lar-
ger spatial range, fixing the beaker on the test bench, and ro-
tating it at a speed of 10 r/min along with the bench. During
the test, the computer recorded the data every 10 s, and each
group of experiments was tested for 30 min. The FBRM al-
lows in-situ acquisition  of  characteristic  parameters  of  the
sample  particle  population  with  a  fine  probe  (9.5  mm)  and
minimal  interference  with  the  experiment  without  sample

collection or dilution. Based on the FBRM technology, this
investigation  examined  the  particle  population  characterist-
ics of the paste slurry, including particle number and chord
length distribution. The chord length is the straight-line dis-
tance from one end of a particle to the other, and in particles
that  resemble  spheres,  it  can  be  approximately  equal  to  the
diameter.  The  values  in  different  directions  were  obtained
through  from  multiple  channels  and  the  weighted  average
was obtained as the final value to reduce the errors. Its math-
ematical significance is shown in Eq. (1) below.

C =

∑K
i=1

[(
ni∑K
i=1ni

)
Mi

]
∑K

i=1

(
ni∑K
i=1ni

) =

∑K
i=1niMi∑K

i=1ni

(1)

Cwhere  is the chord length, ni is the unweighted statistics, Mi

is  the  midpoint  value  of  the  channel,  and K is  the  channel
numbers.

During  the  operation  of  the  instrument,  the  aggregated
laser beam passed through the internal lens of the probe, and
was  refocused  near  the  instrument  window  as  well  as
scanned  at  high  rotational  speed  at  the  same  time.  As
particles  and  particle  aggregates  appeared  in  the  scanning
path of the laser, the probe detected the light source reflected
back from the surface of the particles and particle aggregates.
At  a  constant  beam scanning  speed,  the  duration  of  the  re-
flected pulse is proportional to the particle’s width, which in-
dicates  that  we  can  obtain  the  chord  length  distribution  of
particles or flocs and count fundamental parameters such as
the  number  of  particles  with  different  lengths.  The  experi-
mental set-up is shown in Fig. 2.
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Fig. 2.    Schematic diagram of experimental equipment and principles.
 
 

2.3. Experimental process

Sample preparations: First, adding the tailing sand and ce-
ment into a 2 L bucket and pre-mixing manually for 1 min;
then, adding a predetermined amount of deionized water and

mixing manually again for 1 min to obtain a relatively homo-
geneous mixture; subsequently, a handheld experimental stir-
rer was used to stir at 75 r/min for 5 min until the paste was
homogeneous;  finally,  transfering the  paste  samples  swiftly
to the FBRM experimental beaker and starting the FBRM ex-
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periment immediately. The basic flow is shown in Fig. 2.
The  paste  ratios  are  displayed  in Table  3.  Eight  experi-

mental  groups  were  set  with  three  different  mass  contents
(68wt%, 70wt%, and 72wt%), two different cement–sand ra-
tios  (1:6  and  1:8),  and  the  1wt% admixture  (P-4).  Further-
more, the P-6, P-7, and P-8 groups were subjected to an addi-
tional continuous disturbance during the test, which was used
to  analyze  the  particle  kinetic  characteristics  under  various
stirring rates (denoted by N).

Rheological testing is one of the most direct methods for
understanding  the  rheological  characteristics  of  paste  [26].
The experimental process was repeated for the experimental
groups, and fresh slurries were taken out for rheological tests.
The  instrument  was  a  BROOKFIELDR/S  plus  rheometer
equipped with a v40-20 paddle rotor (with a paddle diameter
D of 20 mm and height H of 40 mm). The test was carried out
in controlled shear  rate  mode (CSR) [27],  and the obtained
data was fitted by the Bingham model [28].

  
Table 3.    Experimental proportion and condition change

Group Solids content / wt% Cement–sand ratio Admixture / wt% Mixing speed / (r·min−1) Stirring rate / (r·min−1)
P-1 68 1:6 0 75 0
P-2 70 1:6 0 75 0
P-3 72 1:6 0 75 0
P-4 70 1:6 1 75 0
P-5 70 1:8 0 75 0
P-6 70 1:6 0 75 50
P-7 70 1:6 0 75 75
P-8 70 1:6 0 75 100

  

3. Results and discussion 

3.1. Experimental results and analysis

The FBRM probe was utilized to make real-time, in-situ
observations of  the structural  changes in  the paste  slurry to
obtain the characteristics of the particle population at differ-
ent  moments,  and  plot  the  relationship  between  time  and
particle number, as shown in Fig. 3. Fig. 3(a) and (b) depicts
the effects of the slurry ratio and stirring rate on the experi-
mental results, respectively. The variations in the curves in-

dicate that the evolutions of the particle population character-
istics  have  been  through  two  distinct  stages,  the  dynamic
phase and the stable phase. In the dynamic phase, the num-
ber  of  particles  fluctuates  with  time,  whereas  in  the  stable
phase, the number of particles remains in basic equilibrium.
Moreover,  by  comparison,  it  can  be  observed  that  in Fig.
3(a), the particles of the paste slurry in their stationary condi-
tion adsorb to one another, tend to aggregate and decrease in
number. As the rate of external shear stirring rises, the tend-
ency of flocs to rupture increases.
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Fig. 3.    Counts per second when subjected to different conditions: (a) different slurry ratios; (b) different stirring rates.
 

In order to more intuitively feedback the kinetic changes
of particle and floc chord lengths at  different  moments,  the
chord length distribution characteristics of P-2 and P-8 are re-
trieved at 0, 20, 100, and 600 s, and the distribution curves
are plotted in Fig. 4. The chord lengths at different moments
are nearly normally distributed, with the peaks of the curves
all around 20 μm. Fig. 4(a) shows the chord length distribu-
tion of the flocs of P-2 sample under stationary conditions. It
can  be  seen  that  the  peak  point  of  the  curve  moves  to  the
right,  while  the  peak  gradually  decreases,  which  indicates

that  the  particle  aggregation  occurs  as  the  small  particles
gradually turn into large flocs. Nevertheless, Fig. 4(b) shows
the  chord  length  distribution  of  P-8  slurry  under  shear  dis-
turbance,  from which the peak point  of the curve moves to
the left and the peak gradually increases. It suggests that the
flocs decompose under shear disturbance, the small flocs in-
crease, and the large flocs decrease.

In addition, Fig. 5 illustrates the difference in chord length
percentage between the two experimental slurry groups with
0  and  100  r/min  stirring  rates  at  various  times.  A  positive
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number denotes an increase in particles, and a negative num-
ber suggests a decrease.  It  can be seen that  the aggregation
kinetics dominates the paste slurry at rest with the percentage
of small flocs decreasing and the percentage of large flocs in-
creasing,  while  the  aggregation  dynamics  dominates  under
shear  stirring  with  the  percentage  of  small  flocs  increasing
and  the  percentage  of  large  flocs  decreasing.  Comparing
Figs. 3–5, it can be found that the chord length distribution of
flocs at rest varies continuously until 225 s, showing that the
flocs  are  becoming  longer  in  aggregate,  while  the  chord
length distribution of flocs at  100 r/min shear stirring is  al-
most steady after 90 s, which demonstrates that the flocs are
decomposing and reorganizing rapidly. 

3.2. Particle aggregation and breakage kinetics

Unstable suspended particle aggregation process is called
the  flocculation  phenomenon,  which  consists  of  two  steps:
aggregation and breakage.  However,  in fact,  the current  re-
search on the evolution of suspended particles is insufficient
due to the complexity of theoretical  studies and the neglect
for  aggregate/floc/agglomerate  breakage.  Smoluchowski
proposed the core theory that laid the foundation for all sub-
sequent flocculation modeling studies, which is colloidal fast
coalescence theory [23]. The theory aims to study the kinet-
ics  of  particle  aggregation  and floc  breakage processes  and
establish  the  Smol  equation  based  on  the  evolution  of  the
particle number concentration.

dnd

dt
=

1
2

∑
a+ j=d
β (a, j)nan j−

∑∞

a=1
β (a,d)nand (2)

where a, j, d is particle size, na and nj is the particle concen-
tration  of a and j, t is  time,  and β(a, j)  is  the  collision  fre-
quency between particles of size a and j.

As  the  research  on  the  rheology  of  suspended  materials
evolved, it was found that the particle kinetic evolution pro-
cess  was  not  restricted  to  Smol’s  three  assumptions.  All
particle collisions lead to adhesion, all particles are spherical
in  shape,  and  collisions  occur  only  between  two  particles.
Based on the Smol equation, Thomas combined with Levich’s
theory  of  splitting  incompatible  solutions  argued  that  flocs
distort  and finally  break up due to  enormous pressure  vari-
ations on opposing sides. Based on this, the Thomas model
[29] was proposed. Floc rupture is balanced by small particle
collisions and aggregation, and the theory relates particle ag-
gregation–breakage under shear to measurable parameters of:
dNA

dt
= δNB− kN2

A (3)

δwhere  is the rate constant of floc deformation and rupture; t
is time; k is the rate constant; NA is the floc concentration of
type A (produced by B-type deformation and rupture); NB is a
type B (larger size) floc concentration.

Generally,  the  Thomas  model  calculation  needs  to  be
based on the premise of clarifying the concentrations of large
and small flocs. However, the flocs are rapidly dispersed and
polymerized under the shearing action, and the large as well
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as small flocs are converted to each other, which cannot ac-
curately define the amount variations of the flocs, thus result-
ing in obvious deviations in the calculation results [30]. In or-
der to better explain the paste kinetic evolution process, the
paste  particle  kinetic  constants k1 and k2 were  proposed  to
study the flocculation and breakage process from the kinetic
point of view by citing the research results in the field of ce-
ment paste [31]. There is a certain difference in the particle
size  distribution  (PSD)  of  tailings  and  cement.  There  are
more particles larger than 76 μm in tailings (9.3%) than those
in cement (0.6%), and the quantity of particles smaller than 5
μm in cement (21.3%) is more than that in tailings (19.6%).
The  kinetic  model  primarily  describes  the  aggregation  and
decomposition process  of  particles  and flocs.  Although dif-
ferent types and properties of particles exert a certain degree
of influence on this process, this influence is primarily reflec-
ted in the variations of the particle kinetic constants k1 and k2.
The  differences  between  cement  and  tailings  particles  in
terms of the particles align with the normal application of the
kinetic model. Therefore, the paste slurry (tailings particles or
cement particles) is considered as a composite system for re-
search [32].  Based on the evolution law of  particle  number
concentration,  the  kinetic  properties  of  flocculation,  break-
age,  and  re-flocculation  processes  are  studied,  and  the  fol-
lowing differential equation is proposed:
dn
dt
= −k1n2+ k2n (4)

where n is the number of particles, t is the time (in s), k1 is the
particle aggregation constant, and k2 is the particle disaggreg-
ation constant.

dn
dt
= 0

Under experimental conditions, it can be assumed that the
final microstructure of the paste is stable at a specific shear
rate and the number of particles and flocs remains in dynam-

ic equilibrium ( ), i.e.:

n =
k2

k1
(5)

The model  assumes that  flocculation occurs  in  the  colli-
sion of two particles and the breakage is the result of pressure
fluctuations  on  both  sides  of  the  aggregate  relative  to  each
other, creating expansion deformation and eventual rupture.
The experimental evolution of the flocs is fitted using the sol-
ved differential equation to obtain the theoretical model:

nt =

k2

k1

1−
n0− k2

k1

n0

e−k2t

(6)

where nt is the number of particles at time t, n0 is the initial
number of particles. 

3.3. Influencing factors of particle dynamics

Flocculation  and  breakage  are  mutually  reversible  phe-
nomena [33] affected by the synergistic effect of internal and
external factors of the slurry. The kinetic model constructed
(Eq. (6)) was fitted to the experimental data to analyze the ef-
fect  of  various  factors  within  on  the  kinetics  of  the  paste
particles. 

3.3.1. Influences  of  content,  cement–sand ratio,  and  admix-
ture

The  floc  structure  with  certain  strength  is  formed  after
particle collision and adsorption, and its structural strength is
closely  related  to  the  number  of  particles,  the  nature  of  the
tailing sand, the type of flocculant, and the size of the struc-
ture [34]. In order to analyze the law of particle kinetic evolu-
tion influenced by its  internal  factors,  the experimental  res-
ults  of  the  paste  with  different  contents,  different
cement–sand  ratios,  and  added  admixtures  were  fitted  and
analyzed.  The  average  value  was  taken  as  the  number  of
particles in the stabilization stage, and the results are shown
in Table 4.

Table 4 displays the changes in  the kinetics  of  the paste
particles for varied contents of P-1 (68%), P-2 (70%), and P-
3  (72%),  with  a  goodness-of-fit  coefficient R2 greater  than
0.94 for the tested samples, indicating a relatively excellent
fit of the theoretical model. The comparison among P-1, P-2,
and P-3 reveals that the number of particles per unit volume
(n0) grows with the content. The higher the mass content, the
more  solid  particles  content  per  unit  volume.  Also,  the  ag-
gregation  kinetics  (k1)  of  the  paste  appears  to  rise  with  in-
creasing content, as does the rate of change in particle num-
ber, as shown in Fig. 6. This is due to the increased particle
density  increasing  the  encounter  chance  between  particles
and flocs as well as the mutual aggregation chance, resulting
in an increase in the rate of anisotropic flocculation and iso-
tropic flocculation, which makes it easy to form more stable
flocs.  However,  contrary  to  the  usual  understanding,  the
slurry  decomposition  constant  also  increases  (0.0191  →
0.0251) when the solid content increases (68% → 72%). This
phenomenon may be related to the collisional decomposition
of  flocs.  The  increase  in  solid  content  increases  the  likeli-
hood that flocs will collide with other particles or flocs. The
possible mutual aggregation of particles or flocs as a result of
collisions  can  also  lead  to  the  decomposition  of  colliding
flocs,  which makes the breakage constant  increase signific-

 

Table 4.    Kinetics constants of CPB groups P-1–P-5

Group k1 / 10−7 k2 n0

k2

k1n∞ = R2

Theoretical quantity Measured quantity
P-1 3.27 0.0191 77579 58409.79 58447 0.973
P-2 3.35 0.0215 88978 64179.10 64055 0.947
P-3 3.40 0.0251 96419 73823.53 73818 0.942
P-4 3.13 0.0255 94246 81469.65 81414 0.946
P-5 3.15 0.0218 86154 69206.35 69265 0.968
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antly. Based on the above analysis, it can be concluded that
the paste content increases its stability and the resistance to
stirring  and  dissociation  increases.  Hence,  increasing  the
paste content during deep backfill not only reduces the con-
veying flow rate, but also helps the slurry maintain good per-
formance under shock vibration.
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Fig. 6.    Change of particle number under different conditions.
 

Besides, adding admixtures also plays a significant role in
the evolution of slurry particle size. It  is generally acknow-
ledged that the plasticizer enhances the paste fluidity by redu-
cing the particle  interaction force and spatial  site  resistance
effect to make the particles homogeneous and dispersed. As
can be seen from Table 4,  the aggregation constant k1 with
the addition of 1wt% content of admixture paste (P-4) is sig-
nificantly reduced compared to that  without  admixtures  (P-
2), while the breakage constant k2 is significantly increased,
and the initial (n0) and the average number of particles at dy-
namic  equilibrium  (n∞)  are  also  significantly  increased.  On
the one hand, this is because the spatial site resistance of the
plasticizer  molecules  affects  the  particle  aggregation  and

flocculation, resulting in a substantial decrease in the slurry
aggregation kinetic constant. On the other hand, the formed
flocs are looser internally due to the adsorption of the admix-
ture on the particle surface, while the plasticizer increases the
repulsive force between the solid particles and the flocs are
more likely to be broke up and dispersed, thus the measured
slurry breakage kinetics increase. As shown in Fig. 6, the ad-
dition  of  the  admixture  significantly  reduces  the  rate  of
particle change. Since the flocs are affected by breakage kin-
etics,  interparticle  aggregation is  reduced and the quantities
remain in dynamic equilibrium.

Moreover, the cement–sand ratio also has a significant ef-
fect  on  the  particle  dynamics  of  the  CPB.  As  can  be  seen
from Table 4,  when the cement–sand ratio  is  reduced from
1:6 to 1:8, the paste aggregation constant k1 decreases, while
the breakage kinetic constant k2 increases, and the number of
particles and flocs contained in the paste slurry increase sig-
nificantly. It indicates that increasing the cement addition en-
hances  the  interparticle  forces,  while  the  floc  structure
formed by the particles is more stable due to more early hy-
dration products and stronger interparticle friction and cohe-
sion.  While  the  interparticle  adsorption  force  is  smaller  for
low  cement–sand  ratio,  the  stability  of  floc  structure  de-
creases, and the floc fragmentation and decomposition in the
slurry is more frequent. 

3.3.2. Shear stirring
During  the  backfill  and  conveying  process,  the  paste  is

subjected to shear, shock, and vibration on the pipe wall, par-
ticularly  in  deep  backfill  and  conveying.  Therefore,  it’s  of
great  necessity  to  investigate  the  effect  of  shear  stirring  on
particle dynamics. The prepared fresh paste was simulated by
controlling the disturbance rate (0, 50, 75, and 100 r/min) for
the conveying process and monitoring the changes of its in-
ternal  particle  population  characteristics.  The  results  are
shown in Table 5.

  
Table 5.    Kinetics constants of P-2, P-6, P-7, and P-8

Group k1 / 10−7 k2 n0

k2

k1n∞ = R2

Theoretical quantity Measured quantity
P-2 3.35 0.0215 88978 64179.10 64055 0.947
P-6 3.34 0.0267 88352 79940.12 79785 0.953
P-7 3.35 0.0302 89011 89552.24 89510 0.941
P-8 3.35 0.0323 89051 96130.95 95937 0.955

 
As can be seen,  the parameters  of  the breakage constant

(k2)  and  the  number  of  particles  at  stable  equilibrium  (n∞)
show an  upward  trend  under  different  stirring  states,  while
the aggregation constant (k1) does not change significantly. k2

increases from 0.0215 to 0.0323, increasing by about 50.2%,
which is nearly 5 orders of magnitude higher than k1, and n∞

increases by 34.4%. As seen in Figs. 4 and 5, when the stir-
ring speed increases from 0 to 100 r/min, the average chord
length of particles within the slurry drops from 24.8 to 23.3
μm. It indicates that the breakage kinetics in the slurry gradu-
ally dominates as the disturbance rate increases, making the
flocs  tend  to  be  dispersed  and  the  number  of  particles  in-

creases while the average chord length decreases. Based on
the results in Table 5, the relationship between shear disturb-
ance  and  decomposition  constants  is  plotted  in Fig.  7.  Be-
sides, Fig. 8 shows the change law of percentage difference
of flocs greater than 65 μm from beginning to end.

In order to better understand their mathematical relation-
ship,  Origin  software  was  used  to  fit  and  analyze  the  data,
and the results are shown as follows:

k2 = 1.1×10−4N +0.02147 (7)
where k2 is the particle breakage constant and N is the stirr-
ing rate.
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Fig. 7 demonstrates that the stirring rate is positively cor-
related  with  the  particle  breakage  kinetics.  Combined  with
Fig. 5 and Fig. 8, it can be concluded that the larger flocs are
sheared and decomposed into smaller flocs under high shear,
and  the  number  of  flocs  with  larger  chord  lengths  in  the
slurry is significantly reduced. When there is no stirring (P-
2), the aggregation kinetics in the slurry dominates, and the
fine  particles  (or  flocs)  gradually  decrease,  while  the  large
flocs  gradually  increase  and  finally  reach  equilibrium.  This
indicates  that  the  slurry  is  disturbed  by  external  shear  and

breaks the original relatively stable floc structure, thus the re-
latively  large  particles  lose  the  suspension of  fine  particles,
which makes the slurry easier to be segregated and cause the
pipe plugging accidents. During deep backfill, the shock vi-
brations of the slurry are amplified. As a result, understand-
ing and accurately managing dynamics of paste are critical to
the steady-state transport of CPB. For example, the addition
of thickeners and nanoclays to CPB can enhance the aggreg-
ation kinetics of the paste,  thus maintaining stability during
transportation. 

3.3.3. Rheological behavior
In order to understand the influence of particle kinetics on

the rheological performance of paste, groups P-2, P-5, P-6, P-
7, and P-8 were selected to conduct the research on the rhe-
ological performance of paste. Among them, groups P-2 and
P-5 were adopted to investigate the influence of aggregation
kinetics on rheological performance since the breakage kinet-
ics of paste were basically the same. The aggregation kinet-
ics of paste slurry in P-2 and P-6, 7, and 8 groups remained
basically unchanged. Therefore, they were used to investig-
ate  the  influence  of  breakage  kinetics  on  rheological  per-
formance, and the relevant parameters were fitted according
to the rheological test results as shown in Fig. 9.

Remarkably, there is a correlation between the rheologic-
al  performance of  the  paste  slurry  and the  particle  kinetics.
Rheological performance tests on the paste slurry with differ-
ent cement–sand ratio show that with the increase of the ce-
ment–sand  ratio,  the  aggregation  kinetics  (k1)  of  the  paste
slurry increase. Besides, the yield stress of the paste slurry in-
creases from 193.855 to 206.316 Pa, and the plastic viscosity
increases from 0.2835 to 0.3127 Pa·s. This shows that the in-
crease  of  aggregation  kinetics  are  capable  to  lead  to  poor
slurry liquidity when the breakage kinetics are stable. Com-
bined with the FBRM test results, the comparative analysis of
P-2 and P-5 groups shows that an increasing in aggregation
kinetics means a dominated role of aggregation kinetics, thus
the flocculation of particles are facilitated and the frictional
force between particles is increased. In addition, the relative
movement between particles is weakened. Therefore, the li-
quidity of paste slurry decreases. This phenomenon indicates
that the deterioration of the macro-liquidity of the paste slurry
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is caused by the change of its microstructure, which is con-
sistent with the change law of particle number in Fig. 6.

Rheological  performance test  on paste slurry at  different
disturbance rates shows that when the disturbance rate is in-
creased from 0 to 100 r/min, the breakage kinetics (k2) of the
paste  slurry  are  increased.  Besides,  the  yield  stress  of  the
paste slurry is decreased from 206.316 to 151.118 Pa, and the
plastic  viscosity  is  decreased  from  0.3127  to  0.2894  Pa·s.
This phenomenon shows that after the paste slurry is subjec-
ted to high shearing action, the yield stress and plastic viscos-
ity are significantly reduced, demonstrating the thixotropy of
shear thinning. Combined with Fig. 9(b), it can be seen that
the particles adsorb each other to form a stable aggregate and
mesh  structure  in  the  state  of  no  disturbance.  Correspond-
ingly, the yield stress and plastic viscosity of the paste slurry
are higher.  With the increase of shearing rate,  the breakage
kinetics  dominates,  thus  the  aggregate  particles  and  mesh
structure inside the slurry being destroyed.  The larger  flocs
are decomposed into smaller  flocs,  and the yield stress  and
plastic viscosity of the paste slurry are gradually reduced. In
summary, the macroscopic of the paste slurry is affected by
the  microstructure,  and  the  change  of  the  microstructure  is
controlled by particle  kinetics.  The research findings are  of
great significance for the regulation of paste rheological be-
havior.

In summary, the particle evolution within the paste is reg-
ulated  by  the  coordinated  effects  of  internal  (content,  ce-
ment–sand ratio, admixture) and external factors (shear stir-
ring). Based on the previous research results, the influence of
internal factors of the slurry on particle dynamics is unified
from the theoretical model, and the complex influence mech-
anism is summarized into aggregation constant and breakage
constant, which is of great theoretical significance for under-
standing the complex rheological behavior of CPB from the
perspective of mesostructure. 

4. Conclusions

(1) The particle dynamics in the paste is influenced by the
synergistic  effect  of  internal  and  external  factors,  and  the
evolution process is roughly divided into dynamic and stable
phases.  In  the  dynamic  stage,  the  particle  evolution  law  is
controlled by the kinetic constants k1 and k2. As the aggrega-
tion kinetics dominates, the fine particles aggregate into large
flocs,  the  number  of  particles  decreases,  and  the  average
chord length increases.  When the  breakage kinetics  domin-
ates, the large flocs decompose into fine particles, the num-
ber  of  particles  increases,  and the average chord length de-
creases.  The  time  required  for  floc  aggregation  (225  s)  is
much longer than that for decomposition (90 s), and the dis-
aggregation constant of the paste slurry is nearly five orders
of  magnitude  higher  than  the  aggregation  constant.  Still,
breakage under shear occurs more quickly, as evidenced by
the longer time required for aggregation than for breakage.

(2) The particle dynamics is influenced by factors such as
paste content, admixture, and cement–sand ratio. As the con-

tent  increases,  the  number  of  particles  per  unit  volume  in-
creases,  and  the  aggregation  kinetics  and  breakage  kinetics
are enhanced. The admixture reduces the particle interaction
force  and  its  spatial  site  resistance  effect,  which  makes  the
aggregation  kinetics  decrease  and  the  breakage  kinetics  in-
crease.  Increasing  the  paste  to  gray  sand  ratio,  the  inter-
particle friction and cohesion increases, the aggregation kin-
etics is enhanced, and the fine structure of the slurry is more
stable.

(3)  The  flocculation  process  of  paste  is  the  equilibrium
process of continuous aggregation of particles and breakage
of flocs, which is more sensitive to the influence of external
stirring. The disaggregation constant is positively correlated
with the stirring rate.  As the external stirring applied to the
paste  increases,  its  breakage  kinetics  constant  is  enhanced,
and the inter-particle flocculent mesh structure is broken ow-
ing to the fragmentations of large flocs into smaller flocs or
particles.  The rheological  results  show that  particle  kinetics
influence the macroscopic rheological behavior of the paste. 
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