International Journal of Minerals, Metallurgy and Materials
Accepted manuscript, https://doi.org/10.1007/s12613-020-2007-2
© University of Science and Technology Beijing and Springer-Verlag GmbH Germany, part of Springer Nature 2020

Curing time effect on mesocosmic parameters of cemented paste backfill

through particle flow code technique

Lang Liu™?", Jie Xin', Chao Huan®, Yujiao Zhao', Xiang Fan®, Lijie Guo * and KI-IL

Song®

1) Energy School, Xi‘an University of Science and Technology, Xi‘an 710054, China

2) Key Laboratory of Western Mines and Hazards Prevention, Ministry of Education of
China, Xi’an 710054, China

3) School of Highway, Chang’an University, Xi’an 710064, China

4) Beijing General Research Institute of Mining & Metallurgy, Beijing 100160, China

5) Dept. of Civil Engineering, Inha University, Incheon 402-751, South Korea

Corresponding author:

*Lang Liu: liulang@xust.edu.cn

Email addresses for co-authors:

Jie Xin (17203078017 @stu.xust.edu.cn), Chao Huan (huanchao@xust.edu.cn)

Yujiao Zhao (zhaoyujiao@xust.edu.cn), Xiang Fan (fanxiang224@126.com)

Lijie Guo (quolijie@bgrimm.com), KI-IL Song (ksong@inha.ac.kr)



mailto:liulang@xust.edu.cn
mailto:17203078017@stu.xust.edu.cn
mailto:huanchao@xust.edu.cn
mailto:zhaoyujiao@xust.edu.cn
mailto:fanxiang224@126.com
mailto:guolijie@bgrimm.com
mailto:ksong@inha.ac.kr

Abstract: Several special mechanical properties such as the dilatancy and compressibility of
cemented paste backfilll (CPB) are controlled by the internal microstructure and its
evolution. To explore the mesocosmic structure changes of CPB during the development
process. Based on the scanning electron microscopy (SEM) and mechanical test results of
CPB, the particle size information of CPB was extracted, and a two-dimensional (2D)
particle flow code (PFC) model of CPB was established to study the evolution rule of
mesoscopic parameters during CPB development. The FISH language of the PFC was‘used
to develop a program for establishing a PFC model according to SEM results? The
mesoscopic parameters of CPB samples at different curing times, such as the ‘eoordination
number (C,), contact force chain, and rose diagram were obtained by recording and loading;
these were used to analyze the intrinsic relationship between jmesoscopic parameter
variations and macroscopic mechanical response during CPB”development. It is of great
significance to establish the physical model of CPB by using PFC to reveal the mesoscopic
structure of CPB.

Keywords: Cemented paste backfill, particle flow code method, scanning electron

microscopy, mesoscopic parameter, fabric



1 Introduction

Large amounts of tailings produced by the mining industry pose a serious threat to the
environment [1-6]. Because its annual emissions are close to 10 billion tons in China,
Tailings is one of the most important recycling materials in the mining industry [7, 8]. The
efficient treatment of tailings is a common concern in the industry. CPB is an alternative way
of using tailings for underground backfilling [9, 10], which can effectively reduce labor and
material costs, prevent land subsidence and improve ground support and working
environment [11, 12]. For detailed explanation of the CPB technology, interested, readers
can refer to the review paper of Ref[13]. All these advantages and potentialfunctions lead
to the wide application of CPB in the world. [14-19].

CPB is an engineered, non-segregating, flowable, high-density and homogenous
backfill material consisting usually of tailings, cement, miX ‘water and sometimes additive
(chemical or mineral) [20-22]. Mechanical properties (such as stress transmission, failure
mode, and bearing capacity) of these various‘eomponents are vastly different under the
action of self-weight pressure. Consequently,‘the properties of CPB and rock masses exhibit
a large difference. The quality and-performance of CPB rely significantly on the internal
structure and external influencing factors, such as hydration products content, surface
properties of aggregates.and'the grading of tailings [23, 24].

Owing to the.complexity of the model, most current discrete element simulations of
meso-mechanical properties involve the random simulation of regular blocks. The model in
this paper IS based on the particle splicing of SEM images of CPB, which can restore the
real internal structure of CPB. The established model can simulate the mechanical behavior
of CPB more accurately and can be applied to other engineering materials, such as concrete,
soil and so on.

Generally, granular materials (concrete, soil, CPB, etc.) exhibit properties

(homogeneity, workability, durability, etc.) in macrostructure, while they show diversity



and volatility in mesostructure, which are closely related. The mechanical properties of
granular materials are controlled by the microstructure / mesostructure and its evolution.
The failure and deformation of granular materials are often related to changes in
mesostructure characteristics, which had been studied extensively in the literature [10,
25-29]. For example, Kong et al. extracted microscopic information that was difficult to
obtain in a laboratory test. The microscopic mechanism of sandy soil was discussed by
analyzing the macroscopic mechanical properties, displacement field, strain field, particle
orientation, velocity field, C,, and contact force chain [26]. Xu et al. used PFC.tocsimulate
the crack propagation and crack propagation pattern of CPB samples at different notch
locations, and found that PFC was an effective numerical analysis method to explore the
fracture mechanism of CPB microcrack [10]. Liu et al used PFC2D to analyze the structural
changes of CPB under uniaxial compression load, and studied the influence of internal
sulfate attack (ISA) on the failure mode of CPB, and researched the failure mode of CPB
by adopting the displacement vector of CPB, itawas found that CPB particles were mainly
subjected to tensile stress during the faiure’ process [27]. Song et al. implemented the
acoustic emission (AE) three-dimensienal monitoring system into PFC and established a
three-dimensional multilayer.stress corrosion model (MSC) for concrete under multi-stage
cyclic compression load ([28]. However, the study above mainly used the PFC model to
quantitatively characterize the macroscopic mechanical properties and mesoscopic
parameters in a failure process. Moreover, most of the particles used in the PFC model were
generated randomly according to a certain gradation and cannot accurately simulate the
mesoscopic parameters and mechanical properties of materials. The relationship between
mesoscopic parameters and macroscopic mechanical properties has not been studied
thoroughly.

Although a numerical simulation cannot completely replace an experiment to simulate

the development of CPB, it can be used as an alternative to simulate the mesostructure



problem of particle development. Based on the SEM image of CPB, the particle size
information of CPB was extracted, and the PFC model of CPB was established to restore
the real internal structure of CPB. Then, the servo function in the established PFC model is
used to match the stress-strain curve of CPB under uniaxial compression. The mesoscopic
parameters of CPB samples at different curing times, such as the C,, contact force chain,
and rose diagram were obtained by recording and loading; these were used to analyze the
intrinsic  relationship between mesoscopic parameter variations and macroseopic

mechanical response during CPB development.
2 Materials and methods
2.1 Material

2.1.1 Material usage

In this study, 32 cylindrical CPB specimens (D*H = 50*100smm ) were prepared. The elastic
modulus and deformation characteristics of uniaxial’compressive strength (UCS) were tested
on 12 specimens. 12 CPB specimens were scanned by electron microscopy to determine the
internal particle and pore structure of CPB during development. The remaining 8 samples
were used as spare samples; the specific experimental arrangement of the CPB is shown in
Fig. 1. CPB specimens were prepared with different curing periods (3, 7, 14, and 28d), and
the height and diameter’of-each specimen were measured with a vernier caliper before the
UCS tests. Then,four different curing periods of CPB were tested accordingly. For the CPB
sample in eachcuring time, three samples were used for UCS test and another three samples
for electron microscopy, while the remaining CPBs were treated as spares.

2.1.2 Material characterization

The backfill test materials were as follows: full tailings of tungsten mine, Portland
composite cement with strength grade 425 (P.O 42.5), and urban tap water. Among them,

the nature of tailings was especially important in CPB. The tailings used came from a



Xianglushan Tungsten Mine in Jiangxi province, China. Fig. 2 shows the particle size
distribution determined by a laser diffraction particle size analyzer (Malvern Mastersizer,
2000) [30]. As shown, the grain sizes at dip, dso, dgo and Cy were 11.8 pm, 80.3um,
216.6um and 8.55, respectively. It was determined that the content of fine particles (20 um)
of the tailings was 15.95%, and the tailings could be classified as coarse tailings material
[16]. The basic physical properties of tailings were determined, as shown in Table 1. The
specific surface area and specific gravity of the tested tailings samples were 212.4 cm? /g
and 2.992 respectively. The primary chemical composition (as shown in Fig¢ 3) was
obtained with an X-ray diffraction (D/Max-3B, Japan). Portland cement (P-©'42.5) was
selected as the binder for CPB, and the main physical properties are“shown in Table 2.
Table 3 shows the chemical composition of P-O42.5 determined by an X-ray fluorescence
spectrometer (S8 Tiger). Considering the requirement ofyslurry fluidity of CPB, the
designed solid slurry concentration is 72% to ensure that the slump is within the range of
170mm - 250mm, which can be successfullystransported to the underground [14].
According to the engineering application” of Xianglushan tungsten mine and the
recommendation of literature [2], thetailings / cement ratio is 6. Therefore, the experiment

design of CPB is shown in Table 4:
2.2 Experimental procedure

Firstly, the basic physical properties and chemical composition of tailings were determined.
Secondly, the tailings, cement and water were thoroughly stirred to prepare cemented CPB
slurry, which was then poured into a standard cylindrical mold. Thirdly, after the filling was
completed, the specimens were placed for 24 hours. After the specimens were formed and
demoulded, the CPB was put into the constant temperature and humidity curing box
(temperature (20 = 1) °C, humidity (95 = 1%)) [31]. Fourthly, UCS and micro-test were
carried out when CPB reached the corresponding curing time. Finally, the PFC model of the

CPB was established according to the SEM obtained by the microscopic experiment, then



the mesostructure of the backfill was analyzed.
2.3 SEM processing and acquisition of CPB particles

Appropriate samples of CPB at different curing times were selected to render the desired
size (diameter xheight =5mm x5mm) of electron microscopy samples, and the samples
were processed with gold spraying for 180s [32]. To obtain the mesoscopic characteristics
of the developing CPB, SEM images with a magnification of 100X at different positions
were scanned at the same curing time. In SEM, for an image with unclear positions,‘the
focal length of the image must be adjusted repeatedly until the image was clear.As shown
in Fig. 4, all the SEM images (280 samples from three sets of CPB) were obtained from the
same magnification at different curing times (3, 7, 14 and 28 d).

Table 1 Physical properties of tailings used in this study

Natural repose  Specific surface

ltemn Speci'fic Vqume-\gvelght Porosity angle area(cm? g)
gravity (m”) (vol. %) )
Tailings 2.992 1.674 34.659 42.997 212.4

Table 2 Main physical properties of P-O42.5 Portland cement

Item Value Reference value
Fineness (<0.045 mm) (%) 11 <30
Initial setting time (min) 162 >45

Final setting.time(min) 203 <390
Tensile strength after 28d [19] 6.6 6.5
Compressive strength after 28d [19] 41.5 42.5

Note: reference of P-O42.5 Portland cement was from China’s cement strength
classification [33].
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Table 3 Chemical composition of P-O42.5 Portland cement

Composition CaO SiO;

A|203 Fe,O3 MgO SO; K,O

Na,O TiOz

Others

Content (%) 64.1319.19 450 333 182 106 1.04

0.41

0.24

2.28

Table 4 Experimental design

Item

Slurry concentration (%) binder

Tailings—cement ratio

Value
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Fig. 6 Hllustrations of SEM image processing, identification, and acquisition (a-f represent
the imaging results of noise removal, multiple threshold segmentation, pore bridge,

noisy-particle elimination, and background extraction, respectively)
2.4 UCS test

Considering the economic cost of the test, the practicability of the test method, and the
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recommendations of the test and literature [34], MTS C43.504 press was selected. A
computer-controlled 20-kN press was loaded at a constant speed of 1 mm / min until
specimens failed according to ASTM1424-10 standard practice [35]. When the strength of
the CPB samples reduced to 70% of the peak strength, the UCS tests were completed; the
data were then compiled, the UCS were calculated, and the stress—strain curves were
obtained. Fig.5 shows the experimental failure mode of CPB specimens and the velocity
vector when simulating CPB failure [27]. As shown in Fig. 5(a) and Fig. 5(b), the velacity
vector of numerical simulation of CPB failure corresponded to the experimental“failure
mode, which can reflect the failure mechanism of CPB. In the failure mode of €PB sample,
the sample belonged to single incline plane shear failure, which was aused by the shear

stress exceeding the limit on the failure surface.
2.5 Particle flow code modeling

The test CPB sample is concrete-like, and it is mere accurate to set the parallel bonding
according to the contact bond between particles used in this study and particles used in
corresponding studies [36], which also eased the numerical simulation process. Using SEM
images of CPB with different cufring times as an example, the modeling steps were
introduced [37]. According to=the proposed modeling idea, the real mesostructure model
can be established quickly-in a 2D environment. The CPB development numerical test was
performed. The specific steps are as follows:

(i) The-original SEM image quality was insufficient and cannot meet the basic
requirements of accurate image analysis. To improve the quality of the SEM images, the
following special image processing methods were used to analyze the CPB particles [38].
Fig.6 illustrates the results of SEM image processing and acquisition, including noise
removal, multiple threshold segmentation, pore bridge, noisy-point elimination, and pore
extraction. Owing to various external adverse factors in the laboratory (such as SEM

luminosity, and incompleteness of gold spraying in CPB), the SEM of CPB treated by the
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steps in Fig.6, which was used directly for the analysis of the corresponding internal
structure of the section, which was not sufficiently representative. Therefore, because the
physical model size of the actual CPB (length x height = 50 mm x 100mm), and the SEM
scan image size (length x height = 3.75 mm x 5mm) of different parts of CPB pertain to the
same curing time, it was necessary to stitch the SEM images together (14 horizontally, 20
vertical). The stitched model was slightly larger than the actual size. Such that the CPB
particles were more random and representative, the model size of this curing time was,_cut
out randomly from the assembled image.

(if) Using the SEM image of step (i) and different CPB parts at different euring times,
the development procedure of this study was established. The generated'PFC2D model was
executed. The total numbers of balls that were generated to the! CPB particles were 83792,
84746, 88691, and 87012. As shown in Fig.7, the black part was the CPB particle, which
was simulated with PFC balls, and the white part was pore.

(iii) According to the output of the data file exported by the program, the mechanical
property boundary conditions of the corresponding materials were given by to the ID
number of the ball. The physical model of the CPB established by PFC2D was used to
match the stress-strain curve_obtained in the UCS of the backfill [39]. Furthermore, the
parameters of CPB were Jobtained as shown in Table 5. The geometric model after
importing the PFC2D*model was shown in Fig. 8. The SEM image was observed to be
entirely consistent with the internal structure, and the modeling process was easily
completed within 1 hour. The PFC2D model simulated the developmental test samples of
the model above. The interaction between the CPB particles and the pore structure can be
studied well from the perspective of the mesostructure, which was crucial for the further
study of macroscopic mechanical behavior. The flow chart of the complete experiment is

shown in Fig. 9.



78  Table 5 Micro-properties for discrete element simulation

CPB particles

Property
ad 7d 14d 28d

Stiffness ratio, kn/ks 1 1.2 1.35 1.5
Modulus of elasticity, edom 5x10° 2x10° 2.5x10°  1.5x10°
Contact normal strength, pb_ten 1.5x10° 2x10° 2x10°  2.8x10°
Contact shear strength, pb_coh 5x10° 1.5x10’ 3.5x10"  6.5x10°
Parallel bonding friction angle, pb_fa 0 0 0 0
Damping coefficient, { 0.5 0.5 0.5 0.5
Friction, f 0.3 0.5 0.75 0.9
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82 Fig. 7 Particles and pores of CPB
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3 Results and discuw
3.1 GeneratiO@Q%riﬁcation of PFC model

The sha the model was rectangular with length x height = 50 mm x 100 mm; the size
was set as the real size of the CPB sample. Particle generation was based on the PFC model
described in section 2.5. The CPB specimens at different curing times were subjected to
numerical simulation. The contact model adopted a parallel contact and provided loading
for the UCS test, as shown in Fig.10. Comparing the UCS and stress—strain curves of CPB

samples at different curing times, the numerical simulation was matched with each stress—
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strain curve, the parameters were adjusted, and finally the numerical curves closest to the
actual experimental results were obtained. As shown in Fig.11, as the strain increased, the
stress of the CPB with the curing time of 28d was significantly higher than that of the CPB
at other curing time. This indicated that with the increase of CPB curing time, the sufficient
hydration of CPB results in the increase of CPB strength [40]. The loading rate is the basic
parameter of dynamic mechanics research and the loading rate effect of mechanical
properties of CPB can provide some references for the failure mechanism of backfill.
During the failure of CPB under the action of constant loading rate, the porexstructure
rapidly developed and expanded until it was destroyed. In addition, the- slope of the
stress-strain curve of CPB was slower before the peak and steeper afterthe peak. It can be
seen from the Fig.11 that the PFC model of CPB based on the SEM image can better
simulate the stress-strain curve of the CPB sample, including*the elastic modulus and the
peak stress. The CPB particle mesoscopic parameters~under each numerical model were

obtained.
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Fig.10 PFC test model (83792 ball)



111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

45 F
[ === 3d (Experiment result)
40F - 3d (Numerical result)
: =O== 7 d (Experiment result)
[ - - - 7d (Numerical result)
3.5 | =0=14d (Experiment result)
|l - - -14d (Numerical result) TN
3.0 == 28 d (Experiment result) N
YT - - -28d (Numerical result)
g
S 25
- L
(7]
@ 20
S
Z L
15
10
05
0.0
1 1 1 1 L 1 1 1 1

0.0 0.4 0.8 1.2 1.6 2.0 2.4 2.8
Strain / %

Fig. 11 Comparison of the stress—strain curves from the laboratory
specimens and numerical models

3.2 CPB coordination number

The coordination number (C,) is defined as the averagernumber of contacts between a ball
or a clump and the surrounding particles.or “clusters [41]. It is used to describe
mesostructural features such as the particle contact density [42]. It can be expressed as

follows:

SN,
6y == (1)

b
Where N, is'the total number of particles or clusters of particles whose center ID is

in the measuring circle, and n.® is the number of contacts around block b. It is known
that the G, is based on the average concept.

The C, was mainly related to factors such as initial void ratio, intergranular friction
coefficient, particle gradation, and particle geometry. A measuring circle with a radius of 5
mm was set in the center of the CPB sample [26]. The variation in coordination with strain
during CPB development was obtained, as shown in Fig. 12. Self-weight stress is the stress

caused by self weight of CPB. The self weight stress within the backfill in the vertical
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direction is equal to the mass of the filling body column per unit area above this point. The
essence of change in the mechanical properties of the CPB was the rearrangement of CPB
particles under self-weight pressure. The sliding and rotating reorganization of such
particles inevitably resulted in changes in the C,. Fig. 12 shows the relationship between
the C,, of CPB and strain. The results showed that with the increase of strain, the C, of CPB
with the curing time of 28d was higher than that of other CPBs of other curing times. The
possible reason was that the longer the hydration curing time of CPB, the more frequent the
CPB contacts of particles under the influence of self-weight pressure. Each point-in the
Fig.12 corresponded to the development morphology of CPB. Combinedswith Fig. 11,
when the strain of CPB reached 0.45% - 0.6%, the C, of CPB was“in the approximate
horizontal line, which corresponded to the stable development stage of micro-elastic cracks
in CPB. When the strain reached 1.35% - 2.25%, the C, of, CPB was in a sharp decline,

which corresponded to the failure state of CPB.
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Fig. 12 Changes in C, in the development of CPB
3.3 CPB porosity

Quantitative measurement technology of particle and pore identification and analysis

system independently developed by Xi’an university of science and technology was
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adopted to conduct quantitative analysis of SEM images by using statistical and other
related theories, and then the porosity of CPB was obtained [43]. Quantitative results of

porosity was in agreement with the results of Sun et al [39] and Liu et al [34]. Especially, It

was discussed in detail that the porosity content of sulphur-containing CPB ranged from 8%
to 13% during 3d to 28d in curing time, and the content of this porosity was consistent with
Liu et al [34] from studies in pore and strength characteristics of sulphide CPB.
Furthermore, Due to the presence of coarse particles in tailings grading (Cu > 6), the gap of
coarse particles are just occupied by fine particles, which leads to the full cementation of
cement tailings and water, thus leading to the low porosity of CPB. Therefore, the initial
porosity of PFC model was set by using the porosity of quantitative analysis. Fig. 13 shows
the change in porosity versus strain for CPB of different curing times. The porosity
remained substantially stable with a change in strain during the same curing time. When the
curing time was 3d, its maximum porosity was approximately 16%. With the development
of CPB, when the curing time was 28d, its maximum porosity was approximately 13.7%.
The reason for the decrease in CPB porosity was that hydration products formed during
CPB development, such as hydrated‘calcium silicate, ettringite, and calcium hydroxide, was
enriched in macropores in-.the early development stage, and the particles were
interdependent and intertwined [44]. Consequently, the particle spacing was reduced
continuously, and some of the pores were gradually enriched, thus resulting in a decrease in
the CPB porosity. The relationship between porosity and strain is shown in Fig. 13. Each
point in the Fig.13 corresponded to the development morphology of CPB. When the strain
of CPB reached 1.8% - 2.0%, the porosity of CPB decreased by about 1.09% and the stress
reached 80% - 90% of the peak value in 28 d of curing time, combined with Fig. 11. When
the strain increased to 2.2% and the porosity decreased by about 1.44%, the stress of CPB
reached the stress peak, which corresponded to the failure critical point of CPB. In addition,

the stress-strain and porosity of the CPB had similar rules in other curing time.
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3.4 Velocity field of CPB

Fig. 14 shows the velocity field variation during the development of CPB. At the curing
time of 3d and 7d, the CPB particles tended to move_in:all"directions. The edge particles
exhibited a higher velocity, and the intermediate particles moved at a lower speed. This was
because the edge particles were more likely to move under the effect of the self-weight
pressure. As CPB development progressed; the moving speed of the intermediate particles
decreased slowly, the velocity of¢the particles at the edge tended to decrease, and all the
particles tended to be disordered. At 28d, the velocity of CPB particles decreased and

tended to be stable, but the pore direction was more disorderly. The overall variation was

similar to the results<of laboratory tests but more intuitive and clearer.
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different curing times: (a) 3d (b) 7d (c) 14d (d) 28d

3.5 Rose diagram of CPB

The CPB sample consists of discrete particles of different shapes and sizes arranged
randomly by interaction that exhibited significant anisotropic\characteristics. “Fabric” is a
commonly used index reflecting the anisotropy of\materials [45]. It referred to the
distribution of the direction of particles in indirect contact [46]. Fig. 15 shows the evolution
of the normal contact rose diagram during the development of CPB. When the curing time
was 3-7d, the overall contact of the sample in all directions was relatively uniform. When
the curing time was 14-28d, the 'CPB was affected by the self-weight pressure. The contact
direction mainly concentrated on 80-100° and 260-280°, demonstrating obvious anisotropy.
This was because in_the development of CPB, rotation was the main movement state, and
translation was the supplement, which easily caused the change in contact state between
particles;=Meanwhile, owing to the constraint of friction between particles, the contact

direction changed, and the fabric distribution was various.
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Fig. 15 Evolution of rose diagram in the development of CPB at
different curing times: (a)*3d’(b) 7d(c) 14d (d) 28d

During the development of CPB, the particles rolled slowly and horizontally without a
simple translation. As the development proceeded, the particles tended to rotate from
80-100° and 260-280°, as‘,shown in Fig. 16. The number of particles in the
pre-developmental azimuth at different angles was not highly different. This was because
the CPB particles, were affected by the self-weight pressure. Although the directional
arrangement_was initially completed under the vertical pressure, the particle orientation
distribution was still relatively uniform. The number of CPB particles changed in the
azimuthal interval in the late developmental stage, the particles developed toward the

middle gradually, and the final particle direction became stable in the middle.

3.6 Contact force chain of CPB

The force chain is in contact with the contact force by the self-weight pressure, and the
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contact force network form by the mutual connection created a force transmission chain
(referred to as the force chain) [47]. The force chain is the path of the magnitude and
direction of the force transmitted by the self-weight pressure through particle contact,
which can intuitively reflect the local force of the PFC model. The thickness of the force
chain represent the magnitude of the force, and the distribution of the force chain in an area
can be regarded as the resultant force on particles. The change in the force chain also
indicated the change in contact force between the particles and the contact deformation.
During the development of CPB, the law of force chain development is shown in_ Fig. 16.
The force chain was extremely sensitive to the self-weight pressure. Evenin the same
contact, a slight change in the self-weight pressure will cause the force“chain to regenerate.
As shown in Fig. 16, the force chain originated from the particles at the edge of the CPB,
and the force chain diverged gradually and thickens to form,a‘force chain network. When
the curing time was 28d, the force chain network extended to all directions of the CPB,
roughly along the diagonal, and then extended suceessively to finally reach the backfill area.
At this time, the force chain reached the peak; the strong chain was the strongest, the weak

force chain network was stable.

(a) (b) (© (d)

Fig. 16 Evolution of contact force chains in the development of CPB at
different curing times: (a)3d (b)7d (c) 14d (d)28d
3.7 Contact force

CPB is a substance composed of many discrete particles, which contacts between adjacent

particles form many force chains with different strengths, and their intersections form a
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network that does not run evenly through the backfill [48] .The strong chain and the weak
chain are two important parts of the force chain network. Strong chains and weak chains act
differently in resisting external loads. The strong chain is crucial in the external load, while
the weak chain provides support for the strong chain and coordinates the overall

deformation of the particle system.

3.7.1 Contact normal force

Fig. 17 shows the pole diagram of the contact normal force distribution corresponding,to
the CPB in the curing periods of 3, 7, 14, and 28d. The red line was the arithmetic ' mean of
the contact force of the backfill particle system, and the solid line pole diagram was the
result of numerical test statistics. As shown from Fig.17, the entire.contact normal force
rose diagram showed an “8” shape, and the whole sample exhibited anisotropy, which was
consistent with the previous research regarding the contact.normal direction. As the CPB
developed, the normal contact force of the CPB increased. When the curing time was 28d,
the strongest chain was reached, and the weak chain network was stable. That is to say, the
CPB exhibited a stronger bearing capacity-at this time, while the weak force chain provided
support for the strong chain and coeordinated the overall deformation of the particle system

better, thus providing a strong:support for the development of the contact force chain.
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Fig. 18 Distribution of contact tangential forces at different curing times:

() 3d (b) 7d(c) 14d (d) 28d

3.7.2 Contact tangential force

Fig. 18 shows the pole diagram of the contact tangential force distribution corresponding to
the CPB in the curing periods of 3, 7, 14, and 28d . The red line was the arithmetic mean of
the contact tangential force of the backfill particle system, and the solid line pole diagram
was the result of numerical test statistics. As shown in Fig. 18, the entire contact tangential
force rose diagram showed a “petal” shape, and the whole sample exhibited anisotropy,
which was consistent with the previous research on contact normal direction and contact
normal force [49]. As the CPB developed, the contact tangential force of the CPB increased.
When the curing time was 28d, the maximum value of the tangential contact force of the
CPB particles was reached. That is to say, the CPB exhibited a stronger bearing capacity at
this time, while the weak force chain provided support for the strong chain and coordinated

the overall deformation of the particle system in a better manner.
4 Conclusions

In this study, based on the SEM image of PFC modeling, the mesostructure characteristics
of CPB at different curing times (3, 7 14 and 28 days) were studied and characterized. The
relationship between the meso-structure and macro-mechanical properties of the CPB was

discussed. The following conclusions are drawn:

a. Based on the powerful micromechanical property simulation software PFC2D for
geotechnical materials, a PFC2D model of the mesostructure of CPB according to SEM
images was proposed.

b. Based on the numerical simulation test of CPB, the detailed mesoscopic information,
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such as porosity, Cp, and contact force chain, which were difficult to obtain in laboratory
tests, were obtained. For example, the coordination number of CPB decreased with the
extension of curing time.

c. The numerical test of CPB based on PFC2D indicated that during the development of
CPB, the particles rolled slowly and horizontally without a simple translation. The particles
were not simply translational.

d. According to the PFC model established by SEM, the mesoscopic fabric of CPB was
studied.

In the future, industrial CT imaging can be used to build a 3D PFC model, so as to
have a deeper understanding of the internal structure of CPB. In addition, the PFC model
based on SEM will promote the wider application of this technology in the analysis of other
engineering materials (concrete, geotechnical, rock-soil mixture).
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