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Abstract: To facilitate the computation of the uniaxial compressive strength value of the cemented
paste backfill under the condition of high sand-cement ratio, and to analyze the size effect of the
cemented paste backfill with high sand-cement ratio under varied aspect ratios, the cemented paste
backfill specimens with sand-cement ratios of 8:1-24:1 and aspect ratios of 0.5, 1, and 2 were
prepared. Through response surface experiments and finite element analysis, the influence of three
aspect ratios on the cemented paste backfill strength was explored, and the failure characteristics
and size effect mechanisms of cemented paste backfill with various aspect ratios were analyzed. The
model of strength conversion between cemented paste backfill with different aspect ratios was
established. The results show that the compressive strength of the cemented paste backfill decreases
with the increase of the aspect ratio under the same mass concentration and sand-cement ratio.
When the aspect ratio is 0.5 and 1, the splitting failure is the main factor; when the aspect ratio is 2,
the shearing failure is the main factor. The three-dimensional stress caused by the end effect of the
cemented paste backfill is the main reason for the high strength when the aspect ratio is 0.5. Due to
the one-dimensional stress zone generated in the middle of the cemented paste backfill with an
aspect ratio of 2 in the laboratory, its strength value is closer to the actual uniaxial compressive
strength value of the cemented paste backfill. The strength values of the cemented paste backfill
with aspect ratios of 0.5 and 1 were higher than the actual uniaxial compressive strength values in
the laboratory. The rationality of the theoretical analysis was verified by the ABAQUS analysis
results. According to the experimental results, a strength conversion model between different aspect
ratios is established, which can provide a reference for the design of the uniaxial compressive
strength of the cemented paste backfill.

Keywords: high sand-cement ratio; cemented paste backfill; response surface method; size effect

1. Introduction

As a new green mining technology, backfill mining has been popularized and applied in mining
[1,2]. The strength of the cemented paste backfill (CPB) determines the stability of the goaf. The
strength of the CPB is not only related to the mass concentration of the backfill slurry, curing age,
sand-cement ratio and other factors, but also to the size and shape of the CPB. The mechanical
properties of the material will change with the size of the material, and this special property is called
the size effect [3-6]. Under the conditions of high sand-cement ratio and small-sized specimens, the
CPB will have low strength accuracy because the test strength value of the CPB is less than 10% of
the range of the press. Therefore, in order to facilitate the testing and computation of the strength
value of the CPB under the condition of high sand-cement ratio, it is necessary to explore the size
effect of the CPB under different sizes.

At present, there have been some studies on the size effect of CPB at home and abroad. For the
cube CPB specimens, Neville[7] conducted Uniaxial compressive strength (UCS) on cement mortar
cubes of 3 sizes (70 mm, 125, mm 150 mm), and found that the strength of the 70 mm specimen was
greater than that of the 125 mm and 150 mm. Bayram et al. [8] analyzed the strength properties and
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ultrasonic wave velocity of CPB with sizes of 10 cm and 20 cm respectively, and found that there is a
very obvious size effect on the strength of CPB, and the strength of the 10 cm block is greater than
that of the 20 cm block. Gan et al. [9] tested the strength of different sizes of CPB specimens by
preparing CPB specimens with a sand-cement ratio of 4:1. The experiment showed that the peak
strength of CPB specimens with a size of 200 mm was only half of 70.7 mm. For cylinder backfill
specimens, Xu et al. [10] conducted experiments on the ratio of full tailings CPB of different sizes,
and showed that the sand-cement ratio was 4:1-8:1, and under the same height-diameter ratio, the
UCS of the CPB of the ¢76.2mmx152.4mm cylinder is greater than that of the ¢50.8mmx=101.6mm
cylinder. The conclusion is similar to that of the strength of the cube specimens, both of which show
that the strength of the CPB specimens with smaller size is higher. When Hassani et al. [11] studied
the influence of the size of CPB with a sand-cement ratio of 6:1 on the UCS, they found that the UCS
of the CPB increases with the increase of the size when the diameter of the cylinder is within 15.2 cm,
and the diameter exceeds 15.2 cm, the results were reversed. This shows that the increase of the UCS
and diameter of the cylinder CPB does not completely show a positive correlation. For the different
shapes of CPB specimens, Ye et al. [12] prepared cube and cylinder CPB specimens with a sand-ash
ratio of 4:1-8:1 and a concentration of 65%-72%. Under the condition of and mass concentration, the
strength test results show that the UCS of 70.7mm cube > ¢7.08cm x 14.2cm cylinder > ¢5.13cm x 10cm
cylinder, that is, the shape of the specimen has a significant impact on the UCS of the CPB. For the
CPB specimens with different height-diameter ratios, Wang et al. [13] conducted an experiment to
test the UCS of cylinder CPB specimens with a sand-cement ratio of 4:1, ¢50mm, and a height-
diameter ratio of 1:1-1:5. The results show that with the increase of the height-diameter ratio, the UCS
of the CPB specimen shows an inversely proportional function and gradually decreases.

The above studies show that size, shape, and height-diameter ratio have a significant impact on
the UCS of the CPB. Between 4:1-8:1. At present, many mines at home and abroad are filled with high
sand-cement ratio due to filling methods or other factors. At this time, the UCS of high sand-cement
ratio CPB is low, and its UCS cannot be accurately tested under the large range of ordinary servo
presses in the laboratory. Based on this, in this paper, the CPB specimens with high sand-cement
ratios of 8:1, 12:1, and 24:1, mass concentrations of 71%, 72%, and 73%, and aspect ratios of 0.5, 1, and
2 were used to carry out a axial compression test. The significant effects of sand-cement ratio, mass
concentration, and aspect ratio on the UCS of the CPB were investigated by the response surface
design method, and the size effect and failure characteristics of the CPB were analyzed, the strength
size effect mechanism of high sand-cement ratio CPB was revealed, and the UCS conversion model
under different height-diameter ratios with high sand-cement ratio were established. It provides a
theoretical basis for the design UCS parameters of mine CPB.

2. Experimental design

2.1. Experimental materials and tools

The experimental materials mainly include tailings, cement and water. The tailings are all
tailings of a copper mine. The particle gradation curve of the tailings is shown in Figure 1. The tailings
density is 2600kg/m? and the average particle size is 0.04mm. The cement adopts 32.5 slag Portland
cement produced by a cement factory, and the mixing water is the water used in a mine dressing
plant. No additives are added during the preparation of filling slurry. Two kinds of molds were used
for the preparation of CPB, 70.7 mm=70.7 mmx70.7mm and 100 mm=100 mmx100mm cube molds.
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Figure 1. Particle size gradation curve of a mine.

2.2. Experimental scheme

After the preparation of test materials and tools, firstly, design the filling slurry sand-cement
ratio (8, 12, 24) and mass concentration (71%, 72%, 73%). Secondly, four types of CPB were made, the
70.7mm infill was used as the reference specimen for the following analysis; the infill samples with
aspect ratios of 1 and 2 were prepared by a set of 100mm cube molds; the infill samples with an aspect
ratio of 0.5 were prepared by two sets of 100mm cube test block splicing. Then, it is put into an
environment with a temperature of 20°C and a humidity of more than 90% for curing after the
preparation is completed, and the curing age is 28 days(d). Finally, due to the small loading size of
the press, it is not suitable for the CPB with aspect ratio of 1:2 in this experiment. Before uniaxial
compression, the backing plate of the CPB needs to be remanufactured to ensure the same material
as the loading backing plate of the equipment. The UCS test of the filling body is carried out with an
electro-hydraulic servo press, and the loading rate is 0.1kN/s.

2.3. Experimental Design

This paper mainly explores the size effect of CPB with different aspect ratios. The Box-behnken
in Response Surface Methodology (RSM for short) was used for experimental design. The experiment
selects three independent variables and one dependent variable. The dependent variable is the 28d
UCS of the CPB, and the independent variables are the aspect ratio, mass concentration, and sand-
cement ratio. The aspect ratios of the CPB were 1:2 (100mmx=200mm), 1:1 (100mmx100mm), 2:1
(200mmx=100mm), and the mass concentrations are 71%, 72%, and 73%; and the sand-cement ratios
were 8, 12, 24 respectively. According to Box-behnken, the experimental design is divided into 17
groups of experiments.

3. Analysis of RSM experimental results

According to the test results of UCS of 17 groups of CPB, the influence law of sand-cement ratio
and mass concentration on the UCS and size effect of CPB was analyzed respectively, and the three
independent variables of aspect ratio, mass concentration and sand-cement ratio on the CPB were
analyzed. The degree of significant influence on 284 UCS. The results of the UCS test of the CPB are
shown in Table 1.
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Table 1. RSM experimental UCS test results.

Variable A Variable B Variable C
Group (Aspect Ratio) (Mass concentration /%) (Sand-cement ratio) UCS of 284 /MPa
1 1 73 24 0.52
2 0.5 71 12 1.07
3 1 71 8 1.24
4 2 71 12 0.84
5 2 72 24 0.42
6 1 72 12 0.96
7 0.5 72 8 1.29
8 1 72 12 0.96
9 1 72 12 0.96
10 1 71 24 0.46
11 2 73 12 0.87
12 1 72 12 0.96
13 0.5 72 24 0.53
14 1 73 8 1.26
15 1 72 12 0.96
16 0.5 73 12 1.27
17 2 72 8 1.20

3.1. Analysis of the sand-cement ratio on the UCS and size effect of the CPB

Under the conditions of the same slurry mass concentration, the relationship between the sand-
cement ratio and UCS of the CPB of each size is shown in Figure 2. It can be seen from Figure 2 that
under the same slurry concentration, the common knowledge for the sand-cement ratio is that the
UCS of the CPB decreases with the increase of the sand-cement ratio. In this experiment, the UCS of
the CPB with three aspect ratios decreases with the increase of the sand-cement ratio. When the sand-
cement ratio increased from 8 to 24, the UCS of the CPB decreased by a maximum of 75%. Under the
same slurry mass concentration, the order of the UCS of the CPB of each size is: the aspect ratio is
0.5> the aspect ratio is 1> the aspect ratio is 2. There is a large difference in strength between different
sizes, and the maximum difference in strength is 55%, which indicates that there is an obvious size
effect in the CPB of each size, and the high sand-cement ratio has a greater impact on the size effect

of the CPB.
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Figure 2. Comparison of the UCS of CPB with different aspect ratios as a function of sand-cement

ratio.

3.2. Analysis of the mass concentration on the UCS and size of the CPB

Under the conditions of the same sand-cement ratio, the relationship between the mass
concentration of the CPB slurry and the UCS of each size is shown in Figure 3. It can be seen from
Figure 3 that under the same sand-cement ratio, the UCS of the CPB with the three aspect ratios
increases with the increase of the mass concentration. This can be explained as the phenomenon of
segregation and stratification and uneven particle distribution in the slurry when the mass
concentration is low [14], resulting in an increase in the pores of the CPB and a decrease in the final
UCS; as the mass concentration increases, the degree of segregation and stratification in the slurry
decreases, the UCS increases gradually. In this experiment, when the mass concentration increased
from 71% to 73%, the UCS of the CPB increased by 21% at the maximum, and the increasing trend
was relatively slow. Under the same sand-cement ratio, the order of the UCS of the CPB of each size
is as follows: the aspect ratio is 0.5> the aspect ratio is 1> the aspect ratio is 2. The difference in UCS
between each size is small, and the maximum difference in strength is 29%, which indicates that the
mass concentration of the CPB has little effect on the size effect of the three high-to-width ratio CPB.

130 | //”"‘
12
125 | .7’/_*/"

1.0
1.20 | =
= = ——————*
O st ‘ S8
- —=—Aspect ratio 0.5
—®—Aspect ratio | —®—Aspect ratio 0.5
1.10 —a—Aspect ratio 2 06 —&—Aspect ratio 1
RN o .
—A—Aspect ratio 2
105 |
1 1 1 1 1 04 1 1 1 1 1
71.0 715 72.0 725 73.0 71.0 71.5 72.0 725 73.0
Mass concentration/% Mass concentration/%

(a) sand-cement ratio 8 (b) sand-cement ratio 12



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 February 2024 d0i:10.20944/preprints202402.1477.v1

T

0.60

0.55

0.50 | /

& 0.45
40

8
=) 0.40

|

—=—Aspect ratio 0.5
—e—Aspect ratio 1
—4—Aspect ratio 2

035 F

0.30

T

0.25

T T T T
71.0 71.5 72.0 72.5 73.0
Mass concentration/%

(¢) sand-cement ratio 24

Figure 3. Comparison of the UCS of CPB with different aspect ratios as a function of mass
concentration.

3.3. Analysis of variance results

The UCS results measured according to the experimental design in Table 1 were input into the
Design-Expert software, and the results of variance analysis were shown in Table 2. It can be seen
from Table 2 that the F value of the model is 68.05, and the P value is less than 0.0001, which means
that the model has a significant impact. Three independent variables have different degrees of
significant influence on the 284 UCS of the CPB. Among them, the F value of the independent variable
C (sand-cement ratio) is 188.54, and the P value is less than 0.0001, which is a very significant
influencing factor; the independent variable The F value of A (aspect ratio) is 14.24, and the P value
is less than 0.005, which is a sub-significant factor; the F value of the independent variable B (mass
concentration) is 0.90, and the P value is > 0.1, which is a weakly significant factor. This conclusion
also verifies the conclusions of Sections 3.1 and 3.2.

Table 2. RSM analysis of variance.

Sourse Sum of squares DF Mean Square F-value P-value

Model 1.50 3 0.5016 68.05 <0.0001
A 0.105 1 0.105 14.24 0.0023
B 0.0066 1 0.0066 0.90 0.3608
C 1.39 1 1.39 188.54 <0.0001

The multiple linear regression analysis function of the Design-Expert software was used to carry
out regression analysis on the UCS of the CPB. In order to make the regression equation fit well and
control and predict variables accurately, a multiple linear regression model of the following formula
(1) is established:

f =—0.29497 — 0.14845x; + 0.022875x, — 0.04896x; (1)

In the formula: £ is the 284 UCS of the CPB of the dependent variable; x1 is the aspect ratio of the
CPB; x2 is the mass concentration of the CPB; x3 is the sand-cement ratio of the CPB slurry.

The goodness of fit R? of the model is 0.93, and the fitting effect is good, and the model can
effectively predict the 284 UCS of the CPB under the conditions of different aspect ratios, mass
concentrations and sand-cement ratios.

4. Size effect analysis of UCS of the CPB under the high sand-cement ratio backfill

According to the results of the RSM test, the aspect ratio is a significant factor affecting the UCS
of the CPB. It is necessary to further analyze the UCS failure characteristics and size effect mechanism
of the CPB under different aspect ratios.

4.1. Size effect degree analysis of UCS
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In order to quantitatively analyze the size-effect relationship of the UCS of CPB, a 70.7 mm cube
specimen was used as the reference size, and the aspect ratios were 0.5 (100mm/200mm), 1
(100mm/100mm), 2 (200mm/100mm) specimens as non-reference dimensions. The concept of size effect
degree in concrete size effect analysis was introduced to describe the size effect of the UCS of the CPB
cube specimens[15], and the size effect degree was calculated according to formula (2):

Ve =52 % 100% @)
Js

In the formula: y. represents the size effect degree; f: is the UCS of the CPB of the reference size;
fais the UCS of the CPB with size a.

Since the influence of the concentration is small, only 73% of the mass concentration is taken as
an example, and the relationship between the size effect and the UCS of the CPB under the three
sand-cement ratios is calculated as shown in Figure 4. It can be seen from Figure 4 that the size effect
of the CPB increases with the increase of the aspect ratio, but the increasing trend gradually tends to
be gentle, and the two show a logarithmic function relationship. The variation range of size effect
degree under the condition of high sand-cement ratio is larger than that of low sand-cement ratio,
and the maximum change range of size effect degree reaches 46%. Combined with the previous
experimental results, it can be seen that the size effect degree of the aspect ratio of 0.5 is the lowest,
that is, the UCS is the largest, the aspect ratio is 1, and the size effect degree of the aspect ratio of 2 is
the highest, that is, the UCS is the lowest.
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Figure 4. Size effect degree of UCS of the CPB.

4.2. Analysis of UCS failure characteristics of CPB with different aspect ratios

The UCS failure characteristics of the three types of CPB with aspect ratios of 0.5, 1, and 2 are
shown in Figure 5. It can be seen from Figure 5 that when the aspect ratio is 0.5 and 1, there are four
and three through main cracks (red dotted lines in the Figure 5) that are approximately parallel to the
loading direction on the surface of the specimen, respectively, showing the characteristics of splitting
failure. When the aspect ratio is 2, two main cracks appear on the surface of the specimen, which are
obviously interlaced with each other, and continue to develop in an X shape. At the same time, there
are many secondary cracks (blue dotted lines in the Figure 5), showing the characteristics of splitting
failure.
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Figure 5. The UCS failure characteristics of in CPB with different aspect ratios.

4.3. Mechanism analysis of size effect of UCS

When the aspect ratio is 0.5 and 1, under the condition of uniaxial compression, the stiffness of
the upper and lower backing plates is much greater than that of the CPB, resulting in friction between
the backing plate and the upper and lower ends of the backfill specimen. The lateral deformation
under compression (Poisson's ratio effect) is limited by the friction between the end face of the CPB
and the backing plate, which can be called the end effect. Therefore, a three-dimensional conical
compressive stress zone will be formed at the upper and lower ends of the specimen (Figure 6a,
Figure 6b), and the area of the stress zone of the specimen with an aspect ratio of 0.5 is larger than
that of the CPB with an aspect ratio of 1. Due to the low height, the conical stress zones at the upper
and lower ends must be connected to each other, and the whole is close to the three-way stress state.
Under this experimental condition, the measured UCS of the CPB must be greater than the actual
UCS. Only the stiffness of the backing plate is exactly the same as that of the CPB can completely
eliminate the above end effect. It is difficult to find pads with the same stiffness.

When the aspect ratio is 2, the height of the CPB is higher, and the upper and lower ends of the
CPB are still subjected to the end effect brought by the backing plate, but the middle part of the CPB
is in a one-dimensional compression state (as shown in Figure 6c¢), the stress is more uniform, less
affected by the end effect, and the UCS is low. Therefore, the UCS measured under the condition of
this aspect ratio is closer to the actual UCS of the CPB.
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Figure 6. Stress distribution of specimens with different aspect ratios in the state of uniaxial
compression.
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4.4. Finite element analysis of size effect of UCS

According to the above theoretical results, the concrete damage criterion in the finite element
analysis software ABAQUS is used for modeling and analysis. The size of the CPB model is
200mm=100mm=100mm, 100mmx100mm=100mm, and 100mmx=100mm=200mm, respectively. The model
parameters are as follows: the density of the CPB is 1900 kg/m?, the elastic modulus is 0.6GPa, and the
Poisson’s ratio is 0.2; the upper and lower backing plates have a density of 7850kg/m?, an elastic
modulus of 206GPa, and a Poisson’s ratio of 0.3. Constrain the bottom plate, apply displacement load
to the upper plate, and reduce the displacement by 5mm. In order to facilitate data reading and
analysis, the finite element analysis of the CPB only takes the concentration of 73% and the sand-
cement ratio of 8 as an example. The stress field results are shown in Figure 7.
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Figure 7. Stress field results of finite element analysis of the CPB.

According to the analysis results of the stress field in Figure 7(a)(b), it can be seen that when
the aspect ratio of the CPB is 0.5 and 1, most of the three-dimensional stress compression zones appear
at the upper and lower ends of the CPB, and the aspect ratio is the area of the three-dimensional stress
region of 0.5 is larger than that of the CPB with an aspect ratio of 1. The three-dimensional stress
regions at the upper and lower ends of the two are basically in a connected state, and there is no
obvious one-dimensional stress region in the middle. The CPB with an aspect ratio of 2, as shown in
Figure 7(c), has a small portion of stress compression zones at the upper and lower ends, and all of
them are one-dimensional stress compression zones. From the stress field data, it can be seen that the
UCS of the CPB with an aspect ratio of 2 is the lowest, and the CPB with an aspect ratio of 0.5 is the
highest. The above analysis verifies the rationality of the theoretical analysis.

5. The conversion model of the UCS of the CPB between different aspect ratios

It can be seen from the above analysis that when the aspect ratio is 2, the middle of the CPB is in
a state of uniaxial compression, and the end effect is small. At this time, the UCS is closest to the
actual UCS of the CPB. Therefore, taking the UCS of the CPB with an aspect ratio of 2 as the reference
value, in order to make the regression model fit the various parameters of the UCS calculation, the
non-linear fitting method was used to establish the UCS conversion model of the CPB with an aspect
ratio of 2 and an aspect ratio of 0.5 and 1, respectively. This conversion model adopts the power
function product model, such as formula (3):

E,= axE}’
F, axFE/P

€))

In the formula: Fn represents the reference UCS of the CPB with an aspect ratio of 2; F. represents
the UCS of the CPB with an aspect ratio of 0.5; F: represents the UCS of the CPB with an aspect ratio
of 1; a and b both represent regression coefficients.

The UCS of the CPB with an aspect ratio of 0.5 and 1 is taken as the x-axis, and the UCS of the
CPB with an aspect ratio of 2 is taken as the y-axis. (Fx, Fu) and (Fz, Fu).

The fitting results of the UCS conversion function are shown in Figure 8. It can be seen from
Figure 8 that the UCS conversion functions of aspect ratio 2 and aspect ratio 0.5 and 1 are all in a
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power function relationship. The goodness of fit R? of the two curves is greater than 0.95, and the
curve fitting effect is good. Under the conditions of each concentration and sand-ash ratio, the UCS
conversion points are staggered and distributed on both sides of the fitting curve, and the degree of
dispersion is low. The parameters of the curve function expression are shown in Table 3. Through
the function conversion model, the sand-ash ratio 8-24 and the intensity conversion of different aspect
ratios under the experimental conditions of the mass concentration of 71%-73% can be converted, so
that the conversion result is closer to the actual UCS of the CPB in the laboratory value.
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Figure 8. Fitting diagram of UCS conversion function of aspect ratio 2 and aspect ratio 0.5 and 1.

Table 3. The UCS conversion function parameter table of aspect ratio 2 and aspect ratio 0.5 and 1.

Aspect ratio Parameter a Parameter b R? Residual sum of squares
2and 0.5 0.69313 1.70754 0.9908 0.0012
2 and 1 0.8145 1.4632 0.9674 0.0043

6. Conclusion

(1) Through the RSM experimental analysis, it can be seen that in the low sand-cement ratio 8:1-
24:1, the mass concentration is in the range of 71%-73%, the sand-cement ratio and aspect ratio have
a significant impact on the UCS of the CPB, while the mass concentration of the CPB slurry has a
weak significant effect on the UCS of the CPB. Under the conditions of the same slurry mass
concentration and sand-cement ratio, the order of the UCS of the CPB of each size is as follows: the
aspect ratio is 0.5> the aspect ratio is 1> the aspect ratio is 2.

(2) The aspect ratio of 0.5 has the lowest size effect degree and the highest UCS; the aspect ratio
of 1 is the second. The aspect ratio of 2 has the highest size effect degree and the lowest UCS. When
the aspect ratio is 0.5 and 1, the splitting failure of the CPB is dominant, and when the aspect ratio is
2, the CPB is dominated by shear failure and develops in an X-shape.

(3) The three-dimensional stress caused by the obvious end effect of the aspect ratio of 0.5 and 1
makes the UCS of the CPB higher. The aspect ratio of 2 is due to the lower end effect at the ends and
the uniform one-dimensional stress in the middle, which makes the UCS lower. In the laboratory, the
UCS of the CPB with an aspect ratio of 2 is closer to the actual UCS of the CPB, and the UCS of the
CPB with an aspect ratio of 0.5 and 1 is higher than the actual UCS.

(4) The results of the finite element analysis of the stress field show that most of the three-
dimensional stress compression zones appear at the upper and lower ends of the CPB with an aspect
ratio of 0.5 and 1; a small portion of stress compression zones at the upper and lower ends of the CPB
with an aspect ratio of 2, and the rest are all one-dimensional stress compression zones, which verifies
the rationality of the theoretical analysis.
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(5) The UCS between different aspect ratios is in a power function relationship. The two groups
UCS conversion models can convert the backfill strength values between different aspect ratios into
more accurate and practical UCS of the CPB.
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