
Vol.:(0123456789)1 3

https://doi.org/10.1007/s11356-023-25452-4

RESEARCH ARTICLE

Rheological properties of cemented gangue backfill material based 
on fractal characteristics of waste coal gangue

Xiaoli Ye1,2 · Yuxia Guo1,2 · Guorui Feng1,2,3,4 · Xiaoxuan Wang1,2 · Weiyang Hu1,2 · Jiahui Ma1,2

Received: 12 October 2022 / Accepted: 17 January 2023 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2023

Abstract
The study herein was intended to evaluate the rheological properties of cemented gangue backfill material (CGBM). For this 
purpose, the rheological test of CGBM with fractal aggregate particle size distribution was carried out, and variations of 
static yield stress, dynamic yield stress, and plastic viscosity were investigated as a function of fractal dimension and time. 
The results reveal that aggregate particle size distribution exerts a significant influence upon the rheological properties of 
CGBM, and with the escalation of the fractal dimension of the aggregate, the yield stress and plastic viscosity initially decline 
and then increase. In addition, with elapsing time, the correlation between the static yield stress and the fractal dimension 
of CGBM specimens increases, while the correlations between the dynamic yield stress and the plastic viscosity and the 
fractal dimension decrease. The relationships between rheological parameters and fractal dimensions at different times are 
established based on the experimental results. The influence mechanism of aggregate particle size distribution on CGBM is 
analyzed from the perspective of the aggregate packing state. This study can provide a basis for the ratio design of CGBM 
in backfill mining.

Keywords  Rheological properties · Coal gangue · Fractal dimension · Yield stress · Plastic viscosity · Compressible 
packing model (CPM)

Introduction

Backfill mining is an important element of the coal mine 
green mining system, which can effectively control ground 
pressure and reduce the massive accumulation of waste coal 
gangue, thereby protecting the safety of coal miners and 
achieving sustainable development of the ecological envi-
ronment (Deng et al. 2017; Wang et al. 2022; Yilmaz et al. 

2014; Feng et al. 2022; Ran et al. 2022; Zhao et al. 2022a, 
b; Xue et al. 2021). The cemented gangue backfill material 
(CGBM) used for backfill mining is mainly composed of 
cementitious materials, fly ash, coal gangue, and water, and 
transported to the goaf through pipelines for filling (Guo 
et al. 2020; Sun et al. 2019; Wu et al. 2015). The rheologi-
cal characteristics of the CGBM mixture in the pipeline will 
affect the transportation efficiency and filling effect directly 
(Wang et al. 2020; Zhang et al. 2008; Chen et al. 2022a, b). 
Therefore, to ensure the security and efficient transporta-
tion of CGBM mixture and excellent filling quality, it is 
necessary to study the rheological characteristics of CGBM. 
Furthermore, the rheological characteristics of CGBM are 
mainly related to its material composition (Qi et al. 2015), 
of which gangue aggregate in the CGBM accounts for the 
largest proportion, oftentimes can generally reach 50 ~ 80%. 
Aggregate particle size distribution has a great impact on 
the interaction force between aggregates and the flow resist-
ance caused by aggregates in the CGBM mixture (Wu et al. 
2021a, b). Therefore, it is of great significance to investigate 
the influence of aggregate particle size distribution on the 
rheological properties of CGBM.
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Currently, a lot of research has been conducted on the 
effect of aggregate particle size distribution on the rheo-
logical properties of slurry. (Gao et al. 2022; Mahaut et al. 
2008; Li et al. 2021). Yan et al. (2020) adopted a random 
aggregate generation algorithm to simulate the aggregate 
gradation and revealed that the coarse aggregate settles eas-
ily in the mortar when the coarse aggregate content is high 
and the mortar yield stress is low, thus leading to self-com-
pacting concrete segregation. Feng et al. (2016) examined 
the influence of the mixed aggregate ratio of gangue and 
waste concrete on the rheological properties of the CGBM 
mixture and concluded that the CGBM has good flowability 
when the fine aggregate replacement rate of waste concrete 
is 37% and the coarse aggregate replacement rate of waste 
concrete is 49%. Gismera et al (2020) studied the effect 
of aggregates with different particle size distributions on 
the rheological properties of alkaline mortar and found that 
the plastic viscosity of the mortar is closely related to the 
packing density and void ratio of the aggregates. Liu et al. 
(2016) used Fuller’s grading theory to optimize the grada-
tion of mixed aggregates of all-tailed sand and water-hard-
ened slag, and found that the mixed aggregate system had 
a larger stacking density and a lower pipe flow resistance 
of the paste when the grading index was 0.3. Hu and Wang 
(2011) investigated the effect of different graded aggregate 
grades on the rheological properties of concrete and found 
that the higher the content of coarse and fine aggregates, the 
higher the concrete rheological parameters (plastic viscosity 
and yield stress), and for a certain volume of mortar, yield 
stress and viscosity typically increase with the content of 
uncompressed voids and friction angle, while decreasing 
with the size of coarse aggregates.

Some scholars have employed fractal theory to describe 
particle distribution characteristics quantitatively. Wu 
et al. (2021a, b) investigated the effect of aggregate par-
ticle size distribution on the mechanical properties of the 
backfill in accordance with fractal theory, and found that 
the ultrasonic velocity and compressive strength of the 
backfill had a quadratic polynomial relationship with the 
fractal dimension of the aggregate particle size distri-
bution. Chen et al. (2022a, b) analyzed the relationship 
between the fractal dimension of fibrous concrete crushed 
particles and fracture energy based on fractal theory and 
concluded that the dynamic compressive strength and frac-
ture energy of fibrous concrete increase with the increase 
of fractal dimension at different strain rates. Liang et al. 
(2020) examined the fractal dimension characteristics of 
concrete fragments applying fractal theory and established 
the relationship between energy consumption density and 
fractal dimension, and revealed that the fragmentation 
severity and fractal dimension of debris increased with the 
increase of impact speed under the same fiber content. Ren 
and Xu (2016) investigated the fractal characteristics of 

concrete debris produced by impact crushing and realized 
that the corresponding fractal dimension calculated by the 
mass-size relationship is an ideal indicator to describe the 
degree of debris. Li et al. (2019) investigated the fractal 
dimensional characteristics of concrete fractions subjected 
to impact by freeze–thaw cycles, established the relation-
ship between energy consumption density and fractal 
dimension of fragments, and revealed the coupling effect 
of freeze–thaw cycles and strain rate on fractal character-
istics and energy consumption.

It can be seen that the above studies use the fractal 
dimension to characterize the particle size distribution of 
aggregates. However, most of the researches focus on the 
mechanical properties of the materials, and there are few 
studies on the rheology of the materials. Although the time-
dependent change of the rheological properties of concrete 
has been studied, the rheological properties of CGBM have 
been examined less. On this basis, this paper will explore 
the fractal characteristics of aggregate gradation and estab-
lish the connection between the fractal dimension of aggre-
gate gradation and rheological parameters. The correlations 
between aggregate gradation and rheological parameters are 
analyzed with time variation. And the compressible packing 
model (CPM) is also used to reveal the influence mechanism 
of aggregate particle size distribution on the rheology of 
the CGBM mixture. This study can provide a reference for 
optimizing the particle size distribution of the aggregates 
of CGBM.

Experimental methods

Raw materials

The CGBM is composed of cement, fly ash, coal gangue, and 
water according to the mass ratio of 1:2:5:2 evenly mixed 
(Guo et al. 2022; Zhao et al. 2022a, b; Du et al. 2019). The 
cement is ordinary Portland cement 42.5 produced by Tai-
yuan Shishou Cement Co., with a specific surface area of 
4500cm2/g, and initial and final setting times of 160 min and 
220 min respectively. Fly ash is Grade II fly ash produced by 
Fenxi Mining Group Power Co. The coal gangue aggregate 
used is collected from the Xinyang coal mine of Fenxi Mining 
Group, with an apparent density of 2900 kg/m3 and a crushing 
size range of 0.1 mm to 20 mm. Water is ordinary tap water. 
The main chemical composition of the raw materials is shown 
in Table 1. The chemical composition, microscopic morphol-
ogy, and particle size distribution of cement and fly ash were 
obtained by X-ray diffractometer (XRD), scanning electron 
microscope (SEM), and laser particle size distribution meter 
(BT-9300HT), respectively, as shown in Fig. 1. The XRD pat-
terns and SEM patterns of coal gangue are shown in Fig. 2.
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Preparation of CGBM specimens

Define the aggregate particle size distribution function as 
(Chun and Liu 2002):

where F(�) is the aggregate size distribution function; � is 
the characteristic size of aggregate particles, i.e., particle 
size, mm; N(�) is the total number of aggregates with par-
ticle size not larger than � ; N0 is the total number of aggre-
gates in the aggregate system.

(1)F(�) =
N(�)

N0

Table 1   Main chemical compositions of raw material

Chemical com-
position

Cement/% Fly ash/% Coal gangue/%

SiO2 22.36 52.42 35.46
Al2O3 5.53 32.48 16.11
Fe2O3 3.46 3.62 3.86
CaO 65.08 0.99 7.15
MgO 2.1 1.01 3.50
TiO2 — 1.26 0.80

Fig. 1   SEM, XRD, and particle size distribution of cement and fly ash (a) Cement (b) Fly ash

Fig. 2   SEM and XRD of coal 
gangue
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According to Cantor’s fractal theory, it is obtained that

where N1 is a constant; �max is the maximum particle size 
of the aggregate; D is the fractal dimension of the particle 
size distribution.

Substituting Eq. (2) into Eq. (1) and applying F
(

�max

)

= 1 , 
we obtain

Similarly, the aggregate mass distribution function is 
defined as

where P(�) is the aggregate mass distribution function; 
M(�) is the total mass of aggregate with particle size not 
larger than; M0 is the total mass of aggregate in the system.

From Eq. (4) we obtained

From the relationship between mass and volume, it fol-
lows that

where � is the aggregate density; V(�) is the volume of 
aggregate in the interval (�,� + d�) ; N(�) is the number of 
aggregates in the interval (�,� + d�).

From the volume dimension, it follows that

where k is the volume shape factor of the aggregate.
From Eq. (1), it is obtained that

From Eq. (3), it is obtained that

Equations (5), (6), (7), (8), and (9) are combined and 
integrated to obtain

where, C is the integration constant.
Substituting the boundary conditions P

(

�max

)

= 1 and 
P
(

�min

)

= 0 , into Eq. (10) we obtain

(2)N = N1(
�

�max

)
−D

(3)F(�) = (
�

�max

)
−D

(4)P(�) =
M(�)

M0

(5)dM(�) = M0dP(�)

(6)dM(�) = �V(�)dN(�)

(7)V(�) = k�3

(8)dN(�) = N0dF(�)

(9)dF(�) = −D�D
max

�1−Dd�

(10)P(�) = −
k�N�D

max

M0(3 − D)
�3−D + C

where, �min is the minimum particle size of the aggregate, 
mm.

Since the term �3−D
min

 for the minimum particle size of 
the aggregate is extremely small, a simple linearization of 
Eq. (11) is obtained as

The gangue was sieved into 8 grain levels (< 0.15 mm, 
0.15 ~ 0.30  mm, 0.30 ~ 0.60  mm, 0.60 ~ 1.18  mm, 
1.18 ~ 2.36  mm, 2.36 ~ 5.00  mm, 5.00 ~ 10.00  mm, 
10.00 ~ 15.00 mm), and then the distribution of gangue 
aggregate particle size was regulated based on fractal 
theory. The distribution mass percentage of gangue aggre-
gate and the fitting results based on Eq. (12) are shown 
in Figs. 3 and 4. Five groups of aggregates with different 
particle size distributions were finally obtained, and their 
fractal dimensions were 2.002, 2.199, 2.401, 2.600, and 
2.802, respectively.

The dry ingredients (gangue, cement, and fly ash) were 
put into the mixer and mixed fully for 4 min, followed 
by adding mixing water and mixing fully for 4 min. The 
mixing procedure and time were fixed for all CGBM spec-
imens. The temperature during mixing and testing was 
always maintained at 20 ± 2 °C.

Test procedure

The slump test method was referred to the standard 
“Standard for test method of performance on ordinary 
fresh concrete” (GB/T 50080–2016). The slump cylinder 
(top diameter 100 mm, bottom diameter 200 mm, height 
300 mm) was placed on a flat, smooth, and moistened 
glass plate beforehand. The mixed mixture was loaded 
into the conical bucket in layers, ensuring that the load-
ing process was completed within 120 s. The slump cyl-
inder is lifted in a direction perpendicular to the ground 
within 5 s, and the slump is measured after the CGBM 
mixture no longer collapses or the slump cylinder is 
lifted for 30 s.

The rheological parameters were determined by using 
GERMANN ICAR rheometer. And the experimental pro-
cedure and the composition of the rheometer are shown in 
Fig. 5. The diameter of the rheometer barrel was 286 mm; 
the stirred CGBM mixture was loaded into the barrel. 
Then, the paddle blade with a height and diameter of 
127 mm was fixed in the center of the barrel so that the 
distance between the blade and the mixture at the bot-
tom and top of the barrel was 89 mm. Firstly, the static 

(11)P(�) =
M(�)

M0

=
�3−D − �3−D

min

�3−D
max

− �3−D
min

(12)lg
M(�)

M0

∝ (3 − D)lg�
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yield stress was determined by rotating the blade at a 
constant low rate of 0.025rev/s for 30 s (Rahman et al. 
2014). Afterward, the flow curve test was performed to 
determine the dynamic yield stress and plastic viscosity 
of the CGBM mixture, and the flow curve test procedure 
is shown in Fig. 6. The flow curve testing process was 
divided into two parts: shear failure and reduced speed 
shear. Pre-testing is preceded by 20 s of rotation at a 
maximum test speed of 0.5 rev/s, which was designed to 

disrupt the flocculation structure of the CGBM mixture 
to minimize the effect of thixotropy and provide a stable 
shear history. After shear failure, the rotational speed was 
equally reduced to 0.05 rev/s and divided into seven test 
points, each test point lasting 10 s (Baumert and Garrecht 
2020; Faraj et al. 2021). The first test time was recorded 
as 0 min, then every 30 min repeated mixing, slump test, 
and rheological test and record the rheological parameters 
of CGBM mixture within 60 min.

Fig. 3   Distribution mass per-
centage of gangue aggregate

Fig. 4   Fractal dimension of 
the particle size distribution of 
gangue aggregate
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Results and discussion

Rheological properties of CGBM

Slump

The influence of gangue aggregate particle size dis-
tribution on the slump of CGBM mixture is shown in 
Fig. 7. The slump of mixture with fractal dimensions of 
2.002, 2.199, 2.401, 2.6, and 2.802 are 242 mm, 244 mm, 
249 mm, 244 mm, and 242 mm respectively. According to 
the results, it can be seen that the slump of CGBM mix-
ture rises first with the increment of fractal dimension. 
In accordance with the theory of excess paste, the voids 
between the coarse aggregate are filled by fine aggregates, 

and the voids between fine aggregates are filled by paste. 
And the remaining paste is wrapped in the surface of the 
aggregate to form a lubricating layer, enabling the mix-
ture to flow stably, which is called excess paste (Shi et al. 
2018). In the case of a certain paste content in the CGBM 
mixture, when the fractal dimension of the aggregate par-
ticle size distribution increases from 2.002, the increase 
in the mass fraction of fine aggregates makes the degree 
of particle accumulation in the aggregate system more 
compact. The paste filling the voids between the aggre-
gates is reduced; thus, the thickness of the excess paste 
wrapped around the surface of the aggregate increases, 
which enlarges the spacing of the aggregate particles. The 
mechanical engagement force and friction between the 
aggregates are dropped, and the fluidity of the CGBM 
is increased, which is manifested by a certain degree of 

Fig. 5   Experimental flow chart and ICAR rheometer components

Fig. 6   Flow curve test
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increase in the slump of the CGBM mixture. However, 
when the fractal dimension exceeds a certain thresh-
old value (between 2.401 and 2.6), the slump starts to 
decrease with the increase of the fractal dimension. It is 
evident that when the fine aggregate content increases, 
the total specific surface area of the aggregate system 
increases so that the water requirement of the solid parti-
cles increases (Cepuritis et al. 2017). Therefore, with the 
same water consumption, the growth of the total specific 
surface area increases the paste required to wrap around 
the surface of the aggregate. This reduces the thickness 
of the excess paste, resulting in the decrease of the slump 
of the CGBM mixture.

Static yield stress

In the CGBM mixture two-phase suspension system, the 
cement paste and the fine gangue aggregate as a homogene-
ous carrier, and coarse gangue aggregate distributed in this 
homogeneous carrier uniformly. When the CGBM mixture is 
at rest, cement particles, hydration products, and fine aggre-
gates lap each other to form a three-dimensional network 
structure with certain shear strength and wrap with coarse 
aggregates. Static yield stress is the minimum shear stress 
that breaks the three-dimensional network structure to make 
the fluid flow from the resting state (Qian and Kawashima 
2016). The impact of the distribution of gangue aggregate 

particle size on the static yield stress of CGBM is shown 
in Fig. 8. The fractal dimensions are 2.002, 2.199, 2.401, 
2.6, and 2.802 of the slurry; static yield stress are 221.2 Pa, 
84.4 Pa, 78.1 Pa, 137.5 Pa, and 148.2 Pa. It can be seen that 
the static yield stress of the CGBM with the increase in 
the fractal dimension of the aggregate presents the trend of 
decreasing after increasing, and the increase is more slowly. 
It was attributed to the fact that when the fractal dimension 
of aggregate particle size distribution increased from 2.002, 
the mass fraction of fine aggregate also increased gradually 
as shown in Fig. 3. The density of the homogeneous carrier 
becomes larger with the increase of fine aggregate, and the 
floating force of coarse aggregate in the homogeneous car-
rier increases, which reduces the settling of coarse aggregate 
to some extent. When most of the coarse aggregate is sus-
pended in the homogeneous carrier, the chance of friction 
and collision between the coarse aggregate and the bottom 
and wall of the rheological barrel is reduced, which reduces 
the resistance during the flow of the slurry. The macroscopic 
manifestation is the reduction of static yield stress. When 
the fractal dimension exceeds 2.401, the water flowing 
between the particles is reduced, due to the larger specific 
surface area of fine aggregate, which can easily gather with 
cement particles and their hydration products and form flocs 
or three-dimensional mesh structure. Therefore, as the fine 
aggregate continues to increase, the flocculation between 
fine particles also increases, resulting in the increase of static 

Fig. 7   Relationship between 
slump and fractal dimensions
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yield stress of the CGBM. The observed effect of adding fine 
aggregate to increase the static yield stress is consistent with 
the research of Ivanova and Mechtcherine (2020).

Dynamic yield stress and plastic viscosity

Dynamic yield stress is the minimum stress to maintain 
the fluid in the flow state, mainly generated by the friction 
between the particles, reflecting the ease of slurry flow. 
Plastic viscosity is the rate of deformation of fluid under 
the action of shear force. It is mainly formed by the interac-
tion force between particles, Brownian motion molecular 

force, cement hydration force, and inter-particle viscous 
force, which can reflect the relationship between the shear 
stress and shear rate of the fluid, as well as the impeding 
effect of the internal structure of the fluid on its flow (Li 
et al. 2017). Figure 9 shows the influence of different gangue 
aggregate particle size distributions on the dynamic yield 
stress and plastic viscosity of the CGBM. It can be seen 
that the dynamic yield stress and plastic viscosity of the 
CGBM have a similar trend, which decrease first with the 
increase of the fractal dimension of the aggregate. However, 
when the fractal dimension exceeds 2.401, the dynamic yield 
stress and plastic viscosity started to increase gradually. Four 

Fig. 8   Relationship between 
static yield stress and fractal 
dimensions

Fig. 9   Relationships between 
dynamic yield stress, plastic vis-
cosity, and fractal dimensions 
(a) Dynamic yield stress (b) 
Plastic viscosity
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types of forces exist in the slurry system, which are: colloi-
dal forces, Brownian forces, hydrodynamic forces, and con-
tact forces (Brader 2010). However, colloidal and Brownian 
forces do not exist between the aggregates because the size 
of the aggregates is already large enough. When the vol-
ume fraction of fine aggregates exceeds a critical value, the 
hydration forces between the aggregates and the net cement 
paste dominate. When the volume percentage of fine aggre-
gate exceeds a critical value, the contact forces between 
the aggregates dominate (Li et al. 2022). Westerholm et al. 
(2008) investigated the effect of fine aggregate gradation on 
the rheological properties of mortars and came to similar 
conclusions. This indicates that the addition of a large num-
ber of fine aggregates increases the friction and interaction 
force between the aggregate particles, which is probably 
related to the change of the accumulation state between the 
gangue aggregates.

Time‑dependent rheological properties of CGBM

Static yield stress

The time-dependent static yield stress of CGBM within 
60 min is shown in Fig. 10. As can be seen, the static yield 
stress of the CGBM tends to increase significantly with 
time due to the hydration of the cement and the floccula-
tion between the hydration products and the aggregates. 
The static yield stresses of the CGBM with fractal dimen-
sions of 2.002, 2.199, 2.401, 2.600, and 2.802 increase by 
34.13%, 28.48%, 31.37%, 22.55%, and 31.38% in 30 min, 
respectively. The static yield stresses in 60 min increase by 
28.65%, 31.21%, 23.1%, 21.01%, and 31.07%, respectively. 
It has been revealed in many research that static yield stress 

can characterize the thixotropy of cementitious materials 
(Williams et al. 1999). Thixotropy is mainly generated by 
changes in the flocculation structure within the slurry. In 
the initial stage of cement hydration reaction, when the 
flocculation structure in the slurry suffers damage, the floc-
culation structure in the slurry is repaired faster, and the 
recovery time is short because of the violent hydration reac-
tion. Therefore, the thixotropy is small in this case. With the 
passage of time, the rate of cement hydration reaction slows 
down, the recovery time of flocculation structure in the 
slurry will be greatly extended, and the thixotropy increases. 
Static yield stress of fractal dimensions of 2.002 and 2.802 
is relatively large changes in time. This is due to the fact that 
when the fine aggregate content is low, there is not enough 
mortar to wrap the coarse gangue. As a result, the fluidity of 
the CGBM mixture is poor, and the phenomenon of aggre-
gate segregation and flowing slurry appears with time. When 
the fine aggregate content is high, the free water in the mor-
tar decreases due to the water absorption of fine aggregate, 
which further slows down the cement hydration rate and 
leads to a larger thixotropy of the CGBM. When the fractal 
dimension is 2.6, the aggregate distribution in the CGBM is 
optimal, and the transtemporal variation of the static yield 
stress of the CGBM is small and has good stability.

Dynamic yield stress and plastic viscosity

Figure  11 shows the time-dependent of dynamic yield 
stress and plastic viscosity of the CGBM for different 
gangue aggregate particle size distributions within 60 min. 
Figure 11a shows that the increments of dynamic yield 
stress in 30 min for slurries with fractal dimensions of 
2.002, 2.199, 2.401, 2.600, and 2.802 are 58.57%, 68.17%, 
37.87%, 35.85%, and 36.57%, respectively. The increments 
of dynamic yield stress within 60 min are 33.2%, 49.86%, 
15.77%, 15.57%, and 17.81%, respectively. The evolution 
of the plastic viscosity of the CGBM with different gangue 
aggregate particle size distribution within 60 min is shown 
in Fig. 11b. The increments of plastic viscosity in 30 min are 
51.39%, 31.03%, 28%, 18.31%, and 22.12% for the slurries 
with fractal dimensions of 2.002, 2.199, 2.401, 2.600, and 
2.802, respectively. And the increments of plastic viscosity 
in 60 min are 41.28%, 26.32%, 21.88%, 10.71%, and 11.59%, 
respectively. It can be seen that the dynamic yield stress 
and plastic viscosity of the CGBM demonstrate a gradual 
increase with time, which is the result of the interaction 
between cement hydration and aggregates. This is consist-
ent with the change law of yield stress and plastic viscos-
ity of self-compacting concrete with time studied by Saleh 
Ahari et al. (2015). On the one hand, the free water in the 
CGBM gradually decreases with time due to the cement 
hydration and the water absorption of fine aggregates, which 
increases the flow resistance of the CGBM. On the other 
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Fig. 10   Variation of static yield stress with time
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hand, the friction between the aggregate particles in the 
CGBM causes the dynamic yield stress and plastic viscos-
ity of the CGBM to become larger. The increase of dynamic 
yield stress and plastic viscosity of the CGBM is relatively 
large for the fractal dimensions of 2.002 and 2.199. The 
reason is that when the fine aggregate is not enough to form 
a lubricating layer on the gangue surface, which reduces the 
fluidity of the slurry. While the fine aggregate is excessive, 
it will also reduce the fluidity of the slurry, and with the 
growth of time, the phenomenon of aggregate settlement, 
and segregation. Cheng et al. (2018) performed rheological 
experiments on paste filling material and combined them 
with fine-scale image analysis techniques to suggest that 
the gradation structure forms the basis for the plasticity and 
stability of the slurry. The flocculent network structure trans-
forms free water into semi-stable forms of adsorbed water 
and thus causes macroscopic evolution of rheological param-
eters. The smooth increase in dynamic yield stress and plas-
tic viscosity of the CGBM mixture for fractal dimensions 
of 2.401 and 2.6 indicates that the slurry at this gradation 
is more stable and has better water retention and cohesion.

Correlation between rheological parameters 
and fractal dimension

As shown in Figs. 8 and 9, the yield stress and plastic vis-
cosity decrease first and then increase with the increase 
of the fractal dimension of the aggregate. To analyze the 
relationship between the rheology and fractal dimension of 
the CGBM mixture with different gangue aggregate parti-
cle size distribution quantitatively, a quadratic polynomial 
model was fitted. The fitting results and their correlations are 
shown in Table 2, where �s is the static yield stress, Pa; �d is 
the dynamic yield stress, Pa; � is the plastic viscosity, Pa s.

According to Table 2, the correlation coefficients of 
static yield stress and aggregate fractal dimensions of the 
CGBM mixture are 0.742, 0.787, and 0.839 within 60 min. 

This indicates that the correlation between static yield 
stress and aggregate fractal dimension increase with time, 
which reveals that the static yield stress of the CGBM is 
obviously influenced by the distribution of aggregate par-
ticle size with time. The correlation coefficients between 
the dynamic yield stress and the aggregate fractal dimen-
sions of the CGBM are 0.739, 0.721, and 0.703, and the 
correlation coefficients between the plastic viscosity force 
and the aggregate fractal dimensions are 0.951, 0.945, and 
0.929, respectively, within 60 min. This demonstrates that 
the degree of influence of the aggregate size distribution 
on the dynamic yield stress and plastic viscosity of the 
CGBM decreases with time. The reason for this is that the 
hydration products C-S–H generated by the hydration of 
cement and the fine gangue aggregates lap each other to 
form a flocculation network structure. With the growth of 
time, more and more hydration products are generated by 
hydration, which leads to the formation of a closer floc-
culation structure around the aggregates and larger flow 
resistance of the CGBM (Roussel et al. 2012). Conse-
quently, it results in a greater sensitivity of the aggregate 
particle size distribution to the static yield stress of the 

Fig. 11   Variations of dynamic 
yield stress and plastic viscosity 
with time (a) Dynamic yield 
stress (b) Plastic viscosity
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Table 2   Correlation between rheological parameters and fractal 
dimension of aggregate within 60 min

Time Rheological parameter fitting results R2

0 min �
s
= 3918.1 − 3150.1D + 646.5D2 0.742

�
d
= 2004 − 1655.9D + 357.4D2 0.739

� = 214.1 − 181.9D + 39.2D2 0.951
30 min �

s
= 5445.2 − 4380.1D + 897.4D2 0.787

�
d
= 3155.6 − 2563.1D + 542.2D2 0.721

� = 307.6 − 258.3D + 54.9D2 0.945
60 min �

s
= 7329.3 − 5907.4D + 1210.5D2 0.839

�
d
= 4148.8 − 3314.8D + 688.6D2 0.703

� = 406.7 − 337.6D + 70.75D2 0.929
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CGBM and less sensitivity to the dynamic yield stress and 
plastic viscosity.

Mechanistic analysis based on CPM

De. Larrard. F proposed the compressible packing model 
(CPM) based on the linear packing compactness model 
and the solid suspension model. The CPM can determine 
the actual packing density of the mixed aggregate system 
according to the gradation and proportion of the aggregate 
in the aggregate system, that is, the percentage of the solid 
volume in the volume of the whole system when each aggre-
gate in the system is stacked and keeps its original shape. 
CPM fully takes into account the interaction between parti-
cle grades and the effect of different stacking forms on par-
ticle packing density by introducing the “loosening effect” 
and “wall attachment effect.” And CPM is a semi-theoretical 
and semi-empirical model for predicting the packing density, 
which is more applicable among many particle packing mod-
els applied in the concrete field. Therefore, CPM is used to 
calculate the aggregate packing density and thus to explain 
the variation of material rheological properties in this paper. 
The calculation process of CPM is as follows (Larrard 1999; 
Chen 2015; Nie 2008; Huang 2021):

Firstly, determine the characteristic particle size di as 
follow:

where, dmax and dmin are the maximum particle size and 
minimum particle size of each particle size range respec-
tively. According to the actual packing compactness �t of 
each particle size, compaction index K (taken as 4.75 for 
the pounded gangue aggregate), and the formula (14), the 
residual packing compactness �i of each particle size can 
be obtained.

Calculate the coefficient of loosening effect coefficient aij 
and wall attachment effect coefficient bij according to for-
mula (15) and formula (16).

where, aij is the loosening effect coefficient of the j grade 
aggregate on the i grade aggregate; bij is the wall effect coef-
ficient of the j grade aggregate on the i grade aggregate. And 
calculate the virtual packing compactness of each particle 
size according to the following formula:

(13)log10(di) = [log10(dmax) + log10(dmin)]∕2

(14)�t =
�i

1 +
1

K

(15)aij =

√

1 − (1 − dj∕di)
1.02

(16)bij = 1 − (1 − dj∕di)
1.50

Calculate the actual packing compactness �i of the mixture 
according to the following formula (18); yj is the volume frac-
tion of the j grade aggregate; Φ is the actual packing compact-
ness of the mixed aggregate system.

Set the function H(Φ) as follows:

Solve for the minimum of Φ in the interval (0,1). This value 
is the actual packing compactness of the mixed aggregate 
system.

The calculation results of the actual stacking compactness 
of gangue aggregate system with different fractal dimensions 
are shown in Table 3.

As can be seen from Table 3, the packing compactness of 
gangue aggregate system increases first and then decreases 
with the increase of fractal dimension. When the fractal dimen-
sion is less than 2.6, coarse aggregate pile is dominant, and the 
“loosening effect” between the aggregate particles dominates. 
Since the fine gangue is filled in the “skeleton” structure sys-
tem composed of coarse gangue, the degree of embedding 
between the gangue aggregates gradually increased, which 
leads to the accumulation of aggregate system dense degree 
is increasing. In the case of the same cement paste volume, the 
thickness of the excess paste in the slurry keeps increasing, so 
that the distance between the gangue aggregates keeps increas-
ing. While reducing the frictional collision between the aggre-
gates, the free water channels in the slurry are continuously 
developed, and the pore water is released, which improves the 
fluidity of the CGBM, and the macroscopic manifestation is 
the corresponding reduction of yield stress and plastic vis-
cosity. When the fractal dimension of the aggregate is 2.6, 
the actual packing density of the aggregate system reaches 
the maximum value of 0.746, the fitting degree between the 
gangue aggregates reaches the maximum, the excess paste also 
reaches the maximum thickness, and the pore water in the 
CGBM is fully released, at which time the CGBM has the best 
flowability and the yield stress and plastic viscosity reach the 
minimum value. When the fractal dimension exceeds 2.6, fine 

(17)

�i = �i∕

{

1 −

i−1
∑

j=1

[

1 − �i + bij�i(1 − 1∕�j)
]

yj −

n
∑

j=i+1

[

1 − aij�i∕�j
]

yj

}

(18)K =

n
∑

i=1

Ki =

n
∑

i=1

yi∕�i

1∕Φ − 1∕�i

(19)H(Φ) =

n
∑

i=1

yi∕�i

1∕Φ − 1∕�i
− K

Table 3   Calculation results of actual stacking compactness

Fractal dimension D 2.002 2.199 2.401 2.600 2.802

Actual packing compactness Φ 0.739 0.695 0.726 0.746 0.678
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gangue in the gangue aggregate system has been excessive. 
Fine gangue dominates, and coarse gangue randomly dispersed 
in the fine gangue group, which result the closest fitting state 
of the aggregate system destroyed. In this case, the packing 
compactness of the aggregate system is mainly affected by 
the “wall attachment effect.” Therefore, the packing density 
of the aggregate system decreases with the increase of fractal 
dimension. In this process, the thickness of the excess paste 
in the CGBM begins to decrease, the probability of friction 
and collision between the aggregates increases, and the free 
water channel also decreases. The pore water is wrapped by the 
mutually embedded gangue aggregate, and the CGBM loses 
part of its fluidity, resulting in a corresponding increase in 
yield stress and plastic viscosity.

Conclusion

In this study, the influence of aggregate with different par-
ticle size distribution on rheological properties of CGBM 
mixture was investigated, and the relationships between frac-
tal dimensions and rheological parameters were established. 
According to the results obtained, the following conclusions 
can be drawn:

	 (1) 	 The static yield stress, dynamic yield stress, and 
plastic viscosity of CGBM are decreasing with the 
increase of aggregate fractal dimension and then 
increasing trend. When the aggregate fractal dimen-
sion is in the range of 2.401 ~ 2.6, the flowability of 
the CGBM is better.

	 (2) 	 The static yield stress, dynamic yield stress, and plas-
tic viscosity increase with the passage of time, and 
the increase rate gradually decreases. The rheological 
parameters of CGBM with aggregate fractal dimen-
sions of 2.401 and 2.6 have little influence on time, 
and the CGBM stability is better.

	 (3) 	 The relationship between fractal dimension and rheo-
logical parameters can be fitted by quadratic polyno-
mial. The static yield stress is influenced by the dis-
tribution of aggregate size gradually becomes larger 
with time, and the dynamic yield stress and plastic 
viscosity are influenced by the distribution of aggre-
gate size gradually decreases with time.

	 (4) 	 With the increase of fractal dimension, the packing 
density of gangue aggregate increases first and then 
decreases. When the fractal dimension of the aggre-
gate is 2.6, the stacking compactness of the gangue 
aggregate system reaches the maximum, and the pore 
water in the CGBM is fully released. In this case, the 
yield stress and plastic viscosity of the CGBM are the 
lowest, which indicates that the reasonable particle 

size distribution of the aggregate can improve the flow 
performance of the CGBM.

It is necessary to further study the rheological properties 
of CGBM in pipelines. Before the full application of CGBM, 
the mechanical properties of gangue cemented filling materi-
als should also be studied.
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