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properties of cemented paste
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The addition of polymer fibers to cemented paste backfill (CPB) has shown promise in enhancing
mechanical properties, although it also introduces changes in rheological characteristics. This study
aimed to investigate the influence of different types of polymer fibers, namely virgin commercial
polypropylene fiber (CPPF), recycled tire polymer fiber (RTPF), and recycled tire rubber fiber (RF), on
the rheological properties of CPB mixtures through an experimental program, and provide design
references for CPB pipeline transport. The results revealed consistent reductions in bulk density

upon the incorporation of polymer fibers into CPB, alongside varying impacts on slump. Specifically,
the addition of CPPF had a mild effect, while RTPF caused a continuous decrease in slump, and RF
exhibited minimal influence up to a 4% concentration, with substantial effects thereafter. Moreover,
the inclusion of fibers led to increases in apparent viscosity parameters, with RTPF inducing the most
significant changes, followed by varying responses from CPPF and RF. When using RTPF for CPB
reinforcement, emphasis should be placed on enhancing technical indicators related to viscosity such
as energy consumption and pipeline wear during pipeline transport. Furthermore, adjustments were
necessary to account for flow curve instability resulting from interactions between fibers and the
paddle, with the data aligning well with the Bingham model. The addition of fibers, particularly CPPF
and RF, primarily influenced plastic viscosity rather than yield stress, underscoring the limitations of
slump tests in assessing rheology.
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The extraction of minerals is accompanied by the formation of underground voids and the generation of solid
waste predominantly in the form of tailings. These factors have the potential to cause severe environmental prob-
lems. Gradually, the cemented paste backfill (CPB) technology has become an increasingly prominent practice
to improve the stability of underground voids, improve mine safety, and to provide a safe management approach
for the tailings with lower ecological consequences'>. Typical CPB is the mixture of tailings, cement (3% to 10%
by dry mass of tailings) and water, which solid content is often between 70 and 85%*°. After being mixed at the
backfill station, the fresh CPB mixture will be transported into underground voids through a pipeline system
and left to cure until it reaches a target strength.

The delivery of CPB plays a vital role in ensuring the effectiveness and reliability of CPB technology in various
applications. Recently, the emergence of long-distance deep-sea mining and deep-depth mining’~ with more
intricate pipeline designs underscores the necessity for more comprehensive investigation into the rheological
properties of CPB. Rheological parameters of CPB, such as yield shear stress and viscosity, should be determined
for characterizing its flow behavior as a guidance. The yield shear stress represents the minimum pressure
required to initiate flow. A lower yield shear stress could facilitate the selection of a more cost-effective and
energy-efficient pumping method'’. Viscosity represents the frictional force between two layers of fluid, which
affects the pressure head loss during the flow. Considering the significance of these rheological parameters for
the CPB delivery, numerously experimental studies have been conducted. Results have shown that the tempera-
ture, mixing intensity, solid content, and specific substances are among the factors that can influence the CPB
rheological properties'™**. For example, Ouattara et al.'> demonstrated that superplasticizers have the capacity
to decrease the yield stress and plastic viscosity of CPB. This reduction is significantly influenced by factors such
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as the solid content of CPB, the type of binder employed, and the specific type of superplasticizer being used. Yan
et al.' found that the hydrophobic agent mainly affects the shear stress of CPB under a shear rate of 50 s™*. Xiao
et al.'” reported that increasing the slag content in slag-CPB leads to decreased flowability, which could elevate
the risk of pipeline blockages during transportation. Moreover, the introduction of superabsorbent polymers'®
and superplasticizer'® have obvious impact in the yield stress and viscosity of the CPB mixture. In light of this, it
is important to approach with caution and conduct thorough analysis when introducing any new materials into
CPB, as they have the potential to cause significant changes in its rheological characteristics.

As cement usage contributes to environmental impacts and accounts for approximately 70% of backfill
cost, researchers have conducted extensive studies to explore approaches of enhancing the mechanical per-
formance while limiting cement dosage®. Alongside the utilization of innovative environmentally sustainable
bonding agents as a substitute for cement, the introduction of fibers into CPB has been identified as a feasible
technique?'~2%. It has previously been observed that the inclusion of virgin fibers such as polypropylene fiber, glass
fiber, and polyacrylonitrile fiber improved the stiffness and ductility of CPB and reduced the cement cost®*?.
However, the inclusion of virgin fibers has shown limited effectiveness in cost reduction and pollution mitiga-
tion. Therefore, researches on incorporating recycled fibers such as rice straw, rubber fiber, and tire polymer fiber
into CPB have been conducted”-?. Results have shown that the inclusion of an appropriate amount of recycled
fibers had a positive effect on certain mechanical performance aspects of CPB, as well as better economic and
environmental gains.

The flow behavior of CPB incorporating fibers is typically evaluated by slump tests, which provide a range of
values to demonstrate its workability. Nevertheless, the slump test result is associated with low accuracy and only
partially reflects the rheological properties of the material, which may result in a less precise approach to pipeline
transportation design. Despite a few researchers have conducted studies on the rheological properties of CPB
incorporating with polymer fibers using both slump and rheometer tests, the fibers used have consistently been
virgin commercial fibers, primarily polypropylene fibers®**!. Virgin polymer fibers refer to fibers that are made
from new, unused polymer materials without any prior use or processing. These fibers have not been previously
incorporated into any product or undergone any recycling process. On contrary, recycled polymer fibers are
fibers that are produced from polymer materials that have been used in products, discarded, and then processed
to be reused. The intricate chemical composition and unique physical characteristics of recycled fibers result in
an interaction mechanism with multiple factors influencing rheological properties of CPB. Consequently, the
effect of recycled fibers on the flow behavior of CPB is complex and unclear. Up to now, there is currently a lack
of comprehensive rheological studies on CPB incorporating recycled polymer fibers.

Hence, this paper investigates the rheological properties of CPB incorporating two recycled polymer fibers
derived from scrap tires, namely recycled tire polymer fiber (RTPF) and recycled tire rubber fiber (RF), which
have already been testified to positively impact the mechanical behavior of CPB and contribute to mitigate the
black pollution caused by scrap tires?>**. Additionally, CPB incorporated with (CPPF) is investigated for com-
parison and to aid in mechanism analysis of recycled polymer fibers effects. Both slump tests and rheometer
tests were conducted for this purpose. The research findings will serve as scientific references for a more precise
evaluation of the rheological behavior of recycled polymer fiber-reinforced CPB and for assessing the consistency
between slump tests and rheometer tests. This will facilitate the engineering application of recycled polymer
fiber additives in CPB.

Materials and methods
The overall flowchart depicting the characterization of materials and testing procedures in this study is illustrated
in Fig. 1.

Materials

Tailings

The tailings applied in this study was obtained from an iron mine in the southern Shandong, China. A laser
particle size analyzer (Mastersizer 2000, Malvern) was used to analyze the particle size distribution. The particle
size distribution of the tailings is presented in Fig. 2. The main chemical compositions obtained from X-ray
fluorescence and physical properties of the tailings are shown in Table 1.

Mixing procedure
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Figure 1. Flowchart of the materials characterization and testing procedures.
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Figure 2. Particle size distribution of the tailings.

Chemical composition (%) | Tailings | Physical properties Tailings
Sio, 55.50 Specific gravity 2.76
AL O, 2.93 Specific surface (cm?/g) | 2640
Fe,0, 23.80 Dy, (um) 20.41
MgO 3.18 Dy, (um) 79.62
CaO 5.26 Dy (pm) 208.89
SO, 0.41

Na,O 0.62

K,O 0.80

P,0; 0.38

MnO 0.21

TiO, 0.12

Table 1. Main chemical and physical properties of tailings and cement used in this study.

Binder

The ordinary portland cement (P.O. 42.5) was utilized as the binder. The main chemical and physical proper-
ties of the cement are shown in Table 2. The most common cement dosage in CPB is between 3 and 10% by the
weight of the tailings®****. The main focus of this paper is to investigate the influence of fibers on CPB rheological
properties. Therefore, the cement content in this study was chosen to be constantly 5% by dry tailings weight
based on the experience from the backfill plant and published literatures.

Fibers

The main characteristics of the polymer fibers utilized in this study are summarized in Table 3. As shown in
Fig. 3a, the RTPFs used in this study pertains to polymer fiber fluff, which is a residual substance resulting from
the grinding process of scrap tires. The RTPF primarily comprises polyester fibers, meanwhile it may unavoid-
ably contain traces of rubber ash. The average length and diameter of RTPFs were 9.0 mm and 0.03 mm, respec-
tively. The morphological characteristics of the RTPFs, as illustrated in Fig. 3b, demonstrates their twisted and
intertwined structure, accompanied by the presence of residual rubber particles on the surface. By comparison,
the CPPF as illustrated in Fig. 3c employed in this study is a commercially available virgin material. The aver-
age length and width of the CPPFs were 6.0 mm and 0.1 mm, respectively. In accordance with the accumulated
experience from prior studies on micro fiber (equivalent diameter less than 0.3 mm) usage in cement-based
materials®?*%°, the RTPF and CPPF contents used in this investigation were determined as 0%, 0.3%, 0.6%, and
0.9% by dry solids weight. Based on field investigations and prior literature, the RTPF to CPPF price ratio was
approximately 1:1.8, leading to reduced material costs and enhanced mechanical properties.

Chemical composition SiO, ALO; Fe,0; MgO CaO SO,

Content (%) 21.4 4.31 491 3.00 62.34 2.20

Table 2. Main chemical composition of the cement used in this study.
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Physical properties RTPF | CPPF | RF Other features RTPF CPPF RF
Specific gravity 0.96 0.91 1.09 | Major ingredient | Polyester | Poly-propylene | Rubber
Average length (mm) 10.0 6.0 16.0 | Impurity Rubber None None
Average diameter (mm) 0.03 0.1 2.0

Water absorption (%) >0.4 <0.03 >1.0

Tensile strength (MPa) 620 590 26.2

Table 3. The main characteristics of the RTPF and CPPFE.
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Figure 3. Pictorial view of the (a) RTPE, (b) RTPF at 10 x magnification, (c) CPPE and (d) RE
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RFs employed in this study were obtained from the mechanical shredding of the scrap tires. The average length
and width of the rubber fibers were 16.0 mm and 2.0 mm, respectively. Based on the dosage of recycled macro
fibers (equivalent diameter larger than 0.3 mm) for cement-based materials reported in existing literature?®3,
the RF contents in this study were selected as 0%, 2%, 4%, and 6% by weight of the dry solids. It is acknowledged
that rubber fibers cost approximately $250 per ton in China. Nevertheless, since the modified CPB will utilize
substantial quantities of scrap tires, the environmental advantages it offers will outweigh its economic expenses.
In the future, mining enterprises may no longer need to purchase tires as raw materials, but instead, they could
offer scrap tire disposal services as part of their pollution abatement efforts.

Methods

Preparation of CPB mixtures

CPB mixtures were prepared with varying contents of RTPFs, CPPFs, and RFs. Based on the common binder
dosage of CPB in the mine site, the binder content and solid content of the mixtures were determined to be 5%
and 75% respectively. Table 4 presents the proportion design of CPB mixtures in this study. To ensure precise
preparation of CPB mixtures, the materials were weighed using an electric scale with an accuracy of 0.01 g. The
dry tailings, along with specific amounts of cement and tap water, were initially mixed in a laboratory mixer,
followed by the addition of pre-weighed RTPFs, CPPFs, or RFs. The mixing time for all mixtures was maintained
at a constant duration of 15 min. This study focuses on investigating the influence of different fibers on the rheo-
logical properties of CPB mixtures. Therefore, the effect of varying curing times on the rheological properties of
CPB is not considered at this stage. Once the CPB mixtures are prepared, testing is conducted immediately. It is
noted that reports of mechanical properties of cured CPB corresponding to all proportions in this study can be
found in previous researches?®?, which is of practical significance for engineering applications.
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No Fiber type | Fiber content Cement content (%) | Solid content (%)
1 - 0.0% 5 75
2-4 RTPF 0.3%/0.6%/0.9% | 5 75
5-7 CPPF 0.3%/0.6%/0.9% | 5 75
8-10 RF 2.0%/4.0%/6.0% |5 75

Table 4. Proportion design of CPB mixtures in this study.

Bulk density measurements on CPB mixtures

Bulk density of each CPB mixture as listed in Table 3 was measured using a density cup methodology. During
the test, the temperature was maintained at 20+ 0.5 “C, the pre-mixed CPB mixture was carefully poured into the
calibrated density cup, avoiding the formation of bubbles or spillage. The external surface and rim of the density
cup were meticulously cleaned. After positioning the density cup containing the sample on the electric scale, the
mass was recorded. Bulk density was calculated using the mass and volume measurements based on the ASTM
D7263-09. To enhance precision, duplicated measurements were performed, and the average value was calculated.

Rheological tests on CPB mixtures
Figure 4 shows the rheological tests in this study. The slump test was conducted to estimate the rheological
properties of CPB. Drawing upon the fundamental principles outlined in ASTM C 143 for the standard slump
test”’, the cylinder slump test was chosen as the preferred method due to the limited availability of materials for
laboratory testing. The small cylinder with 110 mm diameter and 110 mm height was used?®.

The rheological properties was tested using a rotational rheometer (Brookfield, Middleborough, USA) with
a vane geometry of 15 mm diameter and 30 mm height. On the basis of shear deformation theory and non-
Newtonian fluid theory, experimental methods aimed at characterizing the rheological properties of CPB slurry
were designed. During the test, the temperature was maintained at 20+ 0.5 °C, the pre-mixed CPB mixture was
poured into the rheometer container, and after removing air bubbles through vibration, it was slowly pressed
with the rotor to ensure complete immersion of the vane in the mixture while maintaining a distance of at least
20 mm from the bottom and top of the mixture. The Rheo3000 software was utilized for programming, setting
the rheological shear program to control shear rate mode. Over a period of 120 s, the shear rate linearly increased
from 0 to 120 s7/, followed by a 1-s reduction back to 0 s™. Data were recorded in terms of dynamic viscosity
curves and flow curves.

Average apparent viscosity was calculated based on the dynamic viscosity curves. In addition, the cross
model as described in Eq. (1) was used to fit the viscosity curves to obtain the infinite dynamic shear viscosity.

RHEOMETERTESTS

Figure 4. Diagram of the rheological properties tests for CPB mixtures.
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where y, and p., are the initial shear viscosity (Pa-s) and infinite shear viscosity (Pa-s), respectively, C is the
cross consistency index, y is the shear rate (s), n is the Cross shear flow index. The infinite shear viscosity is a
parameter that indicates the viscosity reached by the dynamic viscosity curve at higher shear rates (=100 s™).
The Bingham model which is often used to describe the rheological behavior of the non-Newtonian materials,
was used to characterize the CPB flow curves in this study, as expressed in Eq. (2).

T=710+ Uy (2)

where 7 is the shear stress (Pa), 7, is the yield stress (Pa), 4. is the plastic viscosity (Pa-s), y is the shear rate (s*).
In accordance with the Bingham model, if the shear stress exerted on the CPB mixture is below the yield shear
stress, the mixture will not undergo any deformation. However, once the applied shear stress surpasses the yield
shear stress, the mixture exhibits Newtonian flow behavior, where the shear stress shows a linear relationship
with the shear rate.

Results and analysis

Effect of fibers on the bulk density and slump values of CPB mixtures

Figure 5 illustrates the variation in bulk density for CPB mixtures. It can be observed that the bulk density
decreases as the fibers content increases for all three types of fibers investigated in this study. The bulk density of
CPB without any fibers decreases by 0.57%, 0.55% and 3.28% after the inclusion of 0.9% of CPPE, 0.9% of RTPE,
and 6% of RE, respectively. The main reason for the decrease in bulk density is the lower density of polymer
fibers compared to tailings.

The slump test results for CPB mixtures are presented in Fig. 6. As shown in Fig. 6a, the slump values of the
CPPF-modified CPB mixtures exhibit no significant change as the CPPF content increases. However, it is evident
that the slump values of the RTPF-modified CPB mixtures gradually decrease with an increase in RTPF content.
The contrasting variations in slump values between the two types of polymer fibers can primarily be attributed
to the higher water absorption rate of RTPF than the CPPE. Additionally, the impurity in RTPFs, specifically
rubber ash, exhibit an extremely fine particle size and relatively higher specific surface area (than polymer fib-
ers), resulting in enhanced capture of free water and reduced flowability. Moreover, the entangled and twisted
structure of the RTPFs can easily form a three-dimensional network, which assists in maintaining the shape of
the CPB mixture during the slump test and consequently yields lower slump values. Furthermore, Fig. 6b dem-
onstrates that the slump value of RF-modified CPB mixtures initially slightly decreases with an increase in RF
content until a significant decrease is observed at 6% content. This phenomenon can be explained by the physical
properties of RE. As indicated in Table 3, RF has a coarser filament diameter compared to polymer fibers, leading
to diminished free water capture capability. Consequently, within the range of 2% to 4% RF content, the slump
value of the RF-modified CPB mixtures exhibits little variation. In addition, with a continuous increase in RF
content, at the 6% threshold, the probability of contact between rubber filaments within the mixture dramatically
rises, resulting in increased friction and a subsequently reduced slump value of the CPB mixture.

Ordinary CPB often exhibits high consistency in terms of slump and bulk density*®. However, upon observ-
ing Figs. 5 and 6, it becomes evident that the consistency is disrupted when polymer fibers are added into CPB
mixtures.

Effect of fibers on the viscosity of CPB mixtures
Numerous studies have indicated that CPB mixtures behave as non-Newtonian fluids®. The viscosity of non-
Newtonian fluids is not constant, it varies with the rate of shear, resulting in different viscosities at different
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Figure 6. Slump tests results of CPB mixtures containing (a) CPPE RTPE and (b) RE

shear rates. Consequently, the viscosity at a specific shear rate is defined as the apparent viscosity, which reflects
the flowability of the fluid at that shear rate. Experimental data obtained from the rheometer are compiled as
shown in Fig. 7. Since the CPB slurries maintain constant cement content and solid mass concentration, different
curves are distinguished by modified material types and their proportions. Preliminary observation from the
Fig. 7 reveals that at low shear rates (less than 10 s™!), the apparent viscosity is relatively high, while at shear rates
exceeding 10 s, viscosity continuously decreases and stabilizes. This phenomenon is attributed to the presence
of fine particles in the CPB mixture during static conditions and the relatively high solid concentration, whereby
the electrostatic field on the particle surfaces induces strong flocculation, forming an internal flocculation net-
work structure within the CPB mixture. Consequently, during the initial stages of shear, the flocculation network
structure within the CPB mixture endows it with a higher apparent viscosity. However, the network structure
induced by the CPB mixture particle flocculation is susceptible to shear forces. With the sustained increase in
shear rate, the flocculation network structure is stretched, breaking down into flocculation clusters, and ultimately
dispersing into smaller particles, resulting in a corresponding gradual decrease in apparent viscosity. Moreover,
as flocculation induced by the particles persists, at high shear rates, there is an increased chance of collision and
contact among particles within the mixture, leading to a dynamic equilibrium between the destruction and repair
of the mixture’s internal structure, thereby stabilizing the apparent viscosity. Furthermore, it is observed from
Fig. 7 that at the same shear rate, the apparent viscosity of CPB with fibers is higher than that of conventional
CPB. This is attributed to the added materials acting as fiber-like entities, intertwining and overlapping within
the mixture to form a fibrous network structure. These fibrous network structures further reinforce the internal
structure of the CPB mixture in conjunction with the flocculation network structure of the tailings particles,
resulting in increased fluid flow resistance and higher apparent viscosity. Similarly, with the increase in shear
rate, the network structure of the fibers is also disrupted, dispersing into smaller network structures or even
single fibers, leading to a decrease in apparent viscosity.

As shown in Fig. 8, the average apparent viscosity of CPB incorporated with CPPF is slightly higher compared
to that of the conventional CPB. An increase in the content of CPPF leads to a slight increase in the average appar-
ent viscosity of the CPB mixture, with a doubling observed when the content of CPPF reaches 0.9% compared
to the conventional CPB. The average apparent viscosity of the CPB incorporated with RTPF is much higher
compared to that of the conventional CPB. It reaches its maximum at a RTPF content of 0.6%, with the average
apparent viscosity being 6.1 times higher than that of the conventional CPB. As the content of RTPF continues
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Figure 7. Apparent viscosity curves of CPB incorporated with (a) CPPE, (b) RTPE and (c) RE
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to increase to 0.9%, the average apparent viscosity slightly decreases. Unlike CPPF and RTPE, the increase in the
content of RF does not significantly elevate the average apparent viscosity of the CPB.

Figure 9 illustrates the impact of polymer fibers on the infinite viscosities of CPB. As depicted in Fig. 9a,
the rise of CPPF content in CPB exhibits a zigzagging upward trend in infinite viscosity, akin to the pattern
observed in average apparent viscosity. Conversely, Fig. 9b portrays a consistent increase in infinite viscosity
with the escalation of RTPF content in CPB, deviating from the trend curve of average apparent viscosity. The
impact of RF content on the ultimate viscosity is very slight as shown in Fig. 9c, which is similar to its effect on
the average viscosity. Due to the high shear rates existing on the pipeline wall during the CPB transport, the
infinite viscosity is considered a reliable supplementary parameter for assessing the rheological behavior of
materials during transport'®*. The discrepancy between the average apparent viscosity and the infinite viscosity
of RTPF-modified CPB suggests a significant difference in viscosity at high shear rates compared to low shear
rates, indicating that the viscosity of RTPF-modified CPB varies considerably with RTPF content at high shear
rates compared to low shear rates.

Effect of fibers on the flow curves of CPB mixtures

The flow curves for both types of CPB mixtures containing various of polymer fibers are presents in Fig. 10. It
can be observed that when the shear rate starts increasing from 0 s}, the shear stress sharply increases within a
few seconds, reaching a high peak. This phenomenon is known as stress overshoot. The primary reason for this
phenomenon is that when the rheometer motor starts and drives the rotor to rotate, it needs to overcome the
yield stress of the mixture to induce shear flow. However, there is a lag in this process, resulting in an extremely
high peak stress*!. The presence of stress overshoot indicates the presence of a strong network-like structure with
relatively high strength within the CPB mixture. For CPB containing fibers, the peak of the stress overshoot is
significantly higher than that of the CPB without fibers. As the shear rate continues to increase, the shear stress
decreases and tends to stabilize. Additionaly, it can be observed that the flow curves of CPB mixtures contain-
ing fibers exhibit notable fluctuations, particularly at higher levels of fiber content. These fluctuations occur due
to the detection of torque spikes by the rheometer when the blades come into contact with the fibers during
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Figure 10. Flow curves of the CPB mixtures containing (a) CPPE, (b) RTPE and (c¢) RE

the rotation of the rotor. Although these fluctuations caused by the collision between the fibers and the blades
increase fitting errors during rheological curve analysis, they do not significantly alter the overall trend of the
curves. From a certain point within the shear rate range of approximately 10 to 20 s, there is a steady increase
in shear stress with an increasing shear rate.

The flow curves fitting was conducted using Bingham model as illustrated in Eq. (3) for providing the yield
stress. It is noted that in the case of CPB being pumped through a pipeline, the shear rate is typically greater than
10 s7%. Therefore, for engineering purposes, it is more relevant to focus on the rheological characteristics of CPB
in a stable flow state. When fitting the flow curve of CPB, it is common practice to select the stable growth seg-
ment of the flow curve for fitting. Additionally, addressing the presence of fibers in the mixture, any interference
fluctuations caused by fiber-blade collisions in flow curves are trimmed to ensure they do not avoid the fitting
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results. Fitting results and Bingham parameters for CPB mixtures are shown in Table 5. The average R* value is
0.85, demonstrates a good fitting performance.

Effect of fibers on the plastic viscosity and yield shear stress of CPB mixtures
Figure 11 shows the plastic viscosity and yield shear stress of CPB mixtures in this study. Due to the incorpora-
tion of various polymer fibers, the relationship between the yield shear stress and plastic viscosity of the mixture
no longer maintains a simple positive linear correlation. It can be observed from Fig. 11a that with the increase
of CPPF content, the change in yield shear stress is not significant, only a mild increase occurs when the CPPF

CPB mixtures | Fitting results Yield stress (Pa) | Plastic viscosity (Pa-s) | Coefficient of determination, R?
0% 7=31.44+0.26y |31.44 0.26 0.87
0.3% CPPF 7=31.04+0.57y | 31.04 0.57 0.93
0.6% CPPF 7=29.49+0.48y | 29.49 0.48 0.91
0.9% CPPF 7=36.29+0.41y | 36.29 0.41 0.73
0.3% RTPF 7=40.75+0.47y | 40.75 0.47 0.74
0.6% RTPF 7=73.54+0.31y |73.54 0.31 0.80
0.9% RTPF 7=51.40+0.65y | 51.40 0.65 0.87
2% RF 7=37.53+0.35y | 37.53 0.35 0.86
4% RF 7=32.14+0.39y | 32.14 0.39 0.95
6% RF 7=43.22+0.28y |43.22 0.28 0.83

Table 5. Fitting results and Bingham parameters for CPB mixtures.
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content reaches 0.9%. On the other hand, the plastic viscosity increases first and then decreases with the increase
of CPPF content, reaching a peak at 0.3% fiber content. From Fig. 11b, it can be seen that the yield shear stress
of CPB gradually increases with the increase of RTPF content, while the plastic viscosity first increases, then
decreases at 0.6% fiber content, and then resumes an upward trend, reaching a peak at 0.9% fiber content. From
Fig. 11g, it can be seen that with the increase of RF content, the yield shear stress oscillates, and the plastic vis-
cosity increases first and then decreases, reaching a peak at 4% RF content.

It can be seen from the overview of rheometer test results obtained from the CPB incorporating polymer fibers
that achieving identical rheological parameters to those of conventional CPB, devoid of any fiber inclusion, is
unattainable. However, it can be noted that different polymer fibers exhibit distinct characteristics in their influ-
ence on the rheological properties of CPB. For CPPF and REF, the increase in content has a similar effect on the
variation of the plastic viscosity of CPB, showing an initial increase followed by a decrease. Unlikely, the increase
in RTPF content leads to oscillating increases in mixture plastic viscosity. As for the variation trend of yield shear
stress, the addition of CPPF induces a marginal effect on the yield shear stress of CPB, while the introduction of
RF results in a slightly more pronounced influence. A more distinct aspect is the incorporation of RTPF exhibits
a substantially greater impact, notably enhancing the yield shear stress of CPB. This indicates that the observed
variation trend in yield shear stress closely parallels the trend exhibited by slump tests despite the results of the
0.9% RTPF CPB. The decrease of yield shear stress when the fiber content reaches 0.9% may be attributed to the
synergistic effect of rubber ash and fibers in RTPE. As can be seen from Fig. 12, the irregular shape and the rough
surface of rubber ash particles possess a good shape retention ability together with the polyester fiber. When the
RTPF content exceeds the critical level, its shape retention ability is greatly enhanced. Due to the approximate
consistency between the stirring direction and the rheometer test rotation direction, the RTPF has maintained
a shape that conforms to the flow direction, resulting in a decrease in yield stress. However, it is worth noting
that at this point, the yield shear stress still remains at a relatively high value of 51.4 Pa.

Figure 13 summarizes the relationships between state structures and rheological properties of CPB incorpo-
rated with all types of polymer fibers investigated in this study. It is speculated that the effect of polymer fibers
on plastic viscosity and yield shear stress is mainly due to the formation of a network structure, which restricts
the particles in the mixture*>*>. However, when the fiber content reaches a critical value, the high density of
fibers leads to aggregation, reduced uniformity, and increased free water, resulting in a significant decrease in
plastic viscosity. For CPB incorporated with RTPF, a significant decrease in plastic viscosity also occurs when
fiber clusters entangle within the mixture. As the content of RTPF continues to increase, the rubber ash content
reaches a critical level and locked with tailings particles by tangled fibers, substantially increasing the friction
between particles and reducing the amount of free water, thereby increasing plastic viscosity. For CPPF and RE,
the mechanism governing the effect of fiber content on yield stress is similar. When the content of CPPF and
RF is relatively low, the spacing between fibers is large, resulting in minimal contact or collision opportunities.
However, when the fiber content reaches a critical value, the mutual contact effect between fibers during flow
increases significantly, thereby increasing the mixture yield shear stress. Considering the factor of size, CPPF is
more susceptible to shape alteration than RE, leading to CPB incorporated with CPPF exhibiting a limited change
in yield shear stress. While RTPF is softer than CPPF, its collaborative interaction with rubber ash particles
gives it a higher capacity for shape retention, thereby showing a greater impact on the yield shear stress of CPB.

Through analysis and comparison of the impacts of RTPF, RF, and CPPF on rheometer test results of CPB, it
can be concluded that (i) the impacts of polymer fibers on the plastic viscosity is more pronounced than that on
the yield shear stress, but slump tests results may not fully realized; (ii) The macroscopic network framework of
polymer fibers, molded by their geometric characteristics and frictional forces, plays a pivotal role in shaping the
rearrange and flow states of CPB mixtures; (iii) the combined effects of rubber ash particles and polyester fibers
in RTPF significantly influence rheological properties, particularly through their physical attributes, notably
morphology, water absorption, and air permeability.

SU8000 10.0kV 9.3mm x500 LM(L) SUB000 10.0kV 9.3mm x180 LM(L)

Figure 12. SEM images of rubber ash particles in RTPF: (a) a small particle exhibiting an irregular polyhedral
structure, (b) a large particle featuring micro pores and surface cracks.
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Figure 13. Schematic diagram of relationships between state structures and rheological properties of CPB
incorporated with polymer fibers.
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Conclusions
This study investigated the effect of polymer fibers addition in CPB on the rheological properties. On the basis
of the investigation, following conclusions can be drawn:

Addition of polymer fibers in CPB consistently leads to a continuous decrease in bulk density. However, the
impact on slump varies with different types of polymer fibers. Among them, CPPF has a relatively minor
effect on slump, RTPF causes a continuous decrease in slump, and RF has a minor impact on slump within
a 4% content, but significantly reduces that beyond 4% content.

CPB incorporating polymer fibers displays elevated apparent viscosity. As CPPF content rises, both the aver-
age apparent viscosity and infinite viscosity of CPB experience a fluctuating increase within a narrow range.
As RF content increases, CPB’s average apparent viscosity and infinite viscosity initially rise, then decline
within a small interval. Conversely, the escalation of RTPF content induces the most significant variability
in CPB’s apparent viscosity, with infinite viscosity steadily increasing, while average apparent viscosity peaks
before slightly decreasing.

The collision between fibers and paddles induces fluctuations in the flow curve, necessitating trimming to
mitigate adverse fitting effects, especially notable in CPB containing RE. The Bingham model exhibits excel-
lent fitting capabilities for the flow curves of CPB containing polymer fibers with an average R? value of 0.85.
Polymer fibers, particularly in CPPF and RE, have a stronger influence on the plastic viscosity of CPB com-
pared to its yield stress, suggesting potential limitations of slump tests in fully capturing rheological proper-
ties.

Macroscopic network structures of polymer fibers, shaped by geometry and friction, crucially affects the
rearrangement and flow states of CPB mixtures. Rubber ash particles and polyester fibers in RTPF notably
impact the yield shear stress of CPB, peaking at 0.6% RTPF content.

In practical engineering applications, adjusting transportation methods, design parameters, and additives is

essential to accommodate the varying rheological properties influenced by different types and concentrations
of polymer fibers. When utilizing RTPF for CPB reinforcement, it is crucial to focus on improving technical
indicators related to viscosity, including energy consumption and pipeline wear during transport. However,
effective methods to enhance rheological properties are not provided in this paper. Further investigations are
required to determine the optimal methods for enhancing the rheological properties of CPB incorporated with
recycled polymer fibers.
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