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S2 Experiment
S2.1 Industrial-scale paste pumping loop-pipe test
S2.1.1 Equipment used for loop-pipe tests
Paste pumping loop-pipe tests facilitate the observation of paste rheology and resistance characteristics in pipeline transport [S1]. The loop-pipe test system comprises four modules, i.e. the paste preparation module, pump pressure power module, loop-pipe module, and data monitoring module (Fig. S1) [S2].
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Fig. S1. Paste pumping loop-pipe test system.
The paste preparation module is used to prepare pastes according to the proportioning design. The module consists of a BHS mixer, a biaxial horizontal mixer, a mixing tank, a feeding platform, and a belt conveyor, etc.
The piston pump module provides the source of power. The piston pump generates periodic pulse pressure at the inlet of the pipeline, which facilitates the smooth flow of pastes in the pipeline. Adjusting pump frequency can lead to different flow rates. The pipeline system consists of four types of seamless steel pipes, including DN50, DN100, DN150, and DN200. These pipes are arranged in different forms, particularly horizontal straight pipes, inclined upward pipes, inclined downward pipes, vertical downward pipes, vertical upward pipes, and 90° bent pipes of radius R = 1 m and radius R = 0.5 m (Fig. S2).
The data monitoring module is primarily used to monitor and record paste flow parameters. This module consists of a flange diaphragm seal pressure meter, a flowmeter, a concentration meter, and a computer for data processing. The spatial arrangement of pressure gauges P1 to P12 is shown in Fig. S2. The hybrid control system combines a distributed control system (DCS) and a programmable logic controller (PLC) for logic and process control.
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Fig. S2. Layout of the complex loop-pipe.
S2.1.2 Materials used in paste pumping loop-pipe tests
(1) Tailings (from a copper mine). The tailings size was analyzed using the TopSizer laser particle size analyzer (Zhuhai Omec Instrument Co., LTD). It was observed that tailings of size -25 μm accounted for 4.81%, tailings of size -38 μm accounted for 5.79%, tailings of size -75 μm accounted for 21.185%, tailings of size -106 μm accounted for 29.065%, tailings of size -150 μm accounted for 55.205%, and tailings of size +150 μm accounted for 44.795%, as shown in Fig. 3. Generally, CU value  5 indicates a wide particle size distribution and a good gradation, and CC value in the range of 1–3 reflects good gradation and compactness. The CU value recorded for copper mine tailings is 3.3 and the CC value is 1.48. The particle size distribution range is small and a good continuity is observed. The average density of the tailings is 2.925 t/m3, the average bulk density of loose packing is 1.457 t/m3, and the average bulk density of dense packing is 1.551 t/m3.
(2) The P.C 32.5R Portland cement is used as binder. SiO2 accounts for 21.5%, Al2O3 accounts for 4.5%, Fe2O3 accounts for 2%, CaO accounts for 63.5%, MgO accounts for 4%, S accounts for 2.5%, and other substances account for 2% of the total composition.
(3) Tap water from the urban region is used, and the pH of water is 7.9. It meets experimental requirements.
S2.1.3 Experimental scheme for paste pumping loop-pipe test
Exploratory experiments were conducted prior to loop pipe tests for the design of the experimental scheme. The solid concentration of the paste was set at 76% with cement-tailings ratio being 1:6. A pipeline with a diameter of 100 mm was selected for the experiment, and the pump frequencies were set at 60%, 70%, 80%, and 90% during the tests. Each recording continued for 10 min, and the pressure gauges recorded the data every second.
S2.2 Fluent-based numerical simulation of loop-pipe flow
Different pipeline layouts can cause differences in flow resistance of pastes. This difference affects the flow state of paste in pipelines. The Fluent-based finite element numerical simulation method was used to observe paste flow characteristics under different pipeline layout conditions.
S2.2.1 Three-dimensional model
A 1:1 three-dimensional model of the pipeline was established based on the Ansys model. The pressure data for the section of the pipe preceding the first pressure gauge P1 and the section following the last pressure gauge P12 is unavailable. Hence, these sections are not considered in the study. The three-dimensional model includes pipes between P1 pressure gauge and P12 pressure gauge. The height difference between import P1 and export P12 is 4.7 m (Fig. S3).
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Fig. S3. 1:1 3D Model of the complex loop-pipe.
S2.2.2 Numerical simulation of the complex annular pipe in a steady pressure environment
The flow pattern is determined based on the Reynolds number. The Reynolds number obtained in the paste pumping loop-pipe test is less than 2300 when the flow rate is stable, indicating a laminar flow condition. Hence, the Laminar model is adopted, and the value is determined as follows [S3].

		(S1)
where ρ is paste density (g/cm3), ν is paste flow rate (m/s), μ is paste viscosity (Pa·s), and D is pipe diameter (mm).
The inlet and outlet conditions are set as the pressure inlet, and the pressure parameters are set based on the average data obtained from the pressure gauge during the paste pumping loop-pipe test. The Brookfield viscometer was used to determine the rheological parameters of the slurry [S4]. The vane diameter is 25 mm, and the height is 30 mm. The shear stress–shear rate curve was generated based on the rheological properties, and the data fitting regression analysis was based on Bingham model. The viscosity was 0.4459 Pa·s, and the yield stress was 14.7763 Pa. The density of the paste is 198 kg/cm3. Accurate solutions cannot be obtained under these conditions, and this can be attributed to the complexity of the pipeline transportation. Various assumptions were made to facilitate the simulation analysis: (1) the paste viscosity does not change with temperature and time; (2) the slurry behaves as a Bingham fluid and incompressible; (3) heat transfer does not occur; (4) there is no influence from vibration, pressure, and other factors; and (5) the pipe is filled with paste (before transportation) at the initial stage of the simulation process.
S2.2.3 Numerical simulation of the complex annular pipe in a pulse pump-based pressure environment
The pressure generated by a pulse pump helps generate the dynamic potential energy that promotes the flow of paste under pressurized conditions. The pressure generated by the pump changes over time, and the influence of the pressure generated by the pulse pump is difficult to analyze intuitively. The change in the state of paste fluid (under the influence of the pressure generated by the pulse pump) was simulated based on the pressure recorded during the experiment, and the disturbance caused by generated pressure (in the fluid state) was analyzed directly.
The pressure curve recorded by P1 pressure gauge at the inlet of the loop tube was generated when the paste concentration was 75.7% and the pump frequency was 90% (Fig. S4). The pressure generated by the pulse pump changed periodically, and the amplitude fluctuated between 220 and 310 kPa. The pressure generated every 10 s was extracted for further analysis.


Fig. S4. Pressure of pulse pump recorded at P1 pressure gauge.
Fig. S5 presents the pressure cycle (each cycle is approximately 3 s long). A prominent change in the law governing the pressure generated by a pulse pump was observed. Initially, the pump pressure increases rapidly, following which it begins to release pressure (within 2–3 s). Thus, the pressure gradually decreases (Fig. S6). The data corresponding to the pump pressure is fitted using a cubic polynomial, and the function describing how pump pressure changes with time was obtained as follows:

		(S2)
where Y is the dynamic pump pressure (kPa), and t is time (s). The UDF function was generated, and the cubic function describing the pressure curve generated by the dynamic pulse pump was imported into Fluent and was set as the inlet pressure.


Fig. S5. Pressure fragment generated every 10 s.
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Fig. S6. Fitting results obtained after one pressure-pumping cycle.
S2.3 Observation of the micro-particle structure
The pumping aid additive (JKJ–NF) was used as an approach to change the state of water without altering material proportions and solid concentration. The microscopic particle distribution and rheological properties of the paste were changed accordingly. The FEI Quanta200 environmental scanning electron microscope (ESEM) was applied in observing and analyzing the microstructure of paste in the absence of a pumping aid as well as that of paste with 5% pumping aid (Fig. S7).
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Fig. S7. Experiments using FEI Quanta 200 environmental scanning electron microscope.
S2.4 EDEM and Fluent-based numerical analysis of paste
EDEM is a discrete element simulation software that can be used to simulate and analyze the state of particle motion and the change in the law governing the particle-force chain. A combination of EDEM and Fluent, a finite element simulation software, can be used to analyze the particle state and the flow resistance effectively.
S2.4.1 EDEM-based analysis: particle treatment
The calculation ability of EDEM is limited by the number and size of particles. Difficulties arise when a large number of particles or small particles are considered. The number of particles was controlled, and the particle size was increased to address the persisting issues. Calibration experiments were carried out, and the overall motion of the particles following the increase in the particle size is studied. It was observed that the state of motion was similar to the actual form of motion. It can be considered that the simulated particle motion well represents the actual particle motion.
Tailings larger than 74 μm account for 79% and particles smaller than 74 µm account for approximately 21%. The number and size of fine particles significantly affect the computational results, because it is difficult to observe the movement of fine particles when they are small. Calibration helps understand the effects exerted by these fine particles, cement, and water on the mode of flow of the paste. The nature of flow is reflected by the contact force between particles (size: >74 μm). These conditions are conducive to the simulation analysis.
As particles smaller than 74 μm were ignored, the number of simulated particles was reduced. However, the number of particles exceeded the limit which was attributed to the small size of particles. It is necessary to increase the size of the particles to meet the simulation requirements. Simulation results revealed 40X magnification. The amplification of the particles may have an impact on the law of particle motion. It is necessary to carry out the virtual calibration experiment on the amplified particles to effectively calibrate the system and set the parameters of the particle contact model. This helps maintain consistency between the various laws governing the states of the amplified and real particles.
S2.4.2 Virtual calibration experiment based on EDEM
The interaction between the particles studied using EDEM can be analyzed using the contact model. The JKR contact model can be used to simulate the bonding and agglomeration conditions attributable to electrostatic forces or moisture factors. The van der Waals force as well as the liquid bridge force between particles are reflected under these conditions. The JKR model is often used to simulate slurries, such as concrete and paste.
Data on particle gradation was imported into EDEM for virtual calibration. The surface energy and particle contact parameters determined using the JKR contact model were calibrated following the batch processing transformation method by simulating the experimental process and analyzing the slump and parameters. Results obtained by conducting the simulation experiment and those obtained from real experiments reflected the same motion state. The contact parameters of this group of particles were selected based on the simulation parameters of the motion state of the paste particles.
The slump test was carried out with a paste concentration of 75.7%. The slump was determined experimentally as 29 cm and the spread value was 74 cm. The contact parameters were calibrated using the data obtained from the slump tests.
During the virtual calibration experiment, the particle density was set to 2900 kg/m3 based on the experimental data and the empirical data reported in the literatures. The Poisson’s ratio was 0.3, and the shear modulus was 45 MPa. The density was set to 7900 kg/m3, the Poisson’s ratio was set to 0.3, and the shear modulus was set to 800 MPa. The contact parameters for virtual slump calibration were also set.
The batch processing function was used to calibrate the contact parameters of the particles studied using EDEM. The static friction coefficient between the particles was 0.24, the dynamic friction coefficient was 0.01, and the recovery coefficient was 0.55. The static friction coefficient between the particles and the wall was 0.45, the dynamic friction coefficient was 0.01, and the recovery coefficient was 0.6. The surface energy between particles was 0.8 J/m2, and the surface energy between particles and the wall was 1 J/m2.
The simulation results obtained under the specified particle parameter settings are shown in Figs. S8 and S9. It can be seen from the figures that the spread diameter of the paste (obtained by conducting the numerical slump experiment) measured using an EDEM ruler is 74 cm, and the slump obtained by conducting the slump test is 29 cm, which is consistent with actual experimental data. A disc-shaped system was produced after the collapse, and the disc was characterized by the presence of regular protrusions at the center. The simulation results are consistent with the motion law describing actual paste particles. This indicates that the EDEM-based numerical model can be effectively used to simulate the motion of paste particles.
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[bookmark: _Hlk126606749]Fig. S8. Slump result obtained in the EDEM-based slump calibration experiment.
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Fig. S9. Spread result in the EDEM-based slump calibration experiment.
S2.4.3 Particle flow in local annular tubes
The movement of paste particles in the straight section and elbow of the pipes was analyzed using the EDEM-discrete element software. The migration law describing paste particles was studied, and the flow resistance of paste was analyzed from dynamic changes in particles.
The efficiency and capacity of the discrete element method is limited by the number of particles. The 1.5 m-long horizontal section of the straight pipe and the 0.5 m-long horizontal section of the elbow connected to the radius of curvature of the annular pipe model were intercepted for simulation. The straight section of the pipe and the elbow were located in the XOY plane. Gravity acted on the negative Z-axis. The paste particle flowed into the region/regions under consideration at a speed of 1.2 m/s.
S2.4.4 Flow of paste particles in a local loop-pipe pulse pressure environment
EDEM can be used to analyze particle motion, but it cannot be used to study the finite-element pulse flow field environment. A combination of EDEM and Fluent can be used to study the motion of particles under conditions of a pulsed flow field [S5,S6].
The EDEM-Fluent coupling calculation method primarily involves the use of the Euler and Lagrangian methods [S6]. The Lagrangian method does not consider particle volume fraction, and Fluent uses the single-phase flow model for calculation. There is a transfer of momentum, mass, and energy between particles and fluid, which applies to dilute flow of low solid concentration. The Euler method considers the particle volume fraction. Fluent uses the Euler multiphase flow model for calculation, and the method can effectively describe the flow of a dense phase. High particle concentration is considered to conduct the numerical experiment, and the Euler method is used for calculation. Limited by the number of particles, the 1.5 m-long straight pipes, and the 0.5 m-long curved pipes are connected for analysis.
The simulation results presented in section 2.2.3 were analyzed. The fluctuations in the pressure data corresponding to the 1.5 m-long straight pipe preceding the elbow section of radius 0.5 m were extracted. The pressure fluctuated between 44.8 and 47.6 kPa, and the average outlet pressure recorded at the elbow (radius: 0.5 m) was 40 kPa. The cubic functions presenting the pump pressure cannot be used to simulate the continuous changes in the periodic pressure as the continuous movement (affected by the pulse pressure) of the particles needs to be monitored (see Fig. S10). The sinusoidal function ranged from 44.8 to 47.6 kPa, and it was used to simulate the virtual pump pressure. The pulse period of the sinusoidal function was 3 s, and the dynamic situation of the paste particles in the pulsed pressure environment was studied.


Fig. S10. Continuous virtual pump pressure.
The obtained continuous pulse pump pressure variation function is expressed as follows:

		(S3)
where Y is the pump pressure (kPa), and t is time (s).

S3 Experimental results
Table S1.  Loop-pipe test results (solid concentration 75.7wt%, 90% of maximum pump speed)
	Gauge
	Pressure / kPa
	Gauge
	Pressure / kPa
	Gauge
	Pressure / kPa

	P1
	265.106
	P5
	186.526
	P9
	58.912

	P2
	171.344
	P6
	145.369
	P10
	54.317

	P3
	131.376
	P7
	110.370
	P11
	28.721

	P4
	232.167
	P8
	102.751
	P12
	80.036



		(S4)


where Za and Zb denote the elevation of the pressure gauges at both ends of the pipeline, m;  is the height of fluid column generated by pressure potential, m;  is the height of fluid column generated by kinetic energy, m; ρ is the slurry density, t/m3; and hw is the loss in resistance represented by the fluid column in this section, m.

		(S5)
The average flow rate remains constant in the whole pipeline, i.e. va=vb. The Bernoulli equation represents energy as a function of the height of water column. The formula for calculating the resistance generated under conditions of different pipeline arrangements can be obtained as shown in Table S2.
Table S2.  Equations for resistance calculation in various pipeline networks
	Pipeline arrangement
	Computing formula

	Horizontal
	


	Tilted upward (angle θ)
	


	Tilted downward (angle θ)
	


	Vertical downward
	


	Vertical upward
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           (a) Horizontal            (b) Bend pipe (r=1 m)        (c) Bend pipe (r=0.5 m)




 
(d) 25° Inclined upward  (e) 25° Inclined downward  (f) Vertical upward  (g) Vertical downward
Fig. S11. Radial velocity distribution.
The flow rate in the high-flow rate area of the horizontal straight pipe is in the range of 1.34–1.85 m/s, and this area is within 0.03 m of the center of the pipeline. The value at the middle-flow rate region is >1.0 m/s, and this region is distributed along the middle ring region (0.03–0.037 m away from the center). The value in the low-flow rate region is <0.5 m/s, and this region is distributed along the outer ring region (0.0415 m away from the center of the pipeline section). The maximum velocity recorded for the straight pipe section is 1.852 m/s, and the ratio of maximum to average value (1.20 m/s) is 1:1.543. For the convenience of description, the ratio of maximum to average value is defined as the maximum velocity ratio.

Table S3.  Velocity distribution characteristics observed in different pipeline arrangements
	Pipeline arrangement
	Section velocity and center radius function of the pipeline
	Relevance
	Maximum velocity of the section / (m·s-1)
	Maximum velocity ratio

	Horizontal
	v=1.71+21.19r-1104.98r2
	99.25%
	1.852
	1.20

	25° inclined upward
	v=2-37.92r-95.43r2
	86.23%
	1.832
	1.527

	25° inclined downward
	v=2.35-37.92r-95.43r2
	88.25%
	1.848
	1.540

	Vertical upward
	v=2.08-13.15r-576.15r2
	92.13%
	1.842
	1.535

	Vertical downward
	v=1.717+21.37r-1112.11r2
	99.52%
	1.855
	1.546

	Bend pipe (r=1 m)
	v=1.18+48.88r-1432.57r2
	93.87%
	1.751
	1.459

	Bend pipe (r=0.5 m)
	v=0.989-59.63r-1571.45r2
	92.16%
	1.743
	1.453
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Fig. S12. Correlation between flow pattern and resistance over different pipeline arrangements: (a) relationship between the maximum velocity ratio and hydraulic slope, (b) relationship between the velocity center offset and the hydraulic slope.
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Fig. S13. Microstructure of paste without pumping aid.
The paste with poor rheological properties without pumping aid agglomerates to form a dense floc structure with uneven particle distribution, as shown in Fig. S13. The formation of the flocs can be attributed to the presence of cement particles, tailings particles, waste stone particles and other multi-scale media in the paste. The interaction between particles during the early-stage physical stirring process results in the formation of flocs. Flocs are often significantly larger than particles, and large flocs bring particles in the paste closer to each other. In the presence of large flocs, the uniformity in distribution deteriorates, and the extent of interaction between the particles increases.

	[image: 6]×1000

	[image: 4]50μm
×2000
100μm

	[image: 2]20μm
×5000



Fig. S14. Microstructure of paste with pumping aid.
The distribution of microscopic particles changes when pumping aids are introduced into the paste to realize good rheological properties. The floc structures are damaged into finer agglomerates and particles are more evenly distributed (see Fig. S14). 
[image: ]
[bookmark: _Hlk126606908]Fig. S15. Velocity characteristics and particle distribution characteristics under steady flow state: (a) velocity distribution of paste, (b) particle size distribution.
   The velocity at the straight section of the pipe was maintained at approximately 1.2 m/s, and the number of particles in the selected area was 332 (Fig. S15(a)). The concentration and flow rate did not change significantly. The overall flow rate of the particles in the elbow was low and varied between 1.04 m/s and 1.07 m/s. A slight difference in flow rate is observed between inner and outer pipes. The degree of uniformity in the distribution of flow velocity improved, and it was better than that recorded under conditions of dissatisfied pipe flow. The number of particles in the selected area reached 381, and the particle concentration at the elbow was higher by approximately 14% than the particle concentration in the straight section.
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