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Abstract

This study investigates concrete chute transportation technology for 1000 m ultra‑long in‑
clined shafts through design calculations, laboratory tests, and field trials. By optimiz‑
ing concrete mix proportions, the research resolves segregation issues in ultra‑long chute
concrete. Field investigations identified alumina ceramic and ultra‑high molecular wear‑
resistant materials as suitable inner lining options. Through grindingwheel wear tests and
finite element simulations, both materials demonstrated adequate wear resistance for con‑
crete discharge operations. Tomeet the requirements for lightweight construction, durabil‑
ity, and rapid replacement, the chute diameter, ceramic sheet thickness, and multi‑length
sections were optimized. Customized configurations included eight‑section fiberglass
pipes with alumina ceramic linings and four‑section ultra‑high molecular wear‑resistant
chutes. Field tests confirmed both materials satisfied operational needs. Economic analy‑
sis concluded that ultra‑high molecular wear‑resistant materials are recommended as the
preferred inner lining for ultra‑long concrete chutes.

Keywords: pumped concrete; concrete chute; alumina ceramic; ultra‑high molecular
wear‑resistant material

1. Project Overview
1.1. Project Overview

With the planning and construction of various high‑rise and super‑high‑rise build‑
ings, along with the development of ultra‑long inclined‑shaft tunnels, the volume of
one‑time concrete pouring has rapidly increased, and the requirements for continuous
pouring have become increasingly stringent. Large‑volume concrete projects involving
tens of thousands of cubic meters of concrete are emerging in increasing numbers. Mean‑
while, the characteristics of concrete pouring, such as long distances, significant elevation
differences, and numerous site constraints, have led to a series of construction challenges,
including the difficulty of rapid pouring for large‑volume, high‑drop concrete and the com‑
plexity of construction organization. The continuous rapid pouring technology for ultra‑
long‑distance, high‑drop concrete, as well as wear resistance of the pouring pipes, pose
significant challenges.

This project was implemented at the Luoning Pumped Storage Power Station, fea‑
turing a single‑stage 1000 m inclined shaft for water diversion. Considering the narrow
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space, high construction difficulty, and steep slope (38◦) of the lower part of the shaft, self‑
compacting concrete was used for backfilling to prevent safety hazards caused by overlap‑
ping concrete vibration and placement operations. Currently, three concrete transporta‑
tion methods are employed for ultra‑long inclined shafts: hopper rail transport, chute con‑
crete, and pipe concrete. The project adopted the pipe concrete transportation method. To
meet the requirements for self‑compacting backfill concrete placement in the lower steel‑
lined section, challenges such as aggregate segregation during long‑distance concrete de‑
livery and pipe wear must be addressed.

1.2. The Significance of the Research

During concrete discharge and transportation, the aggregate and slurry experience
different stress conditions and movement speeds. When the conveying distance exceeds
the critical threshold, separation occurs between aggregate and slurry, resulting in segre‑
gation. Furthermore, the relative motion between the slurry and pipe walls causes aggre‑
gate and slurry to impact the pipe surfaces, leading to erosion, wear, and even concrete
blockage. These issues severely compromise concrete pouring efficiency and quality, jeop‑
ardizing the structural stability and construction safety of water‑diversion‑inclined shafts.
To enable rapid construction and efficient pouring in ultra‑long inclined shafts, studying
the concrete discharge process is crucial. This research helps control concrete segregation,
enhance pipe wear resistance, and ensure both safety and cost‑effectiveness in such engi‑
neering projects.

Researchers have conducted extensive studies on technologies such as concrete slid‑
ing and the design of concrete chutes both domestically and internationally, as exempli‑
fied by He H.Y. [1], Tang J.C. [2], Peng Z.H. [3], Wang X.Y. [4], Wang H. [5], Liao G.L. [6],
Wang Q. [7], Fan C.X. [8], Zhou S.H. [9], Zhang W.G. [10], Shi A.J. [11], Liu X. [12],
Zhang J.T. [13], YuH.S. [14], Zhao R.J. [15], Lai X.W. [16], WangG.W. [17], and Liu S.H. [18].
However, there is relatively little research on the design of concrete sliding and chutes for
ultra‑long distances on steep slopes.

In the construction or design of inclined shaft or tunnel projects in the past, due to
the high probability of pipe blockage, fast wear, and separation of concrete aggregates
in long‑distance transportation of concrete chutes, short‑distance (≤300 m) and gentle‑
slope (≤25◦)‑inclined shaft technology were mostly used, and concrete chute transporta‑
tion was relatively easy to achieve [19,20]. Previously, steel pipes were used as convey‑
ing pipelines for concrete transportation on steep slopes and ultra‑long inclined shafts.
The main problems with using steel pipes were: (1) the weight of the steel pipes was
too high, making construction difficult on steep slopes and increasing construction costs;
and (2) due to the fast sliding speed of concrete on slopes, the wear of steel pipes was
severe. It is difficult to replace damaged steel pipes on steep slopes, which delays the con‑
struction period and increases costs. Researchers in [21,22] have also conducted research
on UHPC boards and pipes, using FRP‑reinforced UHPC materials that exhibit excellent
bending, compressive performance, and wear resistance. They have been widely used in
the transportation of ores or airport runways. The research goal of the concrete chute in
this project is to develop a lightweight and wear‑resistant chute for the special steep slope
construction environment.

This project adopts two types of chute schemes, fiberglass reinforcedplastic + alumina
ceramic sheets, and ultra‑high polymer wear‑resistant materials, mainly to solve the prob‑
lem of concrete chute discharge on steep slopes and ultra‑long inclined shafts. To solve
the problem of difficult construction on steep slopes, lightweight, high‑strength, andwear‑
resistant pipelines were used to reduce construction difficulty and make it easier for con‑
struction personnel to operate. To solve the problems of fast concrete sliding speed and se‑
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vere wear of the chute in ultra‑long‑distance‑inclined shafts. To solve the problem of pipe
blockage or pipeline damage replacement. Due to the use of lightweight and high‑strength
materials, the replacement speed is fast, reducing delays in the construction period.

1.3. Research Content

This paper aims to deeply and systematically study the application of the pipe sliding
technology in the construction process. Through the analysis of its applicable scope, the
concrete performance requirements, the comparative analysis of the pipe shape, the selec‑
tion of the pipe wear‑resistant material, etc., a set of mature concrete sliding construction
method for the ultra‑long distance and high drop was formed.

(1) Determine the mix proportion of pumped concrete to prevent segregation during the
discharge process.

(2) Determine the diameter, thickness, and length of the chute to meet the construction
requirements for manual work on steep slopes (38◦)

(3) Determine the wear‑resistant material, thickness, and wear loss of the inner wall of
the chute.

2. The Design of Concrete Sliding Pipe for Inclined Shaft for
Water Diversion

The concrete construction for the steel pipe‑lined section of the inclined shaft water
diversion system commenced after the pressure steel pipe installation. The 60 m long in‑
clined shaft section adopted the “shaft mouth chute + receiving port + D200 fiberglass
pipe + stringer” method for concrete placement. Flanges were installed at both ends of the
fiberglass pipes connected via bolts. On the right side of the shaft cross‑section, 0.5 m long
D25 reinforced anchor rods with 0.25 m rock penetration were arranged. The fiberglass
pipes were welded to these anchor rods using flanges, while the flanges were securely fas‑
tened with wire. D200 mm wear‑resistant fiberglass pipes were installed along the shaft’s
vertical concrete placement sections. The concrete was transported vertically through steel
pipe chutes, with the chutes removed as the pouring progressed. To ensure construction
safety and efficiency, the fiberglass pipes were partially embedded in the concrete. Since
the fiberglass pipes followed the shaft’s sidewalls, each 6 m section featured stringers at
the ends to prevent aggregate segregation. Buffer devices were installed 30 m from the
discharge port and 18 m from the storage bin, as detailed in Figure 1.

Figure 1. Layout of concrete chute pipe.

3. The Analysis of Concrete Anti‑Segregation
The calculation of concrete anti‑segregation performance based on the Bingham

model is mainly to judge whether the paste can resist aggregate settlement and bleeding
by quantifying the reasonable range of yield stress (τ0) and plastic viscosity (η). τ0 should
be large enough to balance the weight of aggregate, and η should be moderate to consider
the fluidity and water retention.

https://doi.org/10.3390/app16041784

https://doi.org/10.3390/app16041784


Appl. Sci. 2026, 16, 1784 4 of 18

The τ0 and η of fresh concrete were measured by coaxial cylinder rheometer un‑
der standard conditions (temperature 20 ± 2 ◦C, static time 5 ± 1 min, and shear rate
50~100 s−1), and the τ0 and η of fresh concrete were obtained.

The Binghamparameter threshold criteria: the segregation resistance parameters vary
across concrete types and should be determined based on the engineering requirements.
Commonly used reasonable ranges are listed in Table 1.

Table 1.Threshold values of anti‑segregation parameters.

Concrete Type Measured Yield
Stress τ0 (Pa)

Measured Plastic
Viscosity η (Pa·s) Core Requirements

Self‑Compacting concrete 20~50 100~300 Vibration, flow, and separation resistance should
not be considered

Pumping Concrete 30~70 150~400 Resisting pumping shear and vertical casting
segregation

The project site employs self‑compacting concrete, which is delivered through a chute
pipe from the inclined shaft support tunnel to the bottom for pouring. The mix design of
the self‑compacting concrete is detailed in Table 2.

Table 2. SF1, self‑compacting concrete.

Material Specifications Quality (kg) Scale

Water–cement ratio 0.47
Slumps 550–650

Sand–coarse aggregate ratio 50%
Cement PO425 290 1
Sand Artificial sand (medium sand) 825 2.85

Cobblestone Gravel (5–20 mm) 844 2.91
Water PH = 7.0 182 0.628
Fly ash Class F, level II 97 25%

Water reducer VK.CS retarder 3.096 0.80%
Air‑entraining agent VK.AE liquid state 0.3096 8/m3

The initial laboratory test (20 ◦C, 5 min) of the Bingham parameters: reference value
τ01 = 40 Pa and reference value η1 = 250 Pa·s.

(1) Shear Rate Correction

The pumping shear rate γ was set at 300 s−1 (with reference value γ of 50 s−1).
According to the formula:

η(γ) = η1 × [1 + δ ln(50/γ)] (1)

The shear thinning coefficient: δ = 0.2.

η (300) = 250× [1 + 0.2 × ln (50/300)] = 250 × 0.64 = 160.4 Pa·s (2)

(2) Thixotropic Recovery Correction (resting time 30 min)

According to the formula:

t0(t) = τ01 × [1 + α·(1 − e(−β·t))] (3)

The parameters: α = 0.3 (concrete), β = 0.02 min−1, and t = 30 min.

τ0(30) = 40.0 × [1 + 0.3·(1 − e(−0.02 × 30))] = 40.0 × 1.135 = 45.4 Pa (4)

Finally, after modification, the parameters τ0 = 45.41 Pa and η = 160.4 Pa·s are
within the threshold, and the anti‑segregation performance can be determined to meet
the requirements.
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In the actual construction, in order to control the quality of each concrete slip, we
conduct spot checks on each batch of mixed concrete and conduct laboratory tests. Based
on the results of the laboratory tests, we quickly make correction calculations to ensure
that the yield stress, τ, and plastic viscosity, η, of the corrected calculation are within the
threshold range, and to ensure the anti‑segregation performance of the concrete.

Furthermore, through formulas (1) and (3), we can calculate the yield stress, τ,
and plastic viscosity, η, of each batch of the concrete sampling test within the range of
[26.4, 61.6] and [233.8, 623.4], respectively, which can ensure that the concrete has good
anti‑segregation performance.

4. The Selection of Wear‑Resistant Materials
The characteristics of concrete pouring for the diversion inclined shaft are as follows:

(1) The 38◦ steep slope makes standing impossible for workers, severely hindering
construction progress.

(2) Extended concrete placement periods, with each continuous pouring session lasting
up to 3 days for 80 m.

(3) Replacing the slide pipe is challenging, as it not only increases workload but also
delays project timelines. In case of pipe blockage or rupture, all operations must be
halted for pipe cleaning and replacement.

To reduce the difficulty and workload of the large‑slope operation and the difficulty
of changing the chute tube, it is urgent to have one or several kinds of chute tube with
light weight, high strength, and strong wear resistance. Under the condition of meeting
the requirements of wear resistance and impact resistance, the lighter the weight of each
section of concrete chute, the better. The optimization analysis shows that the optimal
diameter and length of the concrete chute are obtained. After reading a lot of literature
and field investigation, two kinds of chute tube design schemeswere selected, mainly nano
alumina ceramic wear‑resistant tube and ultra‑high molecular wear‑resistant chute tube.

4.1. Wear‑Resistant Chute Pipe of Nano Alumina

Alumina wear‑resistant ceramic sheet is a wear‑resistant ceramic material with alu‑
mina (Al2O3) as the main component, where the alumina content is 95%. It is mainly used
for components that require corrosion resistance, wear resistance, and high‑temperature
tolerance. The performance parameters of the ceramic sheet are listed in Table 3.

Table 3. Performance parameters of nano alumina wear‑resistant ceramics.

Al2O3 Content Compression Strength Rockwell Hardness

95% 850 MPa HRA88

Density Bending Strength Temperature Resistance

3.85 g/cm3 375 MPa −50~1700 ◦C

The ceramic tile has the following advantages:

(1) Exceptional wear resistance: alumina ceramic materials feature high hardness, effec‑
tively resisting wear and tear to extend equipment lifespan, making them ideal for
high‑wear environments.

(2) High impact resistance: the alumina ceramic patch, processed through specialized
techniques, exhibits excellent impact resistance and maintains stability even under
high‑intensity impacts.

(3) Corrosion resistance: alumina ceramic patches are resistant to acids, alkalis, and
chemical corrosion, making them ideal for use in corrosive environments such as
chemical plants and metallurgical facilities.
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(4) Lightweight quality: compared to metal materials, alumina ceramic patches are
lighter, reducing equipment load and energy consumption.

(5) Easy installation: ceramic tiles are easy to cut and install, allowing flexible adjust‑
ments as needed to minimize downtime.

(6) High‑temperature resistance: the alumina ceramic patchmaintains stable performance in
high‑temperature environments, making it suitable for high‑temperature applications.

(7) Cost‑effectiveness: despite the higher initial investment, its durability and minimal
maintenance requirements make it a cost‑effective long‑term solution.

(8) Reduced maintenance: enhanced wear and corrosion resistance significantly lowers
equipment maintenance frequency and costs.

(9) Efficiency boost: reducing equipment wear and downtime helps enhance
production efficiency.

(10) Wide applicability: suitable for various industries, including mining, power genera‑
tion, chemical processing, and metallurgy, with particularly notable performance on
heavily worn equipment, as illustrated in Figure 2.

   

Figure 2. Engineering application of alumina wear‑resistant sheet.

Thewear‑resistant alumina chute in this projectwas designed as a glass‑fiber‑reinforced
plastic with an inner diameter of D200 and an outer diameter of D212. The interior of the
chute was pasted with 4 mm thick alumina ceramic sheets, with glue thickness of 6 mm.
Each section is 1.5 m long, and the total weight is 39.5 kg. The interior of the chute was
pasted with 5 mm thick alumina ceramic sheets, with glue thickness of 6 mm. Each section
was 1.5m long, and the total weight was 41 kg. Each sectionwas connected by flanges. The
design details are shown in Figure 3, and the production products are shown in Figure 4.

Figure 3.Alumina wear‑resistant chute pipe.

 

Figure 4. Finished alumina wear‑resistant chute pipe.
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4.2. Ultra‑High Molecular Wear‑Resistant Chute

Ultra‑high molecular weight polyethylene (UHMW‑PE) is a thermoplastic engineer‑
ing plastic with an average molecular weight exceeding 2.5 million, synthesized through
the polymerization of ethylene and butadiene monomers under catalytic conditions. This
material demonstrates exceptional comprehensive properties, including the highest wear
resistance, low‑temperature tolerance, corrosion resistance, self‑lubrication, and impact re‑
sistance among all plastics (as shown in Table 4). Capable of long‑term operation within
a wide temperature range of −269 ◦C to +80 ◦C, UHMW‑PE combines the advantages of
various plastics such as wear resistance, impact resistance, self‑lubrication, corrosion re‑
sistance, low‑temperature performance, hygienic non‑toxicity, non‑adhesion, and water
resistance. As an ideal pipe material, it finds extensive applications in metallurgical and
mining industries (slurry transportation and grouting backfilling), power generation (fly
ash transportation), dredging and sand extraction (slurry transportation for lake dredging
and sand extraction pipes for dredging vessels), petroleum, natural gas, food processing
(grain transportation), chemical, mechanical, and electrical industries.

Table 4. Performance parameters of ultra‑high molecular weight wear‑resistant materials.

Project Unit Experimental Methodology Test Value

Density g/cm3 ASTM D1505 [23] 0.935
Average molecular weight GB/T1841 [24] Viscosity method 2.5 million

Yield point stress kg/cm2 ASTM D638 [25] 220
Tensile strength kg/cm2 ASTM D638 400

Elongation at break % ASTM D638 350
Impact strength (no notch) kg·cm/cm ASTM D256 [26] Do not destroy
Impact strength (notch) kg·cm/cm ASTM D256 110

Brinell hardness D ASTM D2240 [27] 40
Coefficient of kinetic friction kg/cm2·m/s Mitsui Chemical 0.2

wear rate (sand grinding method) mg Mitsui Chemical 20
Melting point ◦C ASTM D2117 [28] 136

Vickers softening point ◦C ASTM D1525 [29] 134
Distortion temperature ◦C ASTM D648 [30] 85
Thermal conductivity 10‑cal/cm·s·◦C ASTM D2177 8.5

The “Research Report on Wear Testing of Plastic Pipes” by the Beijing Nonfer‑
rous Metallurgical Design and Research Institute points out: the following four differ‑
ent materials of pipes were tested under the same pipe diameter, flow rate, test ma‑
terial, and concentration conditions. The results show that the average annual wear
thickness of glass‑fiber‑reinforced polypropylene pipes is 11.5424 mm/years; engineering‑
grade polypropylene pipes (PP) 13.5828 mm/years; ultra‑high molecular weight polyethy‑
lene pipes (UHMW‑PE) 5.0104 mm/years; and steel pipes (A3) 36.2424 mm/years. The
test results indicate that the wear resistance of ultra‑high molecular weight polyethylene
(UHMW‑PE) pipes is seven times that of steel pipes (A3).

The ultra‑high molecular weight (UHMW) wear‑resistant pipeline features a unique
molecular structure that delivers exceptional anti‑slip friction and lightweight properties.
With a specific gravity of merely 1/8th that of steel pipes, it simplifies loading/unloading,
transportation, and installation while reducing manual labor. UHMW‑PE pipes exhibit
remarkable aging resistance, maintaining performance for up to 50 years. Suitable for
both above‑ground overhead and underground burial applications, they can be installed
through welding or flange connections, providing safe, reliable, and efficient solutions
without corrosion protection, thus demonstrating the “energy‑saving, eco‑friendly, cost‑
effective, and high‑performance” advantages of UHMW PE pipes. Production and engi‑
neering applications of these wear‑resistant pipes are illustrated in Figures 5 and 6.
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Figure 5.Alumina wear‑resistant chute finished product.

 

Figure 6.High‑head double‑line tailings conveying project of a mineral processing plant.

The ultra‑high molecular wear‑resistant chute is designed with an inner diameter of
D200, an outer diameter of D230, a wall thickness of 15 mm, each section being 3.0 m long,
and each section weighing 35.5 kg. Each section is connected using a flange plate. The
design details are shown in Figure 7, and the production products are shown in Figure 8.

Figure 7.Ultra‑high molecular wear‑resistant chute.

   

Figure 8.Ultra‑high polymer wear‑resistant chute joint adopts flange connection.

4.3. Test Research on the Abrasion‑Resistant Sliding Tube
4.3.1. Sample Parameters

The test specimens are the alumina wear‑resistant chute D212 and the ultra‑high
molecular wear‑resistant chute D230. The alumina wear‑resistant chute D212 specimen
has an inner diameter of 200 mm, an outer diameter of 212 mm, a rubber thickness of
6 mm, and a lining of 4–5 mm on the inner wall of the pipe. Each section is 1.5 m long,
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with 41 kg weighs; the ultra‑high molecular wear‑resistant chute D230 specimen has an
inner diameter of 200 mm, an outer diameter of 230 mm, a wall thickness of 15 mm, each
section is 3.0m long, with 35.5 kgweighs. The cross‑sectional dimensions of the specimens
are shown in Figure 9.

   

(a) Alumina wear-resistant chute  (b) Ultra-high molecular wear-resistant chute

Figure 9. Schematic diagram of test member dimensions. Green represents alumina ceramic patch.

4.3.2. Test Principle

(1) Test description:
Wear testing comprises two approaches: field testing and laboratory testing. Field

testing replicates or closely approximates actual operating conditions, yielding reliable re‑
sults though requiring extended durations. Laboratory testing, by contrast, is more time‑
efficient and cost‑effective, with better control over variables, yet its conditions often di‑
verge significantly from real‑world scenarios, resulting in outcomes that may not fully
represent actual conditions. This study employs laboratory testing to evaluate wear on
pipeline inner walls.
(2) Test principle:

The wear resistance of materials is usually expressed by the amount of wear. The
smaller the amount of wear, the better the wear resistance. There are two methods of mea‑
suring the amount ofwear: theweighingmethod and the dimensionalmethod. Theweigh‑
ing method involves weighing the sample or parts before and after wear; the dimensional
method involves measuring the sample or parts before and after wear.

Data calculation formula:
Wear amount per unit area (W):

W = (m1 −m2)/A, (5)

where m1 is the initial weight of the sample (g), m2 is the weight of the sample after testing
(g), and A is the initial area of the sample (mm2).

4.3.3. Test Equipment and Testing Protocol

(1) Composition of the experimental apparatus:
The grinding wheel wear test apparatus is designed according to GB/T12988 “Test

Method for Wear Performance of Inorganic Floor Materials,” [31] and it is also used for
the determination of ceramic materials’ wear performance at room temperature. The
schematic diagram of the grinding wheel wear experiment device is shown in Figure 10.
(2) The specific steps of the experiment are as follows:

¬ Prepare alumina ceramic sample and ultra‑high molecular weight polyethylene
sample, labeled as ceramic sample 1–3 and ultra‑high molecular weight polyethylene
sample 1–3 respectively.

­ The mass of ceramic sample and ultra‑high molecular sample was weighed and
recorded respectively.

https://doi.org/10.3390/app16041784
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® Place the ceramic sample between the ceramic sample holder and the grinding
wheel. Adjust the height of the ceramic sample holder to maintain a safe distance between
them, ensuring the grinding wheel does not contact the ceramic sample holder while se‑
curely holding it in place. Rotate the pressure adjustment screwdownward to apply spring
force, pressing the ceramic sample tightly against the grinding wheel.

¯ Turn on the power switch to start the rotation of the boron nitride grinding wheel,
and the grinding wheel and ceramic plate begin to rub against each other.

° After 2 min, turn off the power, remove the ceramic sample, weigh the remaining
mass and record it, and then calculate the wear amount per unit area.

± Repeat the above steps five times and draw the linear fitting graph of the time–unit
area wear according to the experimental data of the ceramic sample obtained.

²Replace the ultra‑highmolecular sample and repeat the above experimental steps to
obtain the linear fitting graph of the time–unit area wear of the ultra‑high
molecular sample.

³ The wear resistance of ceramic samples is better than that of ultra‑high molecular
samples, which is indicated by the slope of the straight line in the graph of time versus
unit area.

 

Figure 10. Schematic diagram of the grinding wheel wear test apparatus.

4.3.4. Test Phenomena and Result Analysis

The grinding wheel wear test:
(a) The appearance of the alumina ceramic is worn out.
Alumina ceramic disks demonstrate exceptional wear resistance due to their high

hardness. Duringwear testing, the disks exhibited outstandingdurability. Post‑experiment
inspection revealed black scratches on all ceramic surfaces caused by friction‑induced heat,
with significant marks also appearing on the grinding wheel. The ceramic disks remained
hot after testing, and some showed corner fractures. Overall, the ceramic disks exhibited
highwear resistance, minimalwear rates, and negligibleweight loss. Thewear appearance
of the ceramic disks is illustrated in Figure 11.

 
(a)  (b) 

Figure 11. Wear appearance of alumina ceramic sheet. (a) Wear condition of No. 3 thick porcelain
tile. (b) The upper image depicts the wear condition of thick ceramic tiles, while the lower image
illustrates the wear condition of thin ceramic tiles.
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(b) The appearance of ultra‑high molecular weight (UHMW) panels shows signs
of wear:

Ultra‑high molecular wear‑resistant materials demonstrate exceptional durability
due to their high hardness. During wear tests, these materials exhibited outstanding resis‑
tance. Post‑experiment inspection revealed that all wear‑resistant plates developed black
scratches on their surfaces caused by friction‑induced heat, with the grinding wheel also
showing deep scratches. The process was accompanied by noticeable particle splashing,
and the plates remained hot after testing. Some plates exhibited uneven surfaces. Over‑
all, these ultra‑highmolecular wear‑resistant plates showed superior wear resistance, with
slightly higher wear rates than ceramic plates but reduced weight loss. The wear appear‑
ance of these plates is illustrated in Figure 12.

 

Figure 12.Wear appearance of ultra‑high molecular sheet.

(1) Test data:
The alumina ceramic sample and the ultra‑high molecular sample were selected and

named as ceramic sample and ultra‑highmolecular sample respectively. Thewear amount
per unit area was calculated according to Formula 5, and the results are shown in Table 5.

Table 5.Variation in wear rate per unit area over time (mg/cm2).

Time (s) Ceramic
Sample 1

Ceramic
Sample 2

Ceramic
Sample 3

Ceramic
Sample 4

Ceramic
Sample 5

Ceramic
Sample 6

0 0.00 0.00 0.00 0.00 0.00 0.00
20 2.18 2.77 2.41 0.70 0.54 1.13
40 4.66 5.50 4.76 1.07 1.12 2.23
60 6.91 8.31 6.79 1.68 1.68 3.35
80 8.40 11.07 8.18 2.46 2.20 4.44
100 11.33 13.84 11.44 2.80 2.79 5.57
120 13.12 16.61 13.62 3.79 3.30 6.67

Time (s) Ultra‑High Molecular
Weight Sample 1

Ultra‑High Molecular
Weight Sample 2

Ultra‑High Molecular
Weight Sample 3

0 0.00 0.00 0.00
20 9.44 8.91 8.29
40 18.88 17.80 16.50
60 28.30 23.73 24.86
80 37.73 35.64 33.15
100 47.17 44.56 41.42
120 56.60 53.44 49.71

(2) The analysis of test results:
The linear fitting graph of the unit wear of alumina ceramic sample and ultra‑high

molecular weight sample with time is shown in Figure 13.
Figure 13 shows that both alumina ceramic sheets and ultra‑high molecular wear‑

resistant sheets exhibit low slope values in their linear fit plots of wear data, indicating ex‑
cellent surface wear resistance. Notably, the alumina ceramic sheet sample demonstrates

https://doi.org/10.3390/app16041784

https://doi.org/10.3390/app16041784


Appl. Sci. 2026, 16, 1784 12 of 18

an even steeper slope in its wear data analysis, confirming superior wear resistance com‑
pared to the ultra‑high molecular sample. However, the production cost of ceramic sheets
is 3.0 to 3.5 times higher than that of ultra‑high molecular wear‑resistant materials.

 
(a) Ceramic sample 1  (b) Ceramic sample 2 

   
(c) Ceramic sample 3  (d) Ceramic sample 4 

 
(e) Ceramic sample 5  (f) Ceramic sample 6 

   
(g) Ultra-high molecular weight sample 1  (h) Ultra-high molecular weight sample 2 

 

 

(i) Ultra-high molecular weight sample 3   

Figure 13.Variation in wear per unit area over time.

https://doi.org/10.3390/app16041784

https://doi.org/10.3390/app16041784


Appl. Sci. 2026, 16, 1784 13 of 18

4.3.5. The Numerical Analysis of Wear‑Resistant Materials

(1) The material model:
Alumina wear‑resistant ceramic has an Al2O3 content of 95%, a density of 3.85 g/cm3,

a bending strength of 375 MPa, a Rockwell hardness of HRA88, and a high temperature
resistance of 1700 ◦C.

Ultra‑highmolecular weight wear‑resistantmaterial has an averagemolecular weight
of 2.5 million, a density of 0.935 g/cm3, a yield stress of 200 kg/cm2, and a Brinell
hardness of 40.
(2) The geometric model:

Alumina ceramic sheet dimensions: 100 mm × 100 mm × 5 mm.
Ultra‑high molecular wear‑resistant sheet: 100 mm × 100 mm × 5 mm.
The grinding wheel is a diamond grinding wheel with a thickness of 70 mm, a diam‑

eter of 200 mm, a hardness of HB203‑HB245, and a rotational speed of 75 r/s. The finite
element model is shown in Figure 14.

   

Figure 14. Finite element model of wear test.

(3) Simulation conditions:
The alumina ceramic sheet and ultra‑high molecular wear‑resistant sheet were ap‑

plied with 0.1372 kN pressure and ground for 2 min.
(4) The results of finite element analysis:

Through finite element simulation, the wear process of alumina ceramics is analyzed,
as shown in Figure 15. The analysis of the simulation data shows that the maximum stress
on the alumina ceramic sheet during the wear process is 79.8 kPa, which is far lower than
the yield stress of the ceramic sheet, so it shows ultra‑high wear resistance.

   

Figure 15. Wear results of alumina ceramics. (A 瞬态结构—A Transient structure; 总变形—Total
deformation; 类型: 总变形—Type: Total deformation; 单位: mm—Unit: mm; 时间:—Time:; 最大—
Maximum; 最小—Minimum); 等效应力2—Equivalent stress 2; 类型: 等效(Von Mises) 应力—Type:
Equivalent (Von Mises) stress; 1e‑0.02—1 × 10−0.02.
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Through the finite element simulation, the wear process of the ultra‑high molecular
wear‑resistant sheet is analyzed, as shown in Figure 16. The simulation data indicates
that the maximum stress on the ultra‑high molecular wear‑resistant sheet during wear
is 3.88 kPa, which is significantly lower than its yield stress, demonstrating exceptional
wear resistance.

   

Figure 16.Wear results of ultra‑high molecular wear‑resistant sheet.

4.4. Field Test of Wear‑Resistant Chute

Based on laboratorywear‑resistantmaterial testing, both types ofwear‑resistant pipes
were verified to meet on‑site casting requirements. For more precise performance evalu‑
ation, field tests were conducted. The alumina wear‑resistant chute pipe D212 specimen
features an inner diameter of 200 mm, outer diameter of 212 mm, 6 mm rubber thickness,
and 4–5 mm inner wall lining. Each 1.5 m section weighs 41 kg, with eight sections in total.
The ultra‑high molecular wear‑resistant chute pipe D230 specimen has an inner diameter
of 200 mm, outer diameter of 230 mm, 15 mm wall thickness, and 3 m sections, totaling
four sections. The finished wear‑resistant pipes are shown in Figure 17. The installation
and testing at the water‑diversion‑inclined shaft tunnel site are shown in Figure 18.

   

Figure 17.The finished product of the wear‑resistant tube.

   

Figure 18.On‑site installation of ceramic and ultra‑high molecular wear‑resistant chute pipes.

5. The Economic Analysis of the Abrasion‑Resistant Sliding Pipe
Several chute types have been tested both in laboratory and field, all meeting the

concrete‑pouring requirements. Through direct cost analysis of these chutes, the most
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suitable option was selected for its construction efficiency and wear resistance. The cost
analysis is detailed in Table 6.

Table 6.Cost analysis of pipeline.

Name Specifications Section
Length (m)

Weight per
Meter
(kg)

Weight per
Unit (kg)

Unit Price per
Section
(RMB)

Pitch
Number

(n)

Total
Weight
(t)

Total Cost
(Thousand)

Steel chute Φ470× 2 2 15.6 31.2 1250 200 6.24 250.0
Alumina ceramic

wear‑resistant chute Φ212× (5) 1.5 18 41.0 2300 267 10.95 614.1

Alumina ceramic
wear‑resistant chute Φ212× (4) 1.5 17 39.5 2100 267 10.55 560.7

Ultra‑highmolecular
wear‑resistant chute Φ230× 15 3 10 35.5 1300 134 4.75 174.2

As shown in the table below:
Steel pipe, single section 31.2 kg, convenient for construction, the total weight is

6.24 tons, the relative weight is light, the hardness is medium, the wear resistance is good,
but the cost is 250,000 RMB, belonging to medium efficiency.

Alumina ceramic wear‑resistant chute, single section 39.5 kg, convenient for construc‑
tion, total weight 10.95 tons, relatively heavy, best hardness, best wear resistance, but the
cost is 614,100 RMB, belonging to medium efficiency.

Ultra‑highmolecularwear‑resistant chute, single section 35.5 kg, convenient construc‑
tion, total weight 4.75 tons, the lightest weight, good hardness, the best wear resistance,
and the cost of 174,200 RMB, belonging to high efficiency.

In the optimization design of the chute, there are two important indicators. The first
is the weight of each section, which should not be too heavy. The weight indicator is to
meet the requirement that two workers can easily lift it up and install and replace it conve‑
niently on steep slopes. The second indicator is the total cost, which requires controlling
thematerial and production costs of each section. Ceramic tiles with thickness greater than
4 mm have wear resistance that meets engineering requirements. Increasing the thickness
would result in a significant increase in weight. By analyzing the changes in key parame‑
ters of the chute (such as length and diameter), the increase in weight, material cost, and
labor cost is optimized and analyzed, as shown in Table 7.

Table 7. Parameter analysis of pipeline.

Name Specifications
Section
Length
(m)

Weight
per Unit
(kg)

Every 1000 mm Increase in Length Every 50 mm Increase in Diameter

Increase
Weight
(kg)

Increase
Weight
Ratio

Labor Cost
Ratio

Increase
Weight (kg)

Increase
Weight
Ratio

Labor
Cost
Ratio

Steel chute Φ470× 2 2.0 31.2 15.6 50.0% 5.0% 3.3 10.6% 5.0%
Alumina ceramic

wear‑resistant chute Φ212× (5) 1.5 41.0 11.3 27.6% 50.0% 8.6 21.0% 30.0%

Alumina ceramic
wear‑resistant chute Φ212× (4) 1.5 39.5 11.3 28.6% 50.0% 8.3 21.0% 30.0%

Ultra‑highmolecular
wear‑resistant chute Φ230× 15 3.0 35.5 9.8 27.6% 5.0% 6.9 19.4% 5.0%

Therefore, through the test and field test, concrete chutes are used for pouring con‑
crete inside tunnels or inclined shafts for water diversion. The construction environment
is relatively stable and good, and there is no problem regarding material aging. In addi‑
tion, concrete chutes belong to temporary construction technology. Typically, the concrete
pouring volume for a 400 m tunnel or inclined shaft for water diversion is 8000 cubic me‑
ters, and the continuous pouring time is 6 months. Durability issues can be ignored while
meeting wear‑resistance requirements. By observing the situation at the construction site,
both schemes meet the requirements for wear resistance and there is no occurrence of im‑
pact damage. The key indicators considered are the lightest weight and ease of steep slope
construction and replacement. It is known that ultra‑high molecular wear‑resistant pipe
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is recommended to be used in the long‑distance concrete slip on the large slope, which is
not only light and high‑strength, but it also has the best wear‑resistance, its cost is lower,
its construction is quick, and its economic effect is better.

6. Summary
Through theoretical analysis, the experimental test, finite element simulation and the

field test, the following conclusions were obtained:
Through the theoretical analysis, the mix proportion and additive of concrete pump‑

ing were determined to meet the requirements of segregation‑free concrete in the concrete
chute for long distance and high drop.

Alumina ceramics and ultra‑high molecular wear‑resistant materials were selected as
the wear‑resistant layer of the concrete chute. Through the grinding wheel wear test and
finite element numerical simulation, the wear‑resistant performance of the two materials
could meet the construction requirements of the concrete chute.

Custom‑made eight‑section fiberglass‑reinforced plastic (FRP) chute lined with alu‑
mina ceramic sheets and four‑section ultra‑high molecular wear‑resistant chute were
tested in field concrete discharge. After prolonged observation and application, practical
results confirmed that both chute solutions were viable.

The overall economic benefits were evaluated through comprehensive factors, includ‑
ing pipeline cost, construction duration, labor expenses, and replacement costs. Ultra‑
high molecular wear‑resistant concrete pipelines, with their exceptional wear resistance
and cost‑effectiveness, offer significant advantages in concrete pipeline applications. By
reducing lifecycle costs through lightweight design and low maintenance requirements,
these pipelines demonstrate dual strengths in performance and economy, making them
irreplaceable in the concrete pipeline industry.
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