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In this paper, a new type of crushed-rock high-polymer composite material is proposed. This material not only retains the porous
characteristics of crushed rock but also enhances the integrity of crushed rock and has excellent engineering characteristics in
terms of water permeability and scouring resistance. Through the developed indoor scouring test system and pavement
permeameter, the scouring resistance and water permeability of the composites were studied, and the effects of the material
mixture ratio (high polymer: crushed rock), the particle size of the crushed rock and the flow rate were analysed. The results
showed that the crushed-rock high-polymer composites had large pores and good water permeability. The water permeability of
the composites increased with the increase in the particle size of the crushed rock and decreased with the increase in the material
mixture ratio, but the decrease was insignificant. The high polymer in the composite material made the crushed-rock particles
cemented to form a whole from point stability to block stability, which could resist the scouring of high-speed flow and had
excellent scouring resistance. With an increase in the particle size of the crushed rock and the material mixture ratio, no erosion
occurred in the composites, thereby indicating that increasing the particle size of the crushed rock and the material mixture ratio
would improve the scouring resistance of the composites.
Keywords: crushed rock, high polymer, water permeability, scouring resistance

V prispevku avtorji predlagajo nov tip polimernega kompozita z izbrano vsebnostjo zdrobljenega kamenja kot oja~itveno fazo.
Ta material ne ohranja samo poroznosti zdrobljenega kamenja, temve~ tudi izbolj{a njegovo integriteto in ima odli~ne in`enirske
lastnosti, kot sta prepustnost za vodo in odpornost proti izpiranju. Avtorji so razvili lastni sistem za testiranje odpornosti proti
izpiranju in parameter obrabe plo~nika (ali druge protidrsne prevleke na povr{ini ceste, npr. grbine, klan~ine) s katerim so
testirali odpornost proti izpiranju in prepustnost za vodo izdelanih kompozitov. Analizirali so vpliv pretoka vode na izbrane
materialne me{anice v kompozitu oziroma na razmerje med dele`em visokega polimera (poliuretana, ki se ne peni med
me{anjem) in zdrobljenega kamenja ter njegovo velikostjo delcev. Rezultati preiskav so pokazali, da ima izdelani polimerni
kompozit, ki vsebuje izbrano vsebnost in velikost zdrobljenega kamenja velike pore in dobro prepustnost za vodo. Vodna
prepustnost polimernega kompozita naraste s pove~anjem velikosti zdrobljenega kamenja in se zmanj{a s pove~anjem dele`a
polimera v me{anici. Vendar je ta vpliv nepomemben. Visoki polimer v kompozitu je povzro~il utrditev kompozita v kompaktno
in stabilno celoto z odli~no odpornostjo proti izpiranju tudi pri preizkusih z visokimi hitrostmi pretoka vode. Tudi pri pove~anju
velikosti zdrobljenega kamenja in pove~anju njegovega dele`a ni pri{lo do erozije kompozita, kar ka`e na to, da bi le-to lahko
izbolj{alo njegovo odpornost proti izpiranju.
Klju~ne besede: zdrobljeno kamenje, visoki polimer (poliuretan, ki se ne peni), prepustnost za vodo, odpornost proti izpiranju

1 INTRODUCTION

A protective covering is one of the important facil-
ities for slope protection that is the main application field
of various new technologies, materials and processes in
slope engineering. Crushed-rock high-polymer compo-
site material refers to the composite material formed by
mixing ordinary engineering crushed rock with a high
polymer in a certain proportion, and composite water
permeability protective covering with crushed rock and
high polymer can be formed by laying this composite
material directly on the structural surface.1–3 In contrast
to general impermeable protective materials, such as
concrete, the high polymer content in crushed-rock

high-polymer composites is low, and the porous pro-
perties of crushed-rock materials are retained. Thus, the
composite protective covering of the crushed-rock
high-polymer is a type of permeable protective covering.
Meanwhile, crushed-rock particles are bonded together
by the polymer, which enhances the aggregate material
integrity. Therefore, crushed-rock high-polymer compo-
site material also exhibits a high scouring and erosion
resistance, and the resulting protective covering is a
scouring and erosion resistance covering.4,5

Scholars locally and internationally have studied the
critical velocity and shear force of the erosion resistance
of reinforced turf. Before the emergence of the geo-
technical reinforced turf, vegetation revetment is com-
pletely excluded from consideration when the flow
velocity is > 2.1 m/s or the shear force is > 77 Pa.6–8 The
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emergence of geotechnical reinforced turf has consider-
ably improved the anti-erosion ability of the vegetation
slope protection, thereby making the vegetation ecol-
ogical slope protection fully applicable to the defence
engineering under high flow rate and shear force.9,10

R. J. Nelson11 conducted field tests on reinforced turf
spill-over. The damage index of the reinforced turf was
12.7 mm (0.5 inch) erosion. According to the index, the
tolerant sheer force of the reinforced turf is 900 Pa. Y. Li
et al.12 studied the effect of the aging time of geogrids on
the erosion resistance of reinforced turf. Y. Pan et al.13,14

and L. Li et al.15 studied the geotechnical reinforced turf
embankment under the combined action of wave and
overtopping by carrying out prototype tests in the labor-
atory. The hydraulic properties and scouring resistance
of the high-performance reinforced turf were prelimin-
arily discussed, and the concept of the upper erosion
limit of reinforced turf was introduced. The damage
mechanism of the reinforced turf was summarised as the
tearing effect of continuous current scouring on a geo-
technical mat. H. Oumeraci et al.16 studied the wave-
action characteristics of Basf crushed-rock polyurethane
revetment. The study found that the void ratio of the
material effectively slowed down the wave velocity on
the bank slope surface. Delft University of Technology in
the Netherlands also conducted model tests on the
stability of Elastocoast breakwater under wave action.
The results showed that the open pore structure reduced
the force acting on the protective covering by
20–58 %.17,18

As a protective material, crushed-rock high-polymer
composites need to meet certain water-permeability and
scouring-resistance requirements. However, the amount
of research in this area is limited. Therefore, the water
permeability and scouring resistance of crushed-rock
high-polymer composites were studied to provide theo-
retical and technical support for composite applications.

2 EXPERIMENTAL PART

2.1 Test materials

In combination with the practical application of the
project, limestone-based crushed rock, which mainly
included crushed rocks I# and II# with the particle sizes
of �20 mm and �40 mm, respectively, was used in the
test. The particle size distribution of the two types of
crushed rocks was determined by the screening test, as
shown in Figure 1. The test results showed that approxi-
mately 85 % of the crushed-rock I# particles were
concentrated at 5–10 mm, and the rest of the particles
were essentially distributed at 2–5 mm. Approximately
50 % and 47 % of the crushed rock II# particles were
concentrated at 20–40 mm and 10–20 mm, respectively.
Meanwhile, the particles at 5–10 mm were only
approximately 3 %. To analyse the effect of crushed-rock
particles on crushed-rock high-polymer properties,
crushed rocks I# and II# were used as raw materials to

conduct a screening test to obtain crushed rocks with
particle sizes of 20–40 mm, 10–15 mm, 15–20 mm and
5–10 mm for the subsequent test.

2.2 Sample preparation

Non-foaming polyurethane was chosen as the poly-
mer in this experiment. The high polymer has a strong
viscosity. Therefore, in the stirring process of the
crushed-rock high-polymer, when the high polymer was
wrapped around the crushed-rock particle surface, a
certain viscosity was observed between the particles
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Figure 1: Particle-size-distribution curve: a) crushed rock I#,
b) crushed rock II#

Figure 2: Permeability test sample and indoor scouring test sample:
a) permeability test sample, b) indoor scouring test sample



when they were embedded with one other. Therefore,
when the mixture was poured into the trial mould, it
could not be compacted and formed only by self-weight.
If no measures were taken for treatment, then numerous
holes in the shaped specimen would be observed which
would result in a large defect in the composite itself.
Therefore, the crushed-rock high-polymer composites
must be compacted by external forces, such as pressure
and tamping. The permeability test sample was a cube of
300 mm × 300 mm × 50 mm, and the indoor scouring
test sample was a cylinder with a diameter of 100 mm
and a height of 200 mm. The permeability test sample
and indoor scouring test sample are shown in Figure 2.

2.3 Permeability test

The permeability coefficient is an important index for
crushed-rock high-polymer composite material as a
permeable protective material. In this study, the per-
meability coefficient was measured using a pavement

permeameter, as shown in Figure 3. The permeability
coefficient was calculated according to the following
Equation (1):

P
V V

ter =
−2 1

(1)

where Per is the permeability coefficient, V1 is the water
volume in the first reading, which is generally 100 mL,
V2 is the water volume in the second reading, which is
generally 500 ml, and t is the time interval of the water
surface descending from V1 to V2.

2.4 Research and development of indoor scouring test
device

To study the scouring resistance of composite ma-
terials, we developed an indoor scouring test system, as
shown in Figure 4 and Figure 5. The experimental
system mainly included water pump, inlet pipe, flow
valve, inlet valve, outlet pipe, piezometer tube, pushing
system, pressure-regulating valve and secondary sedi-
mentation tank. The water inlet of the inlet pipe was
connected with the pump, the water outlet of the inlet
pipe was connected with the inlet of the rectangular tube,
the water outlet of the rectangular tube was connected
with the water inlet of the outlet pipe, and the water
outlet of the outlet pipe was connected with the secon-
dary sedimentation tank. The flow valve was located at
the inlet end of the inlet pipe, and the inlet valve was
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Figure 5: Photograph of indoor scouring test device

Figure 3: Pavement permeameter

Figure 4: Scheme of indoor scouring test device



located on the inlet pipe and at the downstream side of
the flow valve. The pushing system was connected with
the bottom of the rectangular tube, the two piezometer
tubes were arranged on the rectangular tube and on both
sides of the pushing system, and the pressure regulating
valve was located at the outlet end of the outlet pipe. The
pushing system included a computer, servo motor and
pushing device.

The main working principles of the scouring experi-
ment system are as follows:

1) Adjusting the flow rate and water head showed
that when the sample was scoured, the difference in the
water head measured through the upstream and down-
stream piezometer tubes was �Z. Thus, the relationship
between the pressure difference and the water-head
difference is shown as follows:

P P Z1 2− = �� (2)

� � 	Z (3)

where P1 and P2 are the pressure values at the section
where the upstream and downstream piezometer tubes
are located, � is the volume weight of water, 	 is the
density of water, and g is the acceleration due to gravity.

2) The relationship between the hydraulic gradient
and the water-head difference is shown as follows:

J
Z

l
=

�
(4)

where J is the hydraulic gradient, and l is the spacing of
piezometer tubes on both sides.

3) The relationship between the incipient shear stress
and the pressure difference is shown as follows:

� =
−P P

l
R

2
(5)

where � is the incipient shear stress, l is the spacing bet-
ween the piezometer tubes on both sides, and R is the
hydraulic radius.

4) The relationship between the incipient shear stress
and the friction velocity is shown as follows:

� 	= ⋅U*
2 (6)

where U* is the friction velocity.
According to the steps 1)–4) mentioned above, the

starting frictional velocity of the soil sample required for
the test can be obtained as follows: U gRJ* = .

5) Before the test, the sample mass is m by using the
test soil sample, and the sample volume is V by calcul-
ating the sample volume, and then the deposition density
of the undisturbed soil is as follows:

	s =
m

V
(7)

where 	s is the deposition density.
6) In the test, according to the scouring height �h

and scouring time �t, the relationship between scouring

rate and scouring height per unit time is shown as
follows:

q
h

tw � 	s

Δ
Δ

(8)

where qw is the scouring rate of the undisturbed soil.
The scouring rate of the soil sample required for the

test can be obtained from Equation (8).
With this scouring test device, a high-speed water

flow can be generated to scour the sample. At the
beginning of the test, water was slowly added from the
outside of the system to fill the whole rectangular tube
through the inlet valve to prevent the water pump from
adding too much water and disturbing the sample. An
ultrasonic flowmeter was used to determine the velocity
of the water flow, so as to improve the accuracy of the
test data and the efficiency of the test.

3 RESULTS AND DISCUSSION

3.1 Influence of material mixture ratio on the void
ratio of composites

The permeability of crushed-rock high-polymer com-
posites depends on the effective void ratio, including the
interconnected and semi-closed pores, i.e., the measured
pore in this experiment. The void ratio of the composites
was measured under different particle sizes and material
mixture ratios.

In this study, the volumetric method was used to
measure the porosity. Only the interconnected pores and
semi-closed pores in the porous material of crushed-
stone high-polymer were measured. The volumetric
method used an electronic balance to weigh the weight
of the specimen after drying and in water, respectively.
The difference between the two is the buoyancy of the
specimen, due to the pore filling with water. Assuming
that the specimen has no pores, the formula for calcul-
ating the porosity can be obtained by subtracting the
actual buoyancy from the theoretical buoyancy, as shown
in Equation (9). This method is simple and fast, and can
quickly determine the porosity of a large pore structure.

e
m m

V
� �

	
1

2 1−

w

(9)

where e is void ratio, m1 is mass of specimens in the
water, m2 is mass of dried specimens, V is volume of the
specimen, 	w is density of water under the test con-
dition.

The experimental results are shown in Figure 6.
Figure 6 shows that the void ratio of the crushed-

rock high-polymer composites with different particle
sizes is large, ranging from 0.3 to 0.5, and the compo-
sites have a good water permeability. The void ratio of
the crushed-rock high-polymer composites decreases
with an increase in the material mixture ratio. This result
is mainly due to the fact that when the void ratio of
crushed rock is constant, with the increase in material
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proportion, the coating of the polymer on the aggregate
surface thickens, the amount of binder paste at the
aggregate connection point increases, and a part of the
high polymer is filled in the void of the mixture. There-
fore, the void ratio of the crushed-rock high-polymer
composites decreases with the increase in the material
mixture ratio.

3.2 Influence of particle size of the crushed rock on
the composite void ratio

The void ratio of the crushed-rock high-polymer
composites was not only affected by the material mixture
ratio but also by the crushed rock’s particle size. The
void ratio of the samples with different material mixture
ratios and crushed-rock particle sizes was measured. The
experimental results are shown in Figure 7.

Figure 7 shows that the void ratio of the composites
increases with an increase in the crushed rock’s particle
size. This result is attributed to the fact that when the
particle size of the crushed rock is large, the pore size of
the particle itself also increases. Although a decrease in
the specific surface area will increase the coating thick-
ness of the high polymer, the overall content of the
polymer is extremely low. Thus, the overall void ratio of
the material still increases.

3.3 Influence of the material mixture ratio on the com-
posite water permeability

Firstly, a sample of size of 300 mm × 300 mm × 50
mm was poured. Then the permeability coefficient of the
composites with different crushed-rock particle sizes and
material mixture ratios was measured using a pavement
permeameter. The experimental results are shown in Fig-
ure 8.

Figure 8 shows that the composite permeability
decreases with an increase in the material mixture ratio.
However, the decrease is small. When the material mix-
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Figure 6: Influence of material mixture ratio on void ratio

Figure 8: Influence of material mixture ratio on the permeability
coefficient

Figure 7: Influence of particle size on the void ratio: a) material mix-
ture ratio of 3 %, b) material mixture ratio of 5 %, c) material mixture
ratio of 7 %



ture ratio increases from 3 % to 7 %, the permeability
coefficient decreases by only 8 %. The materials with
different ratios show good permeability. This finding is
mainly due to the fact that the amount of high polymer
used in the crushed-rock high-polymer materials is ex-
tremely small, and no excess high polymer fills in the
void of the mixture at a low material mixture ratio,
thereby ensuring the characteristics of the macropore of
the mixture. Therefore, as long as the bottom of the com-
posite does not produce high polymer leakage, its water
permeability can be satisfied.

3.4 Scouring resistance of the composites

To analyse the influence of the crushed rock’s
particle size and the material mixture ratio on the hyd-
raulic erosion resistance of composites, we carried out
scouring tests for the composite materials with the
particle size ranges of 1–5 mm, 5–10 mm and 10–20 mm
and material mixture ratios of 3 % and 5 %. The flow
velocities of the scouring tests were selected as 1 m/s, 3
m/s and 5 m/s. The experimental results are shown in
Table 1 and 2.

Table 1: Statistics of crushed-rock high-polymer composite erosion
under water flow (material mixture ratio of 3 %)

Particle size
(mm)

Flow velocity
(m/s)

Scouring rate
(kg/m2s)

Erosion
statistics

1–5 1 0 Erosion-free
1–5 3 0 Erosion-free
1–5 5 0.01 Extremely few

5–10 1 0 Erosion-free
5–10 3 0 Erosion-free
5–10 5 0 Erosion-free

10–20 1 0 Erosion-free
10–20 3 0 Erosion-free
10–20 5 0 Erosion-free

Table 2: Statistics of crushed-rock high-polymer composite erosion
under water flow (material mixture ratio of 5 %)

Particle size
(mm)

Flow velocity
(m/s)

Scouring rate
(kg/m2s)

Erosion
statistics

1–5 1 0 Erosion-free
1–5 3 0 Erosion-free
1–5 5 0 Erosion-free

5–10 1 0 Erosion-free
5–10 3 0 Erosion-free
5–10 5 0 Erosion-free

10–20 1 0 Erosion-free
10–20 3 0 Erosion-free
10–20 5 0 Erosion-free

Table 1 and 2 show that crushed-rock high-polymer
composites do not erode under different flow velocities.
Especially under conventional flow velocities, i.e., flow
velocities of <3 m/s, and under the conditions of material
mixture ratio and particle size, the composites do not
erode. Individual rocks can be peeled off from the edge
of the samples with a low material mixture ratio (3 %)

and a small particle size (1–5 mm) only when the flow
velocity increases to 5 m/s.

The scouring test shows that the crushed-rock high-
polymer composite material has excellent scouring
resistance, and the formed protective covering can resist
high-speed flow scouring. High polymers play a key role
in connecting crushed rocks in composite materials,
thereby making crushed rock particles unable to rely on
their own weight to resist the flow force but form a
whole through the polymer cementation from the point
stability to block stability to resist high-speed water
erosion. Given the porous properties of crushed-rock
high-polymer composites, the uplift pressure of the water
flow on the materials is also considerably reduced during
scouring, which is also conducive to the overall crushed
rock particle and material stability. For the samples with
a small particle size and 3 % material mixture ratio, only
a few particles peel off from the edge of the sample, and
the erosion amount and range do not increase after a long
water flow time. Therefore, this finding may be closely
related to the pouring quality of the sample and the uni-
formity coefficient of the crushed rock wrapped by the
high polymer. With the increase in the particle size of the
crushed rock or the material mixture ratio, no erosion
occurs in the composites, This result indicates that the
crushed rock stability increases with an increase in the
particle size or with an increase in the amount of binder
paste used, the effect of wrapping particles improves,
both of which will improve the resistance of crushed-
rock high-polymer composites to water erosion.

4 CONCLUSIONS

Through a laboratory scouring test system and a
pavement permeameter, the water permeability and
scouring resistance characteristics of the crushed-rock
high-polymer were studied, and the effects of the
material mixture ratio, the crushed rock’s particle size,
the material mixture ratio and the flow velocity were
analysed. According to the test results, the main
conclusions are as follows:

1) Crushed-rock high-polymer composites have a
high void ratio and good water permeability. The void
ratio of the composites decreases with an increase in the
high polymer and increases with the increase in the
particle size.

2) With the increase in the high polymer, the water
permeability of the crushed-rock high-polymer compo-
sites decreases, but the decrease is small. When the ma-
terial mixture ratio increases from 3 % to 7 %, the water
permeability coefficient decreases by only 8%. Compo-
sites with different proportions show good permeability.

3) The high polymer in the composite material makes
the crushed-rock particles cemented to form a whole
from the point stability to the block stability, which can
resist the scouring of high-speed flow and has excellent
scour resistance.
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4) With the increase in the particle size of the crushed
rock, no erosion occurs in the composite, which indicates
that the larger the particle size is, the stronger the stab-
ility of the composites will be. With the increase in ma-
terial mixture ratio, no erosion occurs in the composites,
thereby indicating that the higher the polymer content is,
the better the wrapping effect of the crushed rock
particles will be. Increasing the crushed rock particle
size and material mixture ratio can improve the scouring
resistance of the composites.
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