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Abstract 

Rubberized concrete is an environmentally friendly building material that mixes rubber particles from old automobile 
tires into normal concrete in place of fine aggregate. The addition of rubber particles can improve the abrasion resist-
ance of normal concrete observably. It has a good application prospect in hydraulic engineering, especially in the 
concrete building parts with high abrasion resistance. However, there are few experimental studies on the abrasion 
resistance of rubberized concrete, and the influence law and mechanism of rubber particles on the abrasion resist-
ance of concrete are not understood. In this paper, the abrasion resistance of rubberized concrete is studied using the 
underwater-steel-ball method. The results show that rubber particles increase the slump of concrete mixtures. The 
abrasion resistance of rubberized concrete increases significantly with increasing rubber particle content, whereas 
the compressive strength decreases linearly. For the same rubber particle size and content, the abrasion resistance of 
rubberized concrete positively correlates with compressive strength and larger rubber particles significantly improve 
the abrasion resistance. Rubber particle content is the factor that most strongly affects abrasion resistance of rubber-
ized concrete, followed by the compressive strength. Rubber particle pretreatment methods of NaOH + KH570 can 
significantly improve the abrasion resistance of rubberized concrete.
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1 Introduction

�e storage of water in dams can provide sustainable 

water resources for people’s production and life, and also 

reduce the harm of floods (Basheer, 2021; Yang et  al., 

2021). With the improvement of dam construction tech-

nology, the height of dam construction is also increas-

ing. In China, more than 200 dams are over 100 m high, 

including the world’s highest arch dam, which is 305  m 

high (Tan et al., 2021). �e construction of high dam puts 

forward higher requirements for the abrasion resistance 

of concrete. Even at low dam, the high content of sand 

and gravel in flood discharge can cause serious damage to 

concrete structures. �erefore, how to improve the abra-

sion resistance of concrete has always been the research 

focus of hydraulic researchers.

�e mixing of rubber particles (RPs) from crushed 

automobile tires into normal concrete (NC), in place 

of a fine aggregate (sand), offers not only way to recy-

cle and alleviate the environmental harm associated 

with automobile tire waste (Elom, 2012; Pavlinek et  al., 

2009), but also improves the engineering properties of 

NC, including shock resistance (Aliabdo et  al., 2015), 

fatigue resistance (Liu et al., 2013; Zhang & Zhao, 2015), 

corrosion resistance (Gupta et  al., 2016; �omas et  al., 

2016a, 2016b; Zhu et  al., 2020), frost resistance (Zhu 

et  al., 2018), and abrasion resistance (2016a; b; Bisht 

& Ramana, 2017; Gupta et  al., 2014; Kang & Fan, 2011; 

Segre & Joekes, 2000; Sukontasukkul & Chaikaew, 2006; 

�omas et al., 2014; Xie & Lou, 2014; Zhang & Li, 2012), 
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and has thus attracted extensive research attention. Eldin 

and Senouci (1993, 1994) first studied the mixing of 

RPs into NC and adopted the term rubberized concrete 

(RC). �eir work showed that the partial replacement of 

RPs in the aggregate causes the concrete failure mode to 

change from brittle failure to ductile and plastic failure, 

and increases its ability to absorb a large amount of plas-

tic energy under compression and tensile loads. Ho et al. 

(2011)performed three-point bending tests on notched 

beams and showed that the brittleness index and damage 

of concrete decrease with increasing RP content and that 

the RP content can reach 40%. Al-Tayeb et al. (2012) also 

performed three-point bending tests and showed that the 

RPs improves the fracture properties of concrete and that 

the RP content can reach 20%.

Mendis et  al. (2017) studied the influence of RPs on 

the stress–strain relationship of concrete and showed 

that the elastic modulus of concrete decreases with 

increasing RP content and the peak and ultimate strains 

increase, indicating an improvement of the deformation 

performance of concrete, similar to other studies (Aslani, 

2016; Gupta et al., 2016; Li et al., 2018). Taha et al. (2008) 

reported that the impact resistance of concrete increases 

with increasing RP content and a maximum replace-

ment level of 50%. Atahan and Yücel (2012) found that 

the energy absorption of concrete under dynamic impact 

loading increases with increasing RP content for replace-

ment levels of < 80% RP content by aggregate volume, 

but did not increase further upon the addition higher RP 

content. Aliabdo et al. (2015) reported that visible cracks 

and the number of strikes leading to concrete damage 

under repeated impact loading increased with increasing 

RP content.

Although RPs in concrete reduce brittleness, increase 

plasticity, and improve the deformation performance 

of concrete, they also significantly reduce the concrete 

strength (Gregori et  al., 2019; Hadzima-Nyarko et  al., 

2019; Huang et al., 2020; Williams & Partheeban, 2018). 

�e RPs are made from automobile tires and their sur-

faces are thus rich in carbon powder and zinc stearate, 

which are necessary additives in automobile tire produc-

tion. �ese additives cause RPs to be strongly hydropho-

bic, which results in a poor bonding quality between the 

RPs and cement stone, increases the number of pores, 

and reduces the strength of concrete. With increasing RP 

content, the reduction of the concrete-bearing capacity is 

often greater than the increase of deformation capacity, 

which limits the application of RC in concrete engineer-

ing. Although numerous studies (Khern et al., 2020; Liu 

et  al., 2016; Segre et  al., 2002; Youssf et  al., 2016) have 

proposed the modification of RPs using water washing 

or alkaline solution or organic solvent treatments, the 

hydrolyzed zinc stearate on the RPs surface increases the 

adhesion between RPs and cement matrix and reduces 

the reduction range of the concrete strength to a certain 

extent, thus limiting the pretreatment effect.

�omas et  al., (2016a, 2016b) studied the influence of 

RPs on the chloride erosion resistance of concrete and 

showed that for 2.5–7.5% RP content, the chloride pen-

etration depth is less than or equal to that of the refer-

ence concrete without RPs. Similar results were obtained 

in experimental studies by Zhu et al. (2020) and Zhu et al. 

(2018).

Savas et al. (1997) found that the durability coefficient 

of RC at 300 freeze–thaw cycles was 60% higher than 

that of NC when the RPs were mixed at 10% and 15% of 

the cement weight; however, the durability did not meet 

the American Society for Testing and Materials standard 

requirements when the dosage was 20% or 30%. Paine 

et  al. (2002) showed that the incorporation of smaller 

RPs greatly improves the frost resistance of concrete, 

compared with larger RPs, to an equivalent extent as the 

incorporation of air entraining admixture.

�e influence of RPs on the abrasion resistance of con-

crete used in road engineering has been extensively stud-

ied. �omas et al., (2016a, 2016b) applied a 600-N load on 

a 100 × 100 × 100 mm cubic RC specimen and performed 

grinding tests on the specimen surface. �eir results 

show that the abrasion depth of concrete decreases with 

increasing RP content. Similar results were reported 

by Bisht and Ramana (2017), Zhang and Li (2012), and 

Sukontasukkul and Chaikaew (2006). However, few 

experimental studies have addressed the influence of RPs 

on the abrasion resistance of concrete used in hydraulic 

engineering. �e abrasion resistance of concrete used in 

hydraulic engineering reflects its ability to resist abrasion 

under the scouring action of high-speed water contain-

ing sand and stone. Xie and Lou (2014) studied the abra-

sive effect of steel balls on a concrete surface driven by 

high-speed water flow. �e results show that the abrasion 

resistance of concrete initially increases with increasing 

RP content to a maximum at 15% and then decreases. 

Kang and Fan (2011) studied the abrasion effect of high-

speed sand-containing water flow on a concrete surface 

and compared the abrasion resistance of concrete mixed 

with RPs with reference concrete and silica powder con-

crete. �e test results show that the abrasion resistance 

follows RC > silica powder concrete > NC, and the former 

increases with increasing RP content.

�e improvement of concrete abrasion resistance used 

in water conservancy projects by the addition of RPs is 

particularly outstanding. �e main performance aspects 

are that (1) concrete shows improved abrasion resist-

ance with high RP content and (2) the abrasion resist-

ance of RC is better than that of silicon powder concrete 

with higher strength. �is contrasts with the previous 
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understanding that high concrete strength is associ-

ated with high abrasion resistance. �e addition of RPs 

can therefore be concluded to have promising applica-

tion prospects for hydraulic structures that require high 

concrete abrasion resistance. However, few experimen-

tal data are available regarding the abrasion resistance of 

RC used in water conservancy projects and a systematic 

understanding of the influence and mechanism is lack-

ing. To address this question, we pretreated RPs of differ-

ent size intervals (1–3 and 3–5 mm) using three solutions 

(water washing, NaOH solution, and KH570) and com-

pared the effect of RP content on the abrasion resist-

ance of RC with that of two kinds of prepared reference 

concrete (NC, C30 and C50). �e RC compositions were 

prepared by replacing part of the fine aggregate with RPs 

according to the volume fraction. �e effect and mecha-

nism of RP size, RP content, and pretreatment protocol 

on the impact resistance and abrasion resistance of con-

crete were studied.

2  Experiment

2.1  Materials

Ordinary Portland cement 42.5 was used in this study 

and its properties are listed in Table  1 and the proper-

ties of cement meet the requirements of GB175-2007 

(2007). �e coarse aggregates were limestone gravel, the 

fine aggregates were natural river sand, and the RPs of 

1–3 mm and 3–5 mm in size (Fig. 1) were obtained from 

crushed scrap tires. �e properties of the coarse and fine 

aggregates are listed in Table  2. �e apparent density 

of the RPs is 1119  kg/m3. �e grading curve of the fine 

aggregates and RPs is shown in Fig. 2. �e indexes of the 

fine and coarse aggregates meet the requirements of GB/

T14684-2011 (2011) and GB/T14685-2011 (2011).

2.2  Mixtures

�e mixture ratio of the NC of two strength grades C30 

(RP content = 0 in group A) and C50 (RP content = 0 in 

group B) is listed in Table 3. Based on the mix ratio of 

NC (or reference concrete), RC is prepared by replacing 

sand with RPs according to a certain volume fraction 

(RP content = 10%, 15%, 20% in group A and group B), 

which is listed in Table 3.

2.3  Test and Specimen Preparation

Slump tests, cube compressive strength tests, splitting 

tensile strength tests, and abrasion resistance tests were 

performed on the concrete samples. �e concrete mix-

ing, specimen preparation, and test protocol was fol-

lowed according to the test code for hydraulic concrete 

SL352-2006 (2006).

Abrasion resistance tests were carried out using 

the underwater-steel-ball method according to the 

Table 1 Cement properties

Setting time Compressive strength Flexural strength

Initial Final 3 days 28 days 3 days 28 days

175 min 288 min 22.2 MPa 46.8 MPa 4.6 MPa 8.7 MPa

Fig. 1 RPs: 1–3 mm (left) and 3–5 mm (right)

Table 2 Aggregate properties

Material Size (mm) Apparent 
density 
(kg/m3)

Mud 
content 
(%)

Crushed 
index 
(%)

Fineness 
modulus

Coarse 
aggregates

5–20 2732 0.38 8.9 –

Fine aggre-
gates

0–4.75 2668 1.3 – 2.7

%/ e
u

diser 
e

veis 
det

al
u

m
u

cc
A

Grain size /mm

Fig. 2 Grading curves of sand and RPs
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test code for hydraulic concrete (SL352-2006, 2006). 

The concrete specimens were disks with a diameter 

of 300 mm and height of 100 mm (Fig. 3). A steel ball 

grinding instrument was used, as shown in Fig. 4.

�e water flow was driven by a 1200 r/min agitator. 

Seventy steel balls of different diameters (10, 35, and 25 

balls with diameters of 25.4, 19.1, and 12.7 mm, respec-

tively; Fig. 3) were driven by the water flow to grind the 

concrete surface for 72 h. �e concrete specimens were 

soaked in water for 48  h prior to grinding. �e surface 

moisture was removed by wiping prior to weighing before 

and after grinding. �e abrasion resistance of concrete is 

expressed by Ra(h∙m2∙kg−1) calculated according to:

where T (h) is the accumulated test time, A  (m2) is the 

area of concrete specimens subjected to abrasion, and 

MT (kg) is the accumulated mass loss of the concrete 

specimens after abrasion.

�e concrete specimens can be divided into 14 groups 

(7 groups in group A and 7 groups in group B) accord-

ing to the strength grade (C30 and C50) of the reference 

concrete, the RP size (1–3 mm and 3–5 mm) and the RP 

content (10%, 15% and 20%) of RPs mixed. �e number 

and size required for performance test of each group of 

concrete specimens are listed in Table 4.

2.4  RP Pretreatment

�e RPs used in this study are made from scrap car tires 

through mechanical crushing. Numerous additives in car 

tires, such as carbon black, zinc oxide, and aromatic com-

pounds, exposed on the surface of the RPs weaken the 

bonding force between the RPs and cement stone, thus 

harming the strength of RC. �erefore, some modifica-

tion methods have been developed to remove the addi-

tives to reduce the hydrophobicity of RPs and enhance 

the bonding quality between RPs and cement stone:

(1) Water processing: RPs were poured into clean water 

and stirred. �e RPs were cleaned several times 

until the water was not turbid, then removed and 

(1)Ra =

TA

MT

,

Table 3 Concrete mixture proportions (kg/m3)

Group Mixtures Water Cement Crushed stones Sand RPs RP content

A C30-0 190 350 1180 680 0 0%

C30-10 190 350 1180 612 28 10%

C30-15 190 350 1180 578 42 15%

C30-20 190 350 1180 544 56 20%

B C50-0 158 472 1170 680 0 0%

C50-10 158 472 1170 612 28 10%

C50-15 158 472 1170 578 42 15%

C50-20 158 472 1170 544 56 20%

Fig. 3 Concrete specimen and steel balls

Fig. 4 Ball-abrasion machine

Table 4 Specimen number and size for each group

Test Number Size

Cube compressive strength 3 150 mm × 150 mm × 150 mm

Splitting tensile strength 3 150 mm × 150 mm × 150 mm

Abrasion resistance 3 ∅ 300 mm × 100 mm
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dried. Water processing is a physical method to 

remove the additives from RPs.

(2) NaOH solution processing: 1% mass concentra-

tion of NaOH solution was prepared and the RPs 

were poured into the solution and soaked for 24 h 

to allow the chemical reaction in the solution to 

be fully completed. �e RPs were then repeatedly 

cleaned with water until the water pH reached neu-

tral (as measured using pH test paper). �e RPs 

were then removed and dried. NaOH solution pro-

cessing is a chemical method to remove zinc stea-

rate (the reaction product of zinc oxide and stearic 

acid) from the surface of RPs (Khern et  al., 2020; 

Liu et al., 2016; Youssf et al., 2016).

(3) NaOH + KH570 processing: after the RPs were 

treated with the above NaOH solution and dried, 

KH570 with a mass of 1% of the RPs was weighed 

and diluted with a certain amount of anhydrous 

ethanol and poured into the RPs. �e RPs were wet 

during this process. KH570 is a coupling agent with 

two functional groups of different properties. One 

part of the functional group can react with organic 

molecules and the other part can react with the 

adsorption water on the surface of inorganic sub-

stances to form a firm bond. In the NaOH + KH570 

processing, KH570 can be better placed between 

RPs and cement stone after removing the surface 

additive of RPs by NaOH solution.

�e RP pretreatment effect is only related to the pre-

treatment method, and has nothing to do with the RP 

content. In order to simplify the test, this paper only 

treated the RPs with RP content = 15%.

3  Results and Discussion

3.1  Slump of the Concrete Mixtures

�e slump of concrete mixture with the RPs content as 

shown in Fig. 5.

�e slump of the RC mixtures initially increases with 

increasing RP content and then decreases, as shown in 

Fig. 5. For RP content = 15%, the slump of the RC mixture 

increases by 13.3% (1–3 mm) and 9.3% (3–5 mm) com-

pared with reference concrete.

RPs are organic materials, compared with inorganic 

material sand, in water absorption and hardness has a 

big difference. �e water absorption and hardness of RPs 

are less than that of sand, and the RPs are angular and 

roundness is worse than that of sand. When the sand are 

replaced by RPs with a small amount (10% and 15%), the 

slump of concrete mixture increases due to the release 

of free water. When the sand are replaced by RPs with a 

large amount (20%), the RPs with sharp angles are more 

easily deformed, which increases the internal friction 

angle of the concrete mix, and makes the slump of the 

concrete mix show a decreasing trend.

Khatib and Bayomy (1999) showed that the slump of 

RC decreases with increasing RPs, which differs signifi-

cantly from the results obtained here likely owing to the 

different process by which the tire was ground into RPs 

(Bravo & Brito, 2012; Khatib & Bayomy, 1999).

For the same RP content, the slump was found to be 

higher for CRA mixed with smaller RPs (1–3 mm) than 

that for larger RPs (3–5  mm), which is consistent with 

previous results by Eldin and Senouci (1994) and Taha 

et al. (2008).

Origin software was used to fit the relationship curve 

between the slump and RP content, shown in Fig.  5. A 

y-intercept of 75.00 is required and the obtained equa-

tions are:

 for 1–3 mm RPs and

 for 3–5 mm RPs, where x represents RPC (%) and y rep-

resents slump (mm). �e x2 coefficients in Eqs.  (2) and 

(3) are similar and their average is taken to combine these 

equations as:

 where α is a coefficient related to the RP size and equal 

to 1.01 and 1.58 when using 1–3  mm and 3–5  mm RP 

sizes, respectively.

(2)y = 75.00 + 1.01x − 0.04x2,

(3)y = 75.00 + 1.58x − 0.06x2,

(4)y = 75.00 + αx − 0.05x2,
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mixture and RP content
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3.2  Compressive Strength

�e influence of RPs on the compressive strength of con-

crete is shown in Fig. 6.

�e compressive strength of concrete decreases linearly 

with increasing RP content, consistent with several previ-

ous studies (Gregori et  al., 2019; Hadzima-Nyarko et  al., 

2019; Huang et  al., 2020; Williams & Partheeban, 2018). 

�e main reasons are that: (1) RPs themselves are much 

less strong than sand; (2) RPs are organic matter, while sand 

and cement stone are inorganic, so the bond quality of RPs 

and cement stone is not as good as that of sand and cement 

stone, and innate micro-cracks have appeared between RPs 

and cement stone bonding surface (as shown in Fig. 7).

For the same RP content, the reduction of compres-

sive strength is greater for RC with small RPs (1–3 mm) 

than CRA with large RPs (3–5  mm), which is in agree-

ment with the results of Skripkiunas et al. (2009) but dif-

fers from those of Raffoul et al. (2016) and Gesoglu et al. 

(2015). For the same RPC, the number of smaller RPs is 

higher than larger RPs, the air suction effect is larger, and 

more defects are introduced.

�e fitted curves in Fig. 6 yield y-intercepts of 38.6 and 

58.8 for groups A and B, respectively, and the linear rela-

tionship is given as:

 for 1–3 mm RPs and

 for 3–5  mm RPs, where y represents compressive 

strength (MPa). Combining Eqs. (5) and (7) yields:

 where α = 0.68 for 1–3 mm RPs and α = 0.48 for 3–5 mm 

RPs. Combining Eqs. (6) and (8) yields:

 where α = 0.84 for 1–3 mm RPs and α = 0.68 for 3–5 mm 

RPs.

(5)y = 38.6 − 0.68x(Group A),

(6)y = 58.8 − 0.84x(Group B),

(7)y = 38.6 − 0.48x(Group A),

(8)y = 58.8 − 0.68x(Group B),

(9)y = 38.6 − αx(GroupA),

(10)y = 58.8 − αx (Group B),
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Fig. 7 Bonding of RPs to cement stone
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�e RPs were pretreated as described in Sect. 2.4 and 

the change of compressive strength of the RC before and 

after treatment is compared for RPC = 15%, as shown in 

Fig. 8.

�e treated RPs are found to improve the compres-

sive strength of CRA to some extent. In particular, these 

treatments can remove dust, zinc stearate, and other 

substances from the RP surface (Khern et  al., 2020; Liu 

et al., 2016; Segre et al., 2002; Youssf et al., 2016), which 

makes the RP surface more rough and conducive to the 

bonding of RPs and cement stone, as shown in scan-

ning electron microscope images in Fig. 9. �e bonding 

interface between treated RPs and cement stone is greatly 

improved compared with that before treatment, as shown 

in Fig. 10. Compared with Fig. 7, the RP in Fig. 10 bond 

more closely with the cement stone, and the interfacial 

crack of the bonding interface is almost invisible, indicat-

ing that the RPs have improved the bonding quality with 

the cement stone after treatment.

�e NaOH + KH570 treatment method shows the best 

effect with an increased compressive strength of the RC 

by 12.5% (1–3 mm (group A)), 7.1% (3–5 mm (group A)), 

6.3% (1–3 mm (group B)), and 5.1% (3–5 mm (group B)) 

compared with the pretreatment values. KH570 has both 

organic chemical bond and inorganic chemical bond to 

build a bridge between RPs and cement stone, so that 

RPs and cement stone are well bonded. �e effect of the 

NaOH + KH570 treatment becomes less apparent with 

increasing strength grade of the reference concrete.

3.3  Splitting Tensile Strength

�e influence of RPs on the splitting tensile strength of 

concrete is shown in Fig. 11.

A comparison of Figs. 6 and 11 shows that the influence 

of RP content on the splitting tensile strength of concrete 

is consistent with that of compressive strength. �e rea-

son for the decrease of concrete splitting tensile strength 

is the same as the reason for the decrease of compressive 

strength, that is, the replacement of sand by RPs brings a 

lot of weak interface to the concrete inside. But the dif-

ference is that the reduction range of the splitting ten-

sile strength with increasing RP content is significantly 

smaller than that of compressive strength.

Original Water NaOH NaOH+KH570
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Fig. 8 Effect of different rubber pretreatment methods on the 
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Fig. 9 Effect of RP pretreatment methods on the compressive strength
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�e fitted curves in Fig.  11 have y-intercepts of 3.03 

and 3.78 for groups A and B, respectively, and the linear 

relationship is obtained as follows:

 for 1–3 mm RPs and

(11)y = 3.03 − 0.04x(Group A),

(12)y = 3.78 − 0.05x(Group B),

(13)y = 3.03 − 0.02x(Group A),

(14)y = 3.78 − 0.04x(Group B),

 for 3–5 mm RPs, where y in these equations represents 

the splitting tensile strength (MPa). Combining Eqs. (11) 

and (13) yields:

where α = 0.04 for 1–3  mm RPs and α = 0.02 for 

3–5 mm RPs. Combining Eqs. (12) and (14) yields:

 where α = 0.05 for 1–3 mm RPs and α = 0.04 for 3–5 mm 

RPs.

Fig. 12 shows that the addition of treated RPs improves 

the splitting tensile strength of RC.

�e NaOH + KH570 treatment method has the best 

effect and increases the RC splitting tensile strength by 

17.2% (1–3  mm (group A)), 8.9% (3–5  mm (group A)), 

13.0% (1–3 mm (group B)), and 11.8% (3–5 mm (group B)) 

compared with the pretreatment values.

3.4  Abrasion Resistance

3.4.1  E�ect of RPs on RC Abrasion Resistance

�e effect of RPs on RC abrasion resistance is shown in 

Fig. 13.

�e abrasion resistance of concrete increases with 

increasing RP content, which is consistent with previous 

studies (Kang & Fan, 2011; Xie & Lou, 2014). Xie and Lou 

(2014) proposed a maximum abrasion resistance of con-

crete with RP content = 15% and that the abrasion resist-

ance of concrete with RP content = 30% is lower than that 

of concrete without RPs, which differs from the results 

obtained here. Although 30% RP content was not inves-

tigated here, an extrapolation of the growth trend of our 

(15)y = 3.03 − αx(Group A),

(16)y = 3.78 − αx(Group B),

Fig. 10 Electron microscope image of adhesive interface between 
treated RP and cement stone
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Fig. 11 Relationship between the compressive strength of concrete and RP content
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results in Fig. 13 indicates that the abrasion resistance of 

concrete with RP content = 30% will not be lower than 

that of concrete.

�e RPs have better energy absorption because their 

deformation ability and toughness are much greater than 

aggregate, which is equivalent to forming an elastic pro-

tective layer on the surface of concrete, which extends 

the grinding damage time to a large extent, thus making 

the concrete show a higher grinding resistance strength.

Fig.  13 shows that the surface of RC is smoother 

than that of reference concrete, and higher RP content 

is associated with smoother RC surfaces. �is is very 

important because rough concrete surfaces are easier 

to erode under high-speed water flow and the abrasive 

effect of sand within the water flow. Cavitation erosion 

will also accelerate the abrasion of the concrete sur-

face. In contrast, a relatively flat surface greatly reduces 

the probability of cavitation. Even if cavitation erosion 

occurs on the surface of RC, its destructive force will be 

mostly absorbed by the RPs and the cement stone will 

not be destroyed. High-RP-content RC is therefore sug-

gested to be a promising material for hydraulic struc-

ture engineering.

�e fitted curves in Fig. 13 require fixed y-intercepts of 

4.73 and 7.37 for groups A and B, respectively, and the 

obtained linear formulas are:

for 1–3 mm RPs and

for 3–5 mm RPs, where y in these equations represents 

the abrasion resistance (h∙m2∙kg−1). Combining Eqs. (17) 

and (19) for group A yields:

where α =  − 0.12 for 1–3  mm RPs and α = 0.57 for 

3–5 mm RPs. Combining Eqs. (18) and (20) for group B 

yields:

(17)y = 4.73 − 0.12x + 0.02x2(Group A),

(18)y = 7.37 + 0.09x + 0.01x2(Group B),

(19)y = 4.73 + 0.57x + 0.02x2(Group A),

(20)y = 7.37 + 0.95x + 0.01x2(Group B),

(21)y = 4.73 + αx + 0.02x2(Group A),
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Fig. 12 Effect of different RP pretreatment methods on the 
compressive strength

Fig. 13 Abrasion resistance as a function of RP content
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where α =  − 0.09 for 1–3  mm RPs and α = 0.95 for 

3–5 mm RPs.

3.4.2  E�ect of Concrete Compression Strength on RC 

Abrasion Resistance

RPs exert a range of effects on the properties of concrete. 

While RPs greatly improve the abrasion resistance of con-

crete, they also strongly reduce its compressive strength, as 

shown in Fig. 14.

Higher concrete strength is generally thought to be asso-

ciated with higher abrasion resistance strength (Mehta 

& Gjqrv, 1982; Toutanji et  al., 1998). �e U.S. Bureau of 

Reclamation (Han, 1996) test shows that the relationship 

between the abrasion resistance strength and compressive 

strength of concrete is:

 where RA (h/cm) is the abrasion resistance and R (MPa) 

is the compressive strength. Equation  (23) shows that 

the abrasion resistance of concrete is proportional to its 

compressive strength. However, the abrasion resistance 

of RC differs from that of silicon powder concrete and 

steel fiber concrete, which contrasts with the direct pro-

portional relationship shown in Eq. (23).

�e relationship between abrasion resistance and com-

pression strength shown in Fig.  14 is slightly deformed 

and shifted in the negative x-direction. �e fitted curves in 

Fig. 14 require fixed y-intercepts of 4.73 and 7.37 for groups 

A and B, respectively, and the polynomials are given as:

(22)y = 7.37 + αx + 0.01x2(Group B),

(23)RA = 0.00219R + 0.329,

(24)
y = 4.73 + 0.44(x − 38.6) + 0.07(x − 38.6)2(Group A),

for 1–3 mm RPs and

for 3–5  mm RPs, where x represents the compressive 

strength (MPa) and y represents the abrasion resistance 

(h∙m2∙kg−1). Combining Eqs. (24) and (26) yields:

where α = 0.44 for 1–3  mm RPs and α =  − 1.23 for 

3–5 mm RPs. Combining Eqs. (25) and (27) yields:

where α = 0.10 for 1–3  mm RPs and α =  − 1.18 for 

3–5 mm RPs.

3.4.3  E�ect of Reference Concrete Strength on RC Abrasion 

Resistance

�e effect of reference concrete strength on RC abrasion 

resistance is shown in Fig. 15.

As mentioned in the previous section, the negative 

proportionality between the abrasion resistance and 

compressive strength of RC is only valid for the same ref-

erence concrete (i.e., when RP content is the only factor 

that changes). For the same RP size and content, the RC 

prepared with reference concrete with high compressive 

(25)
y = 7.37 + 0.10(x − 58.8) + 0.04(x − 58.8)2(Group B),

(26)
y = 4.73 − 1.23(x − 38.6) + 0.07(x − 38.6)2(Group A),

(27)
y = 7.37 − 1.18(x − 58.8) + 0.04(x − 58.8)2(Group B),

(28)
y = 4.73 + α(x − 38.6) + 0.07(x − 38.6)2(Group A),

(29)
y = 7.37 + α(x − 58.8) + 0.04(x − 58.8)2(Group B),

Fig. 14 Relationship between the compressive strength and abrasion resistance of concrete
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strength has high abrasion resistance (Fig.  15), which is 

thus generally preferred in hydraulic engineering. How-

ever, for RC, the main factor that determines its abrasion 

resistance is the RP content rather than the compres-

sive strength. Fig.  15 clearly shows that the abrasion 

resistance of group A with 20% RP content is higher 

than that of the reference concrete in group B. Similarly, 

the abrasion resistance of RC in group A is higher than 

that of the reference concrete in group B, and the abra-

sion resistance of RC in group A with 20% RP content 

is higher than that of RC with 10% and 15% RP content 

in group B. �erefore, there are two choices for hydrau-

lic engineering designers when using RC as a structural 

material with high abrasion resistance: (1) RC with high 

compressive strength, high abrasion resistance, and low 

RP content; or (2) RC with high abrasion resistance, low 

compressive strength that still meets the design require-

ments, and high RP content. To obtain a high-RP-con-

tent RC with high abrasion resistance, it is necessary to 

reduce the water-cement ratio and improve the strength 

of the corresponding reference concrete. When the RP 

content is large, it is not necessary to reduce the water–

cement ratio to obtain RC with high abrasion resistance, 

but attention must be paid regarding whether or not the 

compressive strength meets the engineering require-

ments. In hydraulic engineering, the bearing capacity of 

the concrete structure responsible for abrasion resistance 

is not particularly high.

3.4.4  E�ect of RP Treatment Method on RC Abrasion 

Performance

�is section discusses the influence of RP treatment pro-

tocol (see Sect. 2.4) on the abrasion resistance of RC, as 

shown in Fig. 16.

�e results show that the treated RPs can improve 

the abrasion resistance of RC to a certain extent. �is is 

mainly because the treated RPs increase the compressive 

strength of RC compared with the pretreatment value 

(see Sect.  3.2). �e NaOH + KH570 treatment method 

used here has the best effect and the abrasion resistance 

of the RC after treatment is higher than the pretreat-

ment value by factors of 120% (1–3 mm (group A)), 18% 

(3–5 mm (group A)), 30% (1–3 mm (group B)), and 10% 

(3–5 mm (group B)). �e effect of NaOH + KH570 treat-

ment decreases with increasing strength grade of the ref-

erence concrete.

3.4.5  Comparison of RC Abrasion Resistance Improvement 

Methods

�e above analysis indicates three ways to improve the 

abrasion resistance of CRA: (1) increase the RP content 

(within 20%); (2) improve the strength of the reference 

concrete (i.e., reduce the water-cement ratio); and (3) 

modify the RPs. �e following is a comparative analy-

sis of the three methods using the abrasion resistance 

of RC with RP content = 15% and 3–5 mm RP size as an 

example.

�e abrasion resistance of RC with C30 as the ref-

erence concrete and 3–5  mm rubber size mixed with 

Fig. 15 Relationship between the abrasive resistance of concrete 
and RP content

Fig. 16 Effect of different RP pretreatment methods on the abrasion 
resistance

Table 5 Abrasion resistance of typical RC

Strength grade of 
reference concrete

Abrasion resistance of RC(h  m2  kg−1)

15% 20% NaOH + KH570

C30 16.96 28.26 20.02

C50 21.64 – –
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15% RP content is 16.96  h •  m2 •  kg−1 (Table  5). When 

the RP content is increased to 20%, the abrasion resist-

ance increases by 66.6%. When the reference concrete 

is increased to C50, the abrasion resistance increases by 

27.6%. When the RPs is pretreated with NaOH + KH570, 

the abrasion resistance increases by 18.0%. Increasing 

the RP content can significantly improve the abrasion 

resistance of RC (from 15 to 20%), followed by increas-

ing the strength grade of the benchmark concrete (from 

C30 to C50), and finally, the pretreatment of RPs by 

NaOH + KH570. �ese results provide guidance for 

hydraulic engineering design.

4  Mechanism of Concrete Abrasion Resistance

�ere are two main external conditions of hydraulic con-

crete abrasion: (1) water flow with a certain amount of 

solid particles and (2) higher flow velocity that starts the 

flow of solid particles and reaches a certain speed. Flow 

velocity is the key factor that affects the abrasive wear 

of concrete. When the flow velocity exceeds the start-

ing velocity of solid particles and remains low, the solid 

particles roll or slide over the concrete surface, which 

causes a friction-loss or micro-cutting effect on con-

crete. When the water velocity exceeds the starting speed 

and the flow velocity is very high, the solid particles are 

likely to rapidly roll or jump forward, thus the solid par-

ticles have a greater damage impact on the concrete. �e 

wear of hydraulic concrete can therefore be considered 

as the hydrodynamic abrasive wear of solid particles act-

ing on the concrete surface at different impact angles, 

where sand particle micro-cutting and impact deforma-

tion simultaneously erode the concrete. �e total amount 

of wear is the superposition of the two wear types. �e 

composite abrasive wear formula proposed by Nelson 

and Gilchrist is given as (Han, 1996):

 where I(α) (g/kg) is the wear weight loss rate, Ms (kg) is 

the mass of abrasive sand, W (α) (g) is the weight loss of 

material worn away by sand with Ms weight at angle α, 

V s is the sand velocity (m/s), α (°) is the impact angle, α0 

(°) is the critical impact angle, where α0 =
π

2n
 , K  (m/s) is 

the critical sand velocity (when V ssinα ≤ K ,I(α) = 0 , ε 

(kg∙m2/(g∙s2)) is the impact wear energy dissipation factor, 

ϕ (kg∙m2/(g∙s2)) is the micro-cutting wear energy dissipa-

tion factor, and n is the horizontal rebound factor. Equa-

tions  (30) and (31) can describe the material grinding 

(30)I(α) =
W (α)

Ms

=
1

2ε
(V ssinα − K )2 +

1

2ϕ
V

2
s cos

2
α • sin(nα) (α ≤ α0),

(31)

I(α) =
W (α)

Ms

=
1

2ε
(V ssinα − K )2 +

1

2ϕ
V

2
s cos

2
α (α > α0),

condition when the grinding characteristic parameters 

of K  , ε, ϕ, and n are determined. �e material properties 

have a significant influence on the relationship between 

wear and impact angle (Han, 1996). �e loss of flexible 

material is mainly caused by the plastic deformation pro-

cess and cutting action of the material. �e cutting action 

of the abrasive particles erodes the material surface. 

�e loss of brittle material is mainly due to the repeated 

impact of abrasive particles on the material surface and 

the formation of radial surface cracks. �e cracks eventu-

ally tend to interlace, which results in material spalling.

In this paper, the abrasion of steel balls on the concrete 

is the primary form of impact, while sliding or rolling 

damage to the concrete surface is very limited. Suppose 

a steel ball of mass m hits the concrete surface with a 

velocity V  and impact angle α , and bounces back with the 

same velocity V  . A cutting force will be produced in the 

horizontal direction on the concrete surface and verti-

cal direction of the concrete surface impact. �e impact 

force Fy should be analyzed according to the principle of 

kinetic energy (ignoring the resistance of water):

where �t is the impact time of the steel ball on the con-

crete surface. Because �t is small, the value of F y is large. 

�e ball bounces under the reaction force and then falls 

back down and hits the concrete again. Under repeated 

cutting and impact, the concrete strength reaches a 

fatigue limit value and damage such as surface spalling 

occurs. �e strength of the reference cement stone is 

lower than that of the aggregate and thus reaches its 

fatigue limit first and is worn away, leaving pits in its 

original positions from which the aggregate gradually 

protrudes. A coarse and bulging aggregate will thus bear 

more ball impacts than a concave cement stone. Under 

the action of ball cutting and impact, the entire lump of 

coarse aggregate will ultimately fall off or be gradually 

rubbed flat, and a tangential line from the ball impact on 

by the cement stone will gradually increase. �is recip-

rocating cycle abrades the concrete surface. �e RPs in 

RC act like an elastic layer, as shown in Fig.  13, which 

increases �t and reduces the F y value and bounce rate, 

thus largely prolonging the concrete unit mass abrasion 

resistance time. Even if the first layer of RPs is rubbed 

away after grinding, additional RPs within the cement 

stone will be exposed to form a new layer of elastic 

protection.

(32)F y =

2mVcosα

�t
,
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5  Conclusions

In this paper, several tests were performed on various 

concrete compositions, including slump, compressive 

strength, splitting tensile strength, abrasion resistance, 

and grinding performance, and the effect of RP size and 

dosage is discussed. �e conclusions can be summarized 

as follows:

• �e slump of RC initially increases with increasing 

RP content and then decreases. �e slump of RC 

with smaller RPs is larger than that with larger RPs.

• �e compressive strength and splitting tensile 

strength of RC decrease linearly with increasing RP 

content, and the former is greater for RC with larger 

rubber particles. �e reduction range of the split-

ting tensile strength with increasing RP content is 

less than that of the compressive strength. �e rub-

ber pretreatment method can improve the compres-

sive strength and splitting tensile strength of RC, for 

which the NaOH + KH570 treatment has the best 

effect.

• �e abrasion resistance of RC increases with increas-

ing RP content. For the same RP content, RC with 

large RPs has a higher abrasion resistance than the 

RC with small RPs.

• For RC with the same RP size, RP content, and ref-

erence concrete, the abrasion resistance is inversely 

proportional to the compressive strength.

• �e RP content has the greatest influence on RC abra-

sion resistance, followed by compressive strength. 

RP pretreatment methods can improve the abrasion 

resistance of RC, of which the NaOH + KH570 treat-

ment yields the best response.
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