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ABSTRACT 12 

Concrete runway pavement is subjected to a critical issue of brittle cracking, which is 13 

hazardous for the safety operation of the airport. Engineered cementitious composite 14 

(ECC) is a promising pavement material due to its ductility with a strain capacity up 15 

to 5%, as well as its desirable micro-cracking and self-healing properties. However, 16 

the abrasion resistance and acoustic wave attenuation of ECC, which are important 17 

behaviors for a pavement, have not been quantified yet. This paper presents an 18 

experimental program to investigate the abrasion resistance and the acoustic wave 19 

attenuation of ECC. The experimental results showed that the abrasion resistance of 20 

ECC (with 3% fiber volume ratio) could be comparable with the ordinary concrete of 21 

the same compressive strength. It was also found that, the acoustic wave attenuation 22 
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of ECC was positively related with its fiber volume ratio and much higher than that of 23 

the ordinary concrete with the same compressive strength. It was interesting to find 24 

that the acoustic wave attenuation of ECC was independent of the wave frequency 25 

(ranging from 200 Hz to 2000 Hz) of the acoustic signal. The underlying mechanisms 26 

for the abrasion resistance and acoustic wave attenuation of ECC were discussed with 27 

the measurement of its void ratio, compressive and tensile properties.  28 

KEYWORDS: Abrasion resistance; Acoustic wave attenuation; Engineered 29 

cementitious composites (ECC); Pavement 30 

 31 

1. INTRODUCTION 32 

Many international airports have adopted concrete runway pavement due to its high 33 

strength and stiffness with low surface deformation [1-3]. However, the concrete 34 

pavement has an inherent drawback of brittle cracking, which is hard to repair and 35 

limits the service life of the pavement [2, 4, 5]. The debris from the cracking may also 36 

damage the engine of the airplane which raises a critical issue for the safety operation 37 

of the airport. Recently, engineered cementitious composite (ECC) has been proposed 38 

as the road pavement by many researchers [6-9]. ECC was developed based on the 39 

micro fracture mechanics with a strain capacity in the range of 3–7% [10], comparing 40 

to 0.1% for ordinary concrete. This ductility of ECC is achieved by micro-cracking 41 

(with micro-crack width less than 100 mm [10]) in the strain hardening stage [11]. 42 

Considering these advantages, ECC is a promising alternative to the conventional 43 

concrete pavement. This can be demonstrated by a pioneer project using ECC as a 44 
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link slab of a bridge located in southeast Michigan, US [12].  45 

However, before more pavement applications of ECC, many other important 46 

properties have to be characterized such as the abrasion resistance [13, 14], acoustic 47 

wave attenuation [15, 16] and etc. This is to ensure that ECC is qualified in every 48 

aspect to be used as a pavement material. Unfortunately, the abrasion resistance of 49 

ECC has scarcely been reported in the literature [17, 18], although this property of the 50 

other fiber reinforced concrete has been widely researched. For ordinary concrete, 51 

many factors could affect the abrasion resistance, such as the environmental 52 

conditions, the cement to sand ratio, the use of special cement or supplementary 53 

cementitious materials, etc. [19-27] As for the polyester fiber reinforced concrete, its 54 

abrasion resistance increased when more polyester fibers (0.03%-0.14% volume ratio) 55 

were added in the mixture [28-30]. However, the above findings on the abrasion 56 

resistance of the concrete or fiber reinforced concrete materials may not be directly 57 

applicable to the ECC. This is because ECC has different mixture and microstructure. 58 

For example, ECC has no coarse aggregate in the mixture, and it uses silica sand with 59 

a maximum grain size of 250 μm which is much finer than the sand in the concrete 60 

[31-35]. In addition, the volume ratio of Poly-Vinyl Alcohol (PVA) fibers in ECC is 61 

around 2%, which is about 20 times higher than the fiber volume ratio of the fiber 62 

reinforced concrete [28-30]. Therefore, the abrasion resistance of ECC needs to be 63 

investigated to be used as the pavement material.  64 

The acoustic wave attenuation is another important property of the pavement 65 

because it is related to the noise reduction when the tyres are running on the pavement 66 
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surface. The pavement is expected to absorb as much noise as possible to limit the 67 

interference to the passengers [16] and surrounding environment. However, there has 68 

been little research on the characterization of the acoustic wave attenuation of ECC in 69 

the literature. This is probably due to the lack of suitable international testing standard 70 

to characterize and compare the acoustic wave attenuation among different pavement 71 

materials. ISO 11819-1:1997 describes several methods for the measurement of the 72 

pavement noise, such as Statistical Pass-By method [36], Close-proximity method 73 

[37], Reference tyres [38] and SPB method using backing board [39]. However, these 74 

methods require building a 100-meter long road with the vehicle running on the 75 

pavement and at the same time measure the noise with on-board complicated acoustic 76 

facilities [36-39]. Therefore, it is necessary to develop a testing method which is 77 

suitable and convenient to be conducted in the laboratory scale to compare and select 78 

among different pavement materials. It has been reported that the acoustic frequency 79 

generated between the tires and the pavement ranges between 200 Hz and 2000 Hz 80 

[15], i.e. 600 Hz for low-speed road, and 1000 Hz for the high-speed road [15]. 81 

Considering these acoustic behaviors, the routine ultrasonic testing method in the 82 

structural health monitoring can be resorted to characterize the acoustic wave 83 

attenuation of the pavement materials [41-43]. The details and setup of this method 84 

will be introduced in the experimental program of this paper. 85 

This paper presents an experimental program to characterize the abrasion 86 

resistance and the acoustic wave attenuation of ECC. Specimens of ECC with a fiber 87 

volume ratio from 1% to 5% were prepared and tested. For comparison purpose, ECC 88 
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matrix specimens without fibers and the ordinary concrete specimens with the same 89 

compressive strength as the ECC specimens with a fiber volume ratio of 2% were also 90 

tested. The abrasion tests were conducted and the index of abrasion resistance of ECC 91 

and concrete were calculated. A new method for the characterization of the acoustic 92 

wave attenuation of ECC and concrete was developed. Finally, the abrasion resistance 93 

and acoustic wave attenuation of ECC was discussed considering the compressive and 94 

tensile properties as well as the void ratio of the material. This paper contributes to the 95 

understanding on the abrasion resistance and acoustic wave attenuation of ECC for 96 

pavement applications. 97 

 98 

2. EXPERIMENTAL PROGRAM 99 

2.1 Materials and Mix Proportions 100 

ECC specimens with various fiber volume ratios were prepared. The mix proportions 101 

of the ECC specimens are presented in Table 1. The name of specimens was denoted 102 

using the form of “E-N”, where “E” refers to ECC and “N” means the percentage of 103 

the fiber volume ratio. The mixture of E-2 was intentionally designed to generate 104 

strain hardening and microcracking behaviors according to the micro fracture 105 

mechanics [44-46]. While other ECC specimens had the same mix except changing 106 

PVA volume ratios. 107 

The raw materials in the mixture of ECC include ordinary Portland cement 108 

(P.O 42.5), fly ash, fine aggregate (F-75 silica sand), water, olycarboxylate-based high 109 

range water reducing admixture (HRWRA) and the Poly-Vinyl Alcohol (PVA) fibers. 110 
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Ordinary Portland cement was provided by BBMG Cement Trading Co., LTD, and the 111 

chemical properties provided by the manufacturer are listed in Table 2. The fly ash 112 

was from Lingshou Country, Lanxiang Mineral Processing Plant with the chemical 113 

compositions shown in Table 3. The F-75 silica sand from Huiyan Mineral Processing 114 

Plant has a maximum grain size of 250 μm and an average grain size of 110 μm. 115 

HRWRA provided by Sobute New Materials Co., LTD was used. The PVA fibers were 116 

purchased from Kuraray Trading Co., LTD and the detailed properties are summarized 117 

in Table 4.  118 

For comparison purpose, the concrete specimens (C) with similar 119 

compressive strength to that of E-2 were also prepared based on JGJ 55-2011 [47]. 120 

The mix proportion of the concrete is presented in Table 5. The chemical properties of 121 

the ordinary Portland cement (P.O 32.5) provided by the manufacturer are listed in 122 

Table 2. It should be noted that the cement of P.O 32.5 was used for concrete 123 

specimens and the purpose was to prepare concrete specimens with similar 124 

compressive strength to the E-2. River sand was used in the mixture with a fine 125 

modulus of 3.0. The grain size of the coarse aggregate was between 5 mm to 20 mm.  126 

Table 1.  The mixture of the ECC specimens 127 

No. 
Water 
(W) 
(kg/m3) 

Cement 
(C) 
(kg/m3) 

Fly ash 
(FA) 
(kg/m3) 

Silica 
sand 
(kg/m3) 

PVA fiber 
HRWRA 
kg/m3 

W/(C+FA) 
Ratio 

FA/C 
Ratio 

By 
weight 
(kg/m3) 

By 
volume 
(%) 

E-0 457 306 969 510 0 0 0.5 0.39 4.7 
E-1 453 303 960 505 13 1 1.6 0.39 4.7 
E-2 449 300 950 500 26 2 3.3 0.39 4.7 
E-3 444 297 940 495 39 3 5.0 0.39 4.7 
E-4 440 294 931 490 52 4 6.7 0.39 4.7 
E-5 435 291 921 485 65 5 8.3 0.39 4.7 
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 128 

Table 2. The chemical properties of the ordinary Portland cements (P.O 42.5 and P.O 129 

32.5) 130 

Composition SiO2 Al2O3 Fe2O3 CaO MgO C3S C2S C3A C4AF 
P.O 42.5 22.09 5.13 3.79 66.33 1.96 55.62 23.37 6.96 12.39 
P.O 32.5 20.33 5.31 4.13 67.21 1.91 57.27 18.31 8.05 12.41 

 131 

Table 3. The chemical composition of the fly ash 132 

Composition SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O Loss on ignition 
The fly ash 50.8 28.1 6.2 3.7 1.2 0.8 1.2 0.6 7.9 

 133 

Table 4. The properties of the PVA fiber 134 

Diameter (μm) Length (mm) Nominal strength (MPa) Modulus (GPa) Density (kg/m3) 
40 12 1560 41 1300 

 135 

Table 5.  The mixture of the concrete specimens (kg/m3) 136 

Cement Sand Stone Water 
490 590 1100 220 

 137 

2.2 Specimen Preparation 138 

The ECC specimens were prepared in a B20 mixer of 20 L capacity (Henglian Food 139 

Machinery Co., LTD). Firstly, the cement, fly ash and silica sand were dry mixed for 5 140 

min at a speed of 168 r/min. Then the mixture of water and HRWRA was gradually 141 

added and mixed for another 10 min under the same speed. Then the PVA fibers were 142 

slowly added into the mortar and mixed for 8 min at a speed of 400 r/min. The 143 

mixture was checked for fiber agglomeration. Finally, the mixing continued for 144 
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another 2 min until the fibers were well dispersed. The preparation process was the 145 

same for E-0 without adding PVA fibers. 146 

The concrete was prepared in a HJW-60 mixer of 60 L capacity (Cangzhou 147 

Kexing Instrument Co., LTD). The cement, sand and stone were dry mixed for 5 min 148 

at the speed of 48 r/min and then the water was added and mixed for another 10 min 149 

under the same speed. 150 

For both the ECC and concrete specimens, they were firstly cured in the 151 

molds sealed with plastic bags and subsequently demolded after curing for 1 day. All 152 

specimens were cured for another 27 days in air under a temperature of 20 ℃±3 ℃, 153 

and a humidity of 30 %±5% RH. The air temperature and humidity were recorded by 154 

a digital thermometer and hygrometer (model HTC-1) from Zhengzhou Boyang 155 

Instrument and Meter Co., Ltd.  156 

Different types of specimens were prepared for both ECC and concrete. 157 

Cubic specimens with a dimension of 100×100×100 mm3 were used for the testing of 158 

the compressive strength [48] and the total void ratio. Dogbone-shaped specimens 159 

were prepared for the tensile testing. The detailed dimensions of the dogbone-shaped 160 

specimens can be found in the recommendations by the Japan Society of Civil 161 

Engineers (JSCE) [49]. Cubic specimens with a size of 150×150×150 mm3 were 162 

prepared for the abrasion tests [50]. 50×50×350 mm3 beam specimens were prepared 163 

for the characterization of the acoustic wave attenuation of both ECC and concrete 164 

[51]. The reasons for the selection of the above dimensions of the specimens will be 165 

discussed in the following texts. 166 
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 167 

2.3 Physical and Mechanical Testing 168 

The compressive strengths of ECC and concrete were determined using three identical 169 

100×100×100 mm3 cubic specimens for each mixture according to GB/T 50081-2002 170 

[48]. The compressive tests were conducted at a speed of 1 mm/min using a WAW-C 171 

universal testing machine from Ji’Nan Docer Testing Machine CO., LTD with a 172 

capacity of 2000 kN.  173 

  174 

 175 

Fig. 1. The set-up of the compressive test 176 

 177 

The tensile test of ECC was performed using dogbone-shaped specimens 178 

according to the JSCE Recommendations [49, 52]. The tests were carried out at a 179 

speed of 1 mm/min using an SANS-50kN electronic universal testing machine from 180 

Shenzhen SUNS Technology Stock CO., LTD. The experimental set-up is shown in 181 

Fig. 2.  182 
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 183 

 184 

Fig. 2. The set-up of the tensile test 185 

 186 

The total void ratio of ECC and concrete specimens was determined with 187 

100×100×100 mm3 cubic specimens according to the JCI Test Method [53]. The 188 

28-day cubes have been dried for 1 day under 105 ℃ with a DHG-9023A drying oven 189 

(Shanghai Dute Scientific Instrument Co,. LTD). And the mass of the cube was tested. 190 

Then the cubes were dried under the same condition for another 2 hours, and the mass 191 

of the cube was tested again and it did not change. Then the cubes were considered as 192 

fully dried. The mass (M1) of the fully dried cube was firstly weighed. Then the cube 193 

was immersed in the water for 1 day, after which the wet cube was taken out and the 194 

surfaces were wiped using dry cloth. The mass (M2) of the wet cube was then 195 

recorded. The total void ratio (A) can be determined by: 196 

𝐴𝐴 = M2−M1
ρwater∙Vspecimen

                                (1) 197 
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where, ρwater is the water density and Vspecimen is the cube volume. 198 

 199 

2.4 Abrasion Testing 200 

The abrasion tests were conducted according to the standard of “Test method for 201 

abrasion resistance of concrete and its products (GB/T 16925-1997) [50]” using a 202 

standard abrasion machine TMS-04 from Wuxi Jianyi Instrument & Machinery CO., 203 

LTD. Cubic specimens with a dimension of 150×150×150 mm3 were prepared which 204 

could fit in the abrasion machine. The test set-up is shown in Fig. 3(a). The abrasion 205 

head firstly pressed on the top surface of the specimen with a pressure of 200 N. Then 206 

the head rotated at a speed of 630 r/min. After a number of revolutions, the abrasion 207 

head would cut in the material leaving a circular abraded area on the top surface of the 208 

specimen (Fig. 3b). The depth of the abraded area was measured using a dial indicator. 209 

The readings at the four locations of “a”, “b”, “c”, “d” in Fig. 3(b) were taken and 210 

averaged to represent the depth of the abrasion corresponding to the specific number 211 

of revolutions. The test stopped when the depth of the abraded area reached 1.5 mm 212 

(the maximum depth that the machine could achieve). The abrasion resistance of the 213 

material can be represented using the following index: 214 

𝐼𝐼𝑎𝑎 = √R
P

                                     (2) 215 

where, Ia is the index of abrasion resistance, R is the number of revolutions of the 216 

abrasion head (thousand revolution), P is the total depth of the abraded area 217 

corresponding to the number of revolutions R [50]. It should be noted that, the index 218 

of the abrasion resistance was determined on three identical specimens for each 219 
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mixture. 220 

 221 

 222 

Fig. 3. (a) The set-up of the abrasion test and (b) the locations for the measurement of 223 

the abrasion depth  224 

 225 

2.5 Acoustic Testing 226 

As mentioned in the introduction section, the current available method for the 227 

measurement of the acoustic properties of the pavement requires building a 100-meter 228 

long road, which is impractical and uneconomic when numerous tests are necessary 229 

for the selection of pavement materials. In this paper, an ultrasonic testing method, 230 

which is a routine in the structural health monitoring field and convenient to set-up in 231 

the laboratory scale, is resorted to characterize and compare the acoustic wave 232 

attenuation of ECC and concrete for the pavement applications. The test set-up in Fig. 233 

4 consists of a signal generator (model: RIGOL DG1022U, from Rigol Technologies, 234 

Inc.), an oscilloscope (model: Tektronix DPO2014 from Tektronix, Inc.), and three 235 

acoustic sensors (wide-band from 20 Hz to 20 kHz, model: GU14095A0 from 236 



13 
 

Dongguan Inghai Electronic Co., Ltd). One sensor was used as signal transmitter and 237 

the other two were used as signal receivers A and B in Fig. 4. The transmitter, 238 

receivers A and B were settled along the center line of the top surface of the beam 239 

specimen. Receiver A was used to record the original signal from the transmitter, so 240 

they were set by 10 mm away from each other to reduce the signal lost between the 241 

two. Receiver B was used to record the residue signal from the transmitter after the 242 

acoustic energy was partially absorbed by the pavement. The distance between 243 

receivers A and B were set 35 mm to simulate the thickness of the pavement. In the 244 

acoustic tests, the signal generator and the transmitter would generate the acoustic 245 

waves with a frequency of 200 Hz, 400 Hz, 600 Hz, 800 Hz, 1000 Hz, 1200 Hz, 1400 246 

Hz, 1600 Hz, 1800 Hz, 2000 Hz, respectively. For each specific frequency, receivers 247 

A and B along with the oscilloscope would collect the amplitude of the acoustic wave 248 

separately. The acoustic wave attenuation of the material can then be calculated as 249 

[54]: 250 

∆= 20lg (A1/A2)                                  (3) 251 

where, Δ is a representative parameter for the acoustic wave attenuation of the 252 

material with a unit of dB/mm, A1 (in mV) is the amplitude of the acoustic wave 253 

before absorption recorded by receiver A, A2 (in mV) is the amplitude of the acoustic 254 

wave after absorption collected by receiver B. A brief schematic diagram was shown 255 

in Fig. 4 to describe how the acoustic wave attenuation of the materials were 256 

measured. For each mixture, the test was performed on three identical specimens for 257 

repeating purpose. 258 
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 259 

 260 

Fig. 4.  The set-up and schematic diagram of the acoustic wave attenuation test 261 

 262 

3. EXPERIMENTAL RESULTS AND DISCUSSIONS 263 

3.1 The Physical and Mechanical Properties 264 

3.1.1 Fiber dispersion of ECC with various fiber contents 265 

Since ECC specimens with various PVA fiber volume ratios were prepared, it is 266 

important to ensure no fiber glomeration exists in the matrix. The ECC specimens 267 

were cut into thin pieces and observed using XSP-12CA optical microscope (Shanghai 268 

Optical Instrument Factory) with a magnification of 4 times. The microscope images 269 

of the ECC specimens with various fiber volume ratios are presented in Fig. 5. The 270 

black areas in Fig. 5 represent the cementitious matrix and the white parts are PVA 271 

fibers. It can be seen that, no PVA fiber glomerations can be noticed in all ECC 272 

specimens.  273 
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 274 

 275 

Fig. 5. The images of the ECC specimens with various fiber volume ratios (a) E-1; (b) 276 

E-2; (c) E-3; (d) E-4; (e) E-5 277 

 278 

3.1.2 The void ratio of the ECC and the concrete specimens 279 

The void ratios of the ECC and the concrete specimens are shown in Fig. 6. For ECC 280 

specimens, the void ratio increased with the fiber volume ratio. The void ratio of E-0 281 

without fibers was the lowest as 1.93%. And when the fiber volume ratio increased to 282 

1%, 2%, 3%, 4%, 5%, the void ratio was 2.10%, 2.40%, 2.56%, 2.81%, 3.21%, 283 

respectively. The void ratio of the ordinary concrete, used for comparison, was 1.83%, 284 

which was 0.09% lower than E-0. 285 

Fig. 6 shows that the void ratio of the ECC specimens is dependent on the 286 

corresponding fiber volume ratio. For both concrete and ECC, there can be three kinds 287 

of pores generated: the capillary pores, the gel pores and the microcracks (i.e. the 288 

pores between different interface) [55]. The void ratio of the capillary pores, gel pores 289 
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was dependent on the water-cement ratio [56, 57]. As in Table 1, the 290 

water-cementitious material ratio of the ECC specimens was the same (0.39), the 291 

capillary pores and the gel pores could thus be similar between ECC specimens. 292 

When more fibers were added in the ECC mixture, this could contribute to the 293 

increase of the void ratio because more microcracks could be seen between the 294 

smooth fibers and the surrounding matrix in the SEM images of many studies [58, 59]. 295 

This might be the reason that the higher total void ratio could be achieved for ECC 296 

specimen with larger fiber volume ratio. 297 

 298 
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Fig. 6. The void ratio of the ECC and concrete specimens 300 

 301 

3.1.3 The compressive strengths of the ECC and the concrete specimens 302 

The 28-day compressive strengths of the ECC and the concrete are shown in Fig. 7. It 303 

can be seen that the compressive strength of ECC is highly dependent on the volume 304 
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ratio of the PVA fibers. For ECC matrix without fibers (E-0), the compressive strength 305 

was 20.33 MPa. With the increase of fiber content to 3%, ECC achieved the 306 

maximum compressive strength of 34.13 MPa, showing a 68% increase comparing to 307 

E-0. When more fibers were added, the compressive strength of ECC was negatively 308 

affected, i.e. the compressive strength of E-5 decreased to 25.28 MPa (26% less than 309 

that of E-3). It can be seen that ECC could achieve comparable compressive strength 310 

to concrete when the mixture of ECC is carefully designed. 311 

 312 
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Fig. 7. The compressive strength of the ECC and concrete specimens 314 

 315 

It has been reported that the fiber content may affect the compressive 316 

strength of the fiber reinforced concrete [60, 61]. For E-0 without PVA fibers, the 317 

compressive strength was merely dependent on the structure network of the hydrate of 318 

the cementitious material [56, 62, 63], i.e. E-0 would break with a single crack rapidly 319 

under compression. When 1% fibers were added, the fibers could delay the crack 320 
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development, resulting in an increased compressive strength. With 3% PVA fibers, the 321 

highest compressive strength was achieved which could probably because the 322 

combined effects of the fiber-network and the structure network of the hydrate 323 

reached an optimum status. However, when more fibers (e.g. 4%, 5%) were added in 324 

ECC, the amount of the hydration product which contributes to the strength was 325 

reduced due to the decrease of the cementitious material and increase of the too much 326 

fibers in the mixture. For a cube of the same volume, the strength reduction was due 327 

to the combined effects of decreased cementitious material and increased fiber content. 328 

Because the addition of the fibers brought more interface between the fibers and the 329 

cementitious material. The decreased cementitious material had to bond more surface 330 

of the fibers which lowed the bonding of the particles of ECC. So the strength of the 331 

ECC was decreased. This is evidenced by the reduced compressive strength of E-4 332 

and E-5 showing 19.8% and 25.9% strength reduction comparing to E-3. 333 

3.1.4 The tensile properties of the ECC specimens 334 

The tensile stress-strain curves of ECC with different fiber contents are shown in Fig. 335 

8 (a). The first crack strengths of the ECC specimens are presented in Fig. 8 (b). It can 336 

be seen that the trend of the first crack strength of ECC was the same as that of the 337 

compressive strength in Fig. 7. The mechanism can be referred to the discussions in 338 

Section 3.1.3. Only E-2 shows strain hardening behavior with a strain capacity of 339 

3.2%, while other ECC specimens experienced brittle failure with a strain capacity of 340 

only about 0.10%. The failure modes of ECC specimens are presented in Fig. 9, with 341 

E-2 exhibited multi cracking behavior and other ECC specimens failed by a single 342 
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crack. This is because E-2 was intentionally designed to show strain hardening and 343 

microcracking behaviors, while the other ECC specimens did not satisfy the 344 

requirements of the micro fracture mechanics as specified in [45, 46].  345 

The area under the stress-strain curve in Fig. 8(a) is a suitable measurement 346 

of the energy absorbing capacity of ECC. The area under the stress strain curve was 347 

calculated by ∑σi(εi+1-εi) where σi is the ith experimental stress data corresponding to 348 

the ith strain data of εi on the curve. This parameter was calculated and plotted in Fig. 349 

8(b) comparing with the first crack strength of ECC with different fiber contents. It 350 

can be seen that, E-2 has the largest area under the stress-strain curve due to its 351 

strain-hardening behavior, while other ECC specimens exhibit much lower area 352 

values. For example, the area of the stress-strain curve of E-2 is 0.111 MPa which is 353 

almost 50 times higher than that of other ECC specimens (around 0.002 MPa). This 354 

indicates that E-2 could absorb extraordinary energy during the tensile cracking 355 

process.  356 

 357 

Fig. 8. (a) The stress-strain curves of the ECC specimens and (b) The first crack 358 

strength and the area under the stress-strain curve of the ECC specimens 359 
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 360 

     361 

Fig. 9. Failure modes of (a) E-2 with multi cracking and (b) E-0, E-1, E-3, E-4, E-5 362 

with a single crack 363 

 364 

3.2 The Abrasion Resistance of the ECC and Concrete Specimens 365 

The abraded areas of the ECC and concrete specimens were examined after the 366 

abrasion tests as shown in Fig. 10. The surface of the abraded area was also enlarged 367 

and presented in Fig. 10 to show more details. For the ECC specimens, only dust was 368 

generated during the abrasion test because no coarse aggregates were in the mixture. 369 

On the other hand, concrete specimens produced not only dust but also stone debris 370 

which was knocked off the surface by the abrasion head. When used as pavement, this 371 

debris from concrete may hazardous for the engine of the airplane, and the other road 372 

users. Therefore, ECC may provide a safe solution to the concrete pavement when 373 

other mechanical properties like compressive strength were comparable to the 374 

concrete. It is also obvious in Fig. 10, that more PVA fibers were exposed on the 375 
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abraded surface with the increase of the fiber volume ratio of ECC specimens. The 376 

uniformly distribution of the PVA fibers on the abraded surfaces of ECC specimens in 377 

Fig. 10 is another evidence of the well dispersion of these fibers in the matrix. 378 

 379 

 380 

Fig. 10. The abraded surfaces and corresponding enlarged details of the (a) Concrete; 381 

(b) E-0; (c) E-1; (d) E-2; (e) E-3; (f) E-4; (g) E-5 specimens 382 

 383 

The development of the abrasion depth was measured and plotted against the 384 

corresponding number of revolutions of the abrasion head for each specimen in Fig. 385 

11. For the same abrasion depth, the ECC specimens required different number of 386 

revolutions depending on the fiber volume ratio, i.e. E-3>E-2>E-4>E-5≈E-1>E-0. 387 

Therefore, Fig. 11 can be used to qualitatively evaluate the abrasion resistance of ECC. 388 
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That is ECC matrix without fibers (E-0) has the lowest abrasion resistance while ECC 389 

achieved the best abrasion resistance when the fiber content was 3% (E-3).  390 
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Fig. 11. The abrasion depth versus the number of revolutions of the abrasion head for 393 

the ECC and concrete specimens 394 

 395 

The indexes of the abrasion resistance of the ECC and concrete specimens 396 

were calculated using Eq. 2 and were presented in Fig. 12. For ECC specimens, there 397 

seems an optimum fiber content to achieve the maximum abrasion resistance. The 398 

abrasion resistance of ECC was the lowest with an index of 0.79 when there was no 399 

fiber in the mixture (E-0). The abrasion resistance increased to 0.87 with a fiber 400 

content of 1% (E-1), and 1.05 for E-2. When 3% volume ratio of the PVA fibers were 401 

added in the mixture, the abrasion resistance reached the maximum of 1.09 for E-3. 402 

However, when more PVA fibers were added, the abrasion resistance of ECC 403 
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decreased, i.e. to 0.93 and 0.88 at 4% and 5% fiber volume ratios respectively. The 404 

index of the abrasion resistance of the concrete (1.15) is a little higher than E-3 (1.09).  405 

It is important to notice that the trend of the index of the abrasion resistance 406 

of ECC is the same as the trend of the compressive strength in Fig. 7 and the tensile 407 

strength in Fig. 8(b). This indicates the abrasion resistance of ECC is highly 408 

dependent on its compressive and tensile strengths. It seems that the energy 409 

absorption capacity of ECC in Fig. 8(b) has little effect on its abrasion resistance. This 410 

is understandable because tension and abrasion are two different mechanical 411 

behaviors. In tension, ECC exhibits strain-hardening behavior through macroscopic 412 

cracking, fiber bridging and pulling out from the matrix. On the other hand, abrasion 413 

is a surface damage process with removal of materials in microscopic scale, while no 414 

macroscopic cracking in tension occurred during this process (see Fig. 10). Therefore, 415 

the energy absorbing capacity of ECC which is a tensile behavior has little effect on 416 

its abrasion resistance. In Fig. 12, it shows that the index of the abrasion resistance is 417 

a function of the fiber volume ratio of ECC specimens. As discussed above, the 418 

abrasion resistance of ECC is dependent on the compressive and tensile strengths. 419 

While as shown in Figs.7 and 8 (b), the compressive and tensile strengths of ECC are 420 

associated with the fiber volume ratio. In other words, the fiber content of ECC has 421 

obvious effect on its abrasion resistance. A fitting function based on the Gaussian 422 

model of “f(x) = a1*exp(-((x-b1)/c1)^2) + a2*exp(-((x-b2)/c2)^2)” by MATLAB is 423 

proposed to quantify the relationship between the index of abrasion resistance (Ia) of 424 

ECC (in (kr)1/2/mm) and its fiber volume ratio (x, in %): 425 
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Ia = 0.3 exp �−�x−2.6
1.3

�
2
� + 1.3exp (−(x−49

69
)2)              (4) 426 

This function was developed by fitting the experimental data in Fig. 12. The 427 

predictions using this function agreed well with experimental results with a standard 428 

deviation of 0.01 and a COV of 0.01. This function can be used to predict the index of 429 

the abrasion resistance of ECC with a fiber volume ratio lower than 5%.      430 

 431 

0.6

0.7

0.8

0.9

1.0

1.1

1.2

In
de

x 
of

 a
br

as
io

n 
re

si
st

an
ce

 ((
kr

)1/
2 /m

m
)

 

 

 The test results
 The fitted curve

C         E-0       E-1       E-2       E-3       E-4       E-5

Ia=0.3*exp(-((x-2.6)/1.3)2)+1.3*exp(-((x-49)/69)2)

 432 

Fig. 12. The index of the abrasion resistance of the ECC and concrete specimens 433 

  434 

3.3 The Acoustic Wave Attenuation of the ECC and Concrete Specimens 435 

The acoustic wave attenuation of the ECC and concrete specimens were determined 436 

using Eq. 3 and plotted against the acoustic frequencies in Fig. 13. It can be seen that, 437 

for any acoustic frequency, the acoustic wave attenuation of the ECC and concrete 438 

specimens follow the same sequence of C≈E-0<E-1<E-2<E-3<E-4<E-5. It is 439 

interesting to notice that the acoustic wave attenuation of the ECC and concrete 440 
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specimens seem independent on the acoustic frequency. This observation can be 441 

explained using the wave length of the acoustic wave which is related to the wave 442 

speed and frequency [64]: 443 

𝐿𝐿 = Vacoustic wave/F                          (5) 444 

where, L is the acoustic wavelength (m), Vacoustic wave is the speed of the acoustic wave 445 

(346 m/s, 25℃), F is the acoustic frequency in Hz. 446 

According to the Eq. 6, the acoustic wavelength ranges from 0.17 m to 1.73 447 

m for the frequency from 200 Hz to 2000 Hz. The distance between the two receivers 448 

A and B was 35 mm (see Fig. 4) which was much shorter than the wavelengths of all 449 

the acoustic frequencies. Within such a short distance, the reflection and diffraction of 450 

the acoustic wave could hardly happen with a large proportion of the acoustic wave 451 

bypassed the specimen directly. Therefore, given the distance between the two 452 

receivers A and B was constant, the absorption of the acoustic waves with a frequency 453 

from 200 Hz to 2000 Hz would experience little change [43, 64].  454 

 455 

 456 

 457 

 458 

  459 

 460 

 461 

 462 
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 463 

Fig. 13. The acoustic wave attenuation of the ECC and concrete specimens under 464 

various acoustic frequencies 465 

 466 

The acoustic wave attenuation corresponding to the frequencies from 200 Hz 467 

to 2000 Hz for each specimen in Fig. 13 were averaged and plotted against the fiber 468 

content in Fig. 14. It is obvious that the acoustic wave attenuation is positively related 469 

to the fiber content of the ECC specimens. It was reported that the acoustic wave 470 

attenuation of a material is closely related to its void ratio [15]. Therefore, the void 471 

ratio measured in Section 3.1 was also plotted in Fig. 14. It is clear that the acoustic 472 

wave attenuation and the void ratio have the same trend as the function of the fiber 473 

content of the ECC specimens. It is easy to understand because higher void ratio 474 

means better acoustic insulation properties for a material. Similar to the index of the 475 

abrasion resistance, the acoustic wave attenuation (Δ, in dB/35 mm) of ECC can also 476 

be modeled based on “f(x) = ax+b” as a fitting function of the fiber volume fraction (x, 477 
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in %)： 478 

∆= 0.3x + 2.8                               (6) 479 

The regressed line is plotted in Fig. 14 and compared with the experimental 480 

results. The predicted results by the regressed line agree well with the experimental 481 

data with a standard deviation of 0.14 and a COV of 0.04.  482 
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Fig. 14. The averaged acoustic wave attenuation of the ECC and concrete specimens 485 

and the fitted curve 486 

 487 

This method could also be used to test the acoustic wave attenuation for 488 

noise pollution prevention at the actual airport pavement. The measuring instruments 489 

could be moved and operated conveniently. It should be noted that the surface of the 490 

test pavement need to be plain, so the acoustic sensors could generate and receive the 491 

acoustic wave well. 492 
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 493 

4. CONCLUSIONS 494 

This paper investigated the abrasion resistance and the acoustic wave attenuation of 495 

the ECC with different fiber volume ratios. Ordinary concrete specimens were also 496 

tested for comparison purpose. The physical and mechanical properties of ECC and 497 

concrete specimens including compression strength, tensile stress-strain behaviors and 498 

the total void ratios were firstly tested. Abrasion tests were conducted and the index of 499 

abrasion resistance of ECC and concrete were measured. The acoustic wave 500 

attenuation of ECC and concrete with the acoustic frequency ranging from 200 Hz to 501 

2200 Hz were characterized. Simple empirical equations were proposed for the 502 

prediction of the abrasion resistance and the acoustic wave attenuation of ECC as a 503 

function of the fiber volume ratio. Based on the research of this study, the following 504 

conclusions could be drawn: 505 

(1) The compressive and tensile strengths of ECC can be affected by the fiber 506 

volume ratio. There exists an optimum fiber volume ratio for ECC to achieve the 507 

highest compressive and tensile strength, which is 3% in this paper. However, the 508 

strain-hardening behavior of ECC is independent of the fiber volume ratio and can 509 

only be achieved by careful calibration of the micro fracture mechanics. In this paper, 510 

only E-2 with 2% PVA fibers in volume ratio exhibited strain-hardening behavior.  511 

(2) The void ratio of ECC is almost a linear function of the fiber volume ratio. This is 512 

because more voids can be generated when the interfaces between PVA fibers and 513 

surrounding matrix increase.   514 
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(3) The abrasion resistance of ECC is mainly dependent on the compressive and 515 

tensile strengths, while the tensile strain-hardening behavior or the energy absorbing 516 

capacity of ECC has little effect. It was found that ECC achieved the best abrasion 517 

resistance with an index of 1.09 with a fiber volume ratio of 3%, which was very 518 

close to that of concrete.  519 

(4) The acoustic wave attenuation of ECC is independent of the acoustic wave 520 

frequency, and linearly related to its void ratio. This indicates that ECC with more 521 

PVA fibers has better noise absorption capacity when used as pavement material. It 522 

should be noted that, the acoustic testing method in this paper is for the first time used 523 

for the assessment of the noise prevention behavior of a material. Though 524 

theoretically it is applicable, its reliability for such assessment should be validated by 525 

ISO standards in [36-39]. 526 

(5) The abrasion resistance and the acoustic wave attenuation of ECC are all 527 

functions of the fiber volume ratio. Empirical equations are proposed which agree 528 

well with the experimental results. These two equations can be used to predict the 529 

abrasion resistance and acoustic wave attenuation of ECC with a fiber volume ratio 530 

lower than 5%, using the materials mentioned in this paper. 531 

For the strain hardening ECC with a fiber volume ratio of 2% (E-2), it has 532 

comparable compressive and tensile strengths to the ordinary concrete. The index of 533 

the abrasion resistance of E-2 is 1.05, which is also close to the ordinary concrete. 534 

More importantly, there is no stone debris generated during the abrasion process of 535 

ECC which reduces the hazard to the road users. In addition, the acoustic wave 536 
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attenuation of the strain hardening ECC (2%) is 3.5 dB/35mm which suggests much 537 

better noise absorbing capacity than that of the ordinary concrete. Therefore, the 538 

experimental results in this paper prove that ECC is a desirable pavement material 539 

comparing to the ordinary concrete in terms of abrasion resistance and acoustic wave 540 

attenuation behaviors. 541 
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