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Abstract: 11 

The dynamic compressive strength of recycled aggregate concrete (RAC) was studied by conducting 12 

quasi-static compression tests and high strain rate tests with split Hopkinson pressure bar (SHPB). The 13 

RAC specimens with three recycled coarse aggregate (RCA) replacement percentages of 30%, 70% 14 

and 100% and the natural aggregate concrete (NAC) specimen were prepared and tested. The effect of 15 

various RCA replacement percentages on the compressive strength under quasi-static and dynamic 16 

loads was studied. The failure modes of the specimens after testing were recorded and compared, and 17 

the dynamic compressive strength was analyzed. Regression formulae for dynamic increase factor 18 

(DIF) on the compressive strength for RAC were proposed. In this study, the DIF of compressive 19 

strength ranges from 1 to 3, and increases with the increase of RCA replacement percentage. In 20 

addition, the Continuous Surface Cap Model (CSCM) for RAC material is calibrated with the SHPB 21 

testing data by numerical simulation. The numerical results show that CSCM with strain rate effect can 22 

predict the dynamic compression behavior of RAC with a relatively high precision. 23 
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1. Introduction 26 

The recycling of waste concrete is beneficial and necessary for the environmental preservation 27 

and effective utilization of natural resources, especially considering that the amount of waste concrete 28 

has increased enormously in China. The use of recycled coarse aggregate (RCA) obtained from waste 29 

concrete in new concrete is a solution to solve the problems of waste concrete and the shortage of raw 30 

material. Thus, recycled aggregate concrete (RAC) in which the natural coarse aggregates (NCA) are 31 

partially or entirely substituted by the RCA has been gradually studied and used adopted in structure 32 

engineering in recent years (Purushothaman et al. 2014; Zhang and Zhao 2014; Li et al. 2015; He et al. 33 

2017; Mwasha and Ramnath 2018). On the other hand, RAC structures may be subjected to impact 34 

during their construction stage and service life. Such as, the collapse of building (Gu et al. 2014; Guo 35 

et al. 2014), the impact of runaway vehicles on the building caused by accidental collisions (Ferrer et 36 

al. 2010), the vertical impact of the helicopter emergency landing on the roof of the building 37 

(Mainstone 1966), and the rockfall impact on the protection structures in mountainous areas (Mougin 38 

et al. 2005; Delhomme et al. 2005), and et al. 39 

Concrete material exhibits the strain rate effect on compressive strength when it is subjected to 40 

impact (Abrams 1917). In other words, the dynamic compressive strength of concrete is different 41 

under different strain rates. Split Hopkinson Pressure Bar (SHPB) technique has been widely used in 42 

the research on the strain rate effect on the dynamic compressive strength of concrete (Malvern et al. 43 

1985; Ross et al. 1989; Hao et al. 2016). Moreover, Hassan and Wille (2017) conducted the SHPB tests 44 

on the ultra-high performance concrete and found that the dynamic compressive strength increased 45 

monotonically with the increasing strain rate. Deng et al. (2016) investigated the cellular concrete by 46 

using SHPB apparatus. It was found that the dynamic increase effect of the compressive strength of 47 

cellular concrete was similar to the ordinary concrete at the strain rate ranging from 70 /s to 140 /s. 48 

Chen et al. (2013) reported that the ECC concrete with the strength of 56~73 MPa has less strain rate 49 
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effect as compared to the ordinary concrete. Liu et al. (2012) tested on the rubber reinforced concrete 50 

and Hao et al. (2013) studied the spiral steel fiber reinforced concrete by using the SHPB apparatus. 51 

All these studies confirm that concrete is a strain rate sensitive material, but the effect of strain rate on 52 

compressive strength varies with each type of concrete. For the RAC material, the compressive 53 

strength of RAC is affected by the RCA replacement percentage, r, which is defined as the ratio of the 54 

RCA mass to the mass of all coarse aggregates. But it should be noted that most of the existing studies 55 

focus on the quasi-static compressive behaviors of RAC. Only a limited number of researches studied 56 

on its dynamic compressive behaviors and proposed the formulae to describe the dynamic increase 57 

effect (Xiao et al. 2015; Lu. et al. 2013). In a word, the dynamic test data is still relatively scarce. 58 

Therefore, it is essential to conduct a further research on the dynamic compressive strength of RAC 59 

with different RCA replacement percentages under high strain rates, and further to consider the 60 

application of RAC material in finite element model. 61 

In this study, quasi-static and dynamic loading tests were carried out for natural aggregate 62 

concrete (NAC) and RAC specimens with RCA replacement percentages of 30%, 70% and 100%, 63 

respectively. By comparing the quasi-static compressive strength with the dynamic compressive 64 

strength, the dynamic increase effects on compressive strength of RAC are analyzed and discussed. 65 

Based on the test results, the regression formulae for compressive strength dynamic increase factor 66 

(DIF) are given. On this basis, by using the regression formulae, the concrete model CSCM, combined 67 

with the strain rate, is verified by finite element code LS-DYNA. 68 

2. Tests on compressive strength of RAC 69 

2.1 Quasi-static compressive strength 70 

2.1.1 Raw materials 71 

The cement used in this study is Ordinary Portland cement of grade 42.5 and the water is portable 72 

water. The river sand of Zone 3 (GB/T 14684-2001) with fineness modulus of 2.43 was used as fine 73 
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aggregate. The local gravel was used as NCA and the selected waste concrete was used as RCA in the 74 

concrete mixture. The waste concrete was obtained from a local RCA manufacturing plant in 75 

Guangzhou, China with the water absorption of 9.37% and the aggregate size from 5~10mm. The 76 

coarse aggregate met the grading requirements (JCJ52-2006). The crush index of the recycled coarse 77 

aggregates was 9.4% and the apparent density was 2656 kg/m3. 78 

2.1.2 Description of the specimens 79 

According to the different replacement percentages of RCA, the RAC specimens can be divided 80 

into three types: RAC-30, RAC-70, and RAC-100 which stand for recycled aggregate concrete with 81 

RCA replacement percentage of 30%, 70%, and 100%, respectively. Due to the high water absorption 82 

of the RCA, some additional water was added to make sure the same effective water-cement ratio 83 

(W/C) of 0.40 for the NAC and RAC mixtures. The additional water was calculated for the RAC by 84 

the water absorption of RCA under saturated surface dry condition. The related details about the four 85 

concrete mixtures are given in Table 1. 86 

Table 1  Ingredients of mixed concrete 87 

Specimen W/C 
Water 

(kg/m3) 

Cement 

(kg/m3) 

Sand 

(kg/m3) 

NCA 

(kg/m3) 

RCA 

(kg/m3) 

NAC 0.40 231 578 559 952 0 

RAC-30 0.46 263 578 559 667 286 

RAC-70 0.53 306 578 560 286 667 

RAC-100 0.59 339 578 560 0 953 

The quasi-static compressive strength specimens were cast in the cubes with 150×150×150 mm, 88 

and the cylinders with 150 mm diameter and 300 mm height, respectively. 89 

2.1.3 Quasi-static testing results 90 

The prepared cube specimens with dimensions 150×150×150 mm were tested under quasi-static 91 

compression at a loading rate of 0.5 MPa/s as per the Chinese Standard (GB/T 50081-2002). The 92 

quasi-static cubic compressive strength are summarized in Table 2, and normalized with respect to the 93 

specimen NAC as below 94 

s s0
f f f           (1) 95 
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where fs0 is the quasi-static compressive strength of the specimen NAC. The typical failure modes of 96 

the cubic specimens under quasi-static test are shown in Fig. 1(a). The vertical crack initiated from the 97 

middle of the cubes and extended to the top and bottom sides as the load increases. 98 

Table 2  Quasi-static compressive strength 99 

Specimen 
Ultimate load 

(kN) 

Strength, fs 

(MPa) 
Normalized strength, f  

Cubic 

NAC 1325.8 58.9 1.00 

RAC-30 1185.0 52.7 0.89 

RAC-70 974.3 43.3 0.73 

RAC-100 800.2 35.6 0.60 

Cylindrical 

NAC 765.2 43.3 1.00 

RAC-30 658.8 37.3 0.86 

RAC-70 580.5 32.8 0.76 

RAC-100 470.3 26.6 0.61 

The cylindrical specimens with 150 mm diameter and 300 mm height were also tested in 100 

compression with the same loading rate as the cubes. The results of the cylinder compression tests are 101 

given in Table 2, and the compressive strength is normalized as f  with respect to the specimen NAC. 102 

The typical failure modes of the cylinder specimens under quasi-static test are shown in Fig. 1(b). As 103 

the cylindrical specimen has a length-diameter (L/D) ratio of 2.0, the frictional constraint is negligible 104 

in the middle part of the specimen. Therefore, the concrete specimen can be considered to be in a state 105 

of uniaxial compression. The vertical cracks initiated in the middle of the cylinders with lateral 106 

expansion and out-surface shedding. As the load increases, the cracks extended to the top and bottom 107 

until the specimens crushed. 108 

As given in Table 2, the compressive strength of RAC is affected by the RCA replacement 109 

percentage. The relationship between measured quasi-static compressive strength and RCA 110 

replacement percentage, r, is shown in Fig. 2. For the convenience of expression, the value of RCA 111 

replacement percentage 0 stands for the NAC. The results show that both the quasi-static cubic and 112 

cylindrical compressive strength of RAC decrease with the increase of RCA replacement percentage. 113 

Some researches (Otsuki et al. 2003; Nagataki et al. 2004; Liu et al. 2015) have found that the 114 

interface transition zone between aggregate and cement mortar determines the mechanical behaviors of 115 
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RAC. The compressive strength of RAC is inferior to that of normal concrete due to the reasons 116 

including the relatively low strength of interface transition zone, the original defects of voids and 117 

cracks in the regeneration process of RCA, and the higher water absorbing ratio of RCA. 118 

Fig. 3 shows the relationship between normalized static compressive strength and RCA 119 

replacement percentages. It is found that the normalized quasi-static compressive strength is inversely 120 

proportional to the increase of RCA replacement percentages. A regression formula to describe the 121 

linear inverse trend is proposed as below 122 

0.382 1f r            (2) 123 

Substituting the Eq. (2) into the Eq. (1), fs can be expressed as 124 

 s s0 0.382 1f f r           (3) 125 

To verify the Eq. (3), a series of RAC cubic specimens with a different water-cement ratio of 0.49 126 

is prepared and tested in quasi-static compression as per Chinese Standard (GB/T 50081-2002). The 127 

cubic strengths are given in Table 3 and used to verify the regression formula Eq. (3). As given in 128 

Table 3, the maximum error is 5.8% for the RAC-100, which means that Eq. (3) can well predict the 129 

quasi-static compressive strength with different RCA replacement percentages. 130 

Table 3  Verification of Eq. (3) for fs 131 

RCA replacement percentage, 

r 

Test data 

(MPa) 

Predication by Eq. (3) 

(MPa) 

Error 

(%) 

0 (NAC) 30.7 30.7 0 

30% 26.5 27.3 3.1 

70% 22.3 22.4 0.6 

100% 20.2 19.0 -5.8 

2.2 Dynamic compressive strength 132 

2.2.1 Description of the SHPB tests 133 

The dynamic compressive tests were conducted using an SHPB apparatus, as shown in Fig. 4(a) 134 

and (b). The SHPB test system consists of five parts: a striker bar with 800 mm in length and 37 mm in 135 

diameter; a conical variable cross-sectional incident bar with 3200 mm in length (the striking end is 37 136 

mm in diameter and the other end is 74 mm in diameter); a transmitter bar with 1800 mm in length and 137 
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74mm in diameter; a cylindrical specimen sandwiched between the incident and the transmitted bars; 138 

and a data acquisition system. These bars are made of high-strength alloy steel. The initial impact 139 

velocity of the striker bar is recorded by two light transient recorders. The stress waves are measured 140 

by the strain gages attached to the surface of the incident and transmitter bars and recorded by the 141 

digital oscilloscope at a sampling rate of 500 kHz. 142 

The SHPB testing technique is based on two assumptions as follows. (1) one-dimensional 143 

elasticity wave propagates in the incident and transmitter bars; (2) the stress uniformly distributes 144 

along the height (Johnson, 1972). In the test, the striker bar impacts against the incident bar. A 145 

compressive stress wave is generated by the impact of the striker bar on the incident bar. As shown in 146 

Fig. 4 (c), the compressive stress impulse, named as incident wave I, propagates through the incident 147 

bar and acted on the specimen. Depending on the physical properties of the specimen, the stress 148 

impulse is partially reflected into the incident bar in the form of tensile stress impulse, named as 149 

reflected wave R. The remaining of the stress impulse is transmitted into the transmitter bar, named 150 

as transmitted wave T. Based on the assumption (1), the stress waves through the top and bottom 151 

surfaces of the specimen can be recorded by the strain gages as shown in Fig. 4 (d). The average value 152 

of these two stress values is regarded as the representative value according to the assumption (2). The 153 

stress, strain and strain rate of the specimen can be derived as below (Johnson, 1972) 154 
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where the s, s and s  are the stress, strain and strain rate of the specimen, respectively; ls and As are 156 

the height and cross-section area of the specimen; A and C0 are the cross-section area and the elastic 157 

wave velocity of the bars; v is the nodal velocity; the subscript 1 and 2 denote the top and bottom 158 

surface of the specimen, and the subscript I, R and T denote the incident, reflected and transmitted 159 
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wave, respectively. 160 

Based on the theory of one-dimensional elasticity wave propagation, the stress equilibrium is 161 

described as 162 

R I T

R I T

  

  

 


 
          (5) 163 

Substituting the Eq. (5) into the Eq. (4), the stress state of the specimen can be expressed as 164 
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where E is the elastic modulus of the bars. 166 

In this study, a trapezoidal wave with a rising time, t, is chosen as the incident wave. During the 167 

rising time, the stress wave travels back and forth for several times named as k within the specimen. As 168 

suggested by Yang and Shim (2005), the relative error of the stress (k), between the top and bottom 169 

surfaces can be expressed as below 170 
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        (7) 171 

with 172 

s s/

t
k

l C
           (8) 173 

and the wave impedance ratio  of specimen and bars can be expressed as below 174 

s s s

0 0 0

C A

C A





           (9) 175 

where the subscript s and 0 denote the specimen and bars, respectively. 176 

To satisfy the assumption (2) in the SHPB test i.e. the uniformly distributed stress, the relative 177 
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error of the stress k should be low enough. Therefore, the specimen height ls should be small enough 178 

according to the Eqs. (8) and (9). However, to minimize the inertial effect and the effect of end friction 179 

at the interface between the specimen and bars, the ls should not be too low as suggested by the 180 

research (Song and Hu, 2005). In this study, the height-diameter ratio of the cylinder specimens was 181 

designed as 1 : 2, which has been adopted in the researches conducted by Yan et al. (2002) and Li et al. 182 

(2012). As shown in Fig. 5(a), the cylinder with 34 mm in height and 68 mm in diameter, are prepared 183 

for SHPB tests. As given in Table 4, the SHPB specimens are named as NAC-n for NAC and RAC-r-n 184 

for RAC, where r denotes the RCA replacement percentage and n stands for different specimens. 185 

Table 4  SHPB testing results 186 

Specimen 

Impact 

veloci

ty, v 

(m/s) 

  

(1/s) 

fd 

(MPa) 
DIF Specimen 

Impact 

velo

city, 

v 

(m/s) 

  

(1/s) 

fd 

(MPa) 
DIF 

NAC-1 5.93 32.0 58.1 1.34 RAC-70-1 4.76 20.6 42.9 1.31 

NAC-2 6.76 33.0 64.0 1.48 RAC-70-2 5.42 26.2 49.8 1.51 

NAC-3 6.79 34.2 64.7 1.50 RAC-70-3 7.29 28.1 53.1 1.61 

NAC-4 8.90 38.8 68.9 1.59 RAC-70-4 8.18 31.3 51.4 1.56 

NAC-5 7.49 41.0 69.5 1.60 RAC-70-5 6.68 31.4 55.2 1.68 

NAC-6 7.81 41.8 74.1 1.71 RAC-70-6 7.75 38.9 69.8 2.12 

NAC-7 7.98 41.9 71.7 1.66 RAC-70-7 9.93 45.0 70.9 2.16 

NAC-8 9.07 45.3 79.3 1.83 RAC-70-8 9.60 48.2 85.2 2.59 

NAC-9 8.71 48.9 79.6 1.84 RAC-70-9 8.68 51.8 83.5 2.54 

NAC-10 8.38 51.3 80.9 1.87 RAC-70-10 9.84 53.6 91.5 2.79 

NAC-11 11.31 54.2 83.4 1.93 RAC-100-1 5.53 15.9 33.8 1.27 

NAC-12 11.31 57.2 85.2 1.97 RAC-100-2 6.71 16.9 34.0 1.28 

NAC-13 11.32 63.4 91.6 2.12 RAC-100-3 6.53 23.7 39.1 1.47 

RAC-30-1 5.43 19.1 41.3 1.11 RAC-100-4 6.08 29.1 43.1 1.62 

RAC-30-2 5.53 23.5 48.8 1.31 RAC-100-5 8.10 31.4 48.2 1.81 

RAC-30-3 8.31 37.0 59.7 1.60 RAC-100-6 7.61 32.1 46.5 1.74 

RAC-30-4 7.16 38.9 61.7 1.65 RAC-100-7 6.50 34.4 49.7 1.87 

RAC-30-5 8.77 41.5 74.4 2.00 RAC-100-8 8.47 37.5 51.5 1.93 

RAC-30-6 10.49 47.7 72.8 1.95 RAC-100-9 7.55 39.9 56.9 2.14 

RAC-30-7 8.39 48.9 69.1 1.85 RAC-100-10 6.68 42.6 60.6 2.27 

RAC-30-8 9.96 51.6 89.3 2.39 RAC-100-11 7.46 42.7 60.4 2.27 

RAC-30-9 10.36 52.3 81.2 2.18 RAC-100-12 7.10 46.6 67.2 2.52 

RAC-30-10 9.41 56.9 90.9 2.44 RAC-100-13 9.73 46.8 66.5 2.50 

RAC-30-11 9.53 57.0 87.1 2.34 RAC-100-14 8.84 46.9 68.0 2.55 

RAC-30-12 11.20 58.2 89.8 2.41 RAC-100-15 10.39 50.2 65.7 2.47 

     RAC-100-16 9.85 52.3 73.8 2.77 

For the preliminary design, the density and elastic modulus of RAC are given as s = 2400 kg/m3 187 

and Es = 30 GPa, and thus the elastic wave velocity of RAC specimen can be calculated as Cs = 188 
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s s/ 3536E    (m/s). Similarly, the elastic wave velocity of bars can be calculated as C0 = 189 

0 0/ 5139E    (m/s) given the elastic modulus E0 = 206 GPa and the density 0 = 7800 kg/m3. The 190 

wave impedance ratio  of specimen and bars can be calculated as 0.179 according to the Eq. (9). 191 

Ravichandran and Subhash (1994) found that the stress wave reaches uniform distribution when k 192 

≤ 5%. k ≥ 6 can be obtained by substituting  = 0.179 and k ≤ 5% into the Eq. (7). t ≥ 58 s 193 

can be obtained by substituting k ≥ 6 into the Eq. (8) which means the assumption (2) i.e. uniformly 194 

distributed stress can be satisfied if the rising time of the trapezoidal incident wave is longer than 58 s. 195 

In this study, a 1 mm thick copper disk with 14~18 mm diameter is placed at the impact end of the 196 

incident bar to reach the desired rising time of trapezoidal incident wave. 197 

2.2.2 Dynamic testing results 198 

In the SHPB test, the impact velocities of the striker bar ranged from 4.76 to 11.32 m/s, 199 

corresponding to the strain rate ranging from 15.9 to 63.4 /s. The failure modes of RAC specimens are 200 

shown in Fig. 5(b) ~ (d). It can be observed that the specimen fails by the appearance of visible cracks 201 

in the middle when the strain rate is relatively low as Fig. 5(b) shown. With the increase of strain rate, 202 

the specimen fails by the disintegration of the tested specimens into broken pieces as Fig. 5(c) shown. 203 

The specimen is crushed into debris and experienced obviously severe damages at high strain rate as 204 

Fig. 5(d) shown. In addition, there are similar in the failure modes between NAC and RAC with 205 

different RCA replacement percentages. 206 

The typical incident, reflected and transmitted impulse waves are shown in Fig. 6(a). It can be 207 

observed that the rising time of the incident impulse is about 100 s, which is longer than 58 s. Based 208 

on the Eq. (5), the stress equilibrium is checked and achieved as shown in Fig. 6(b). Based on the Eq. 209 

(6), the stress-strain relationship curve of the RAC is established by using the incident wave I and the 210 

transmitted wave T. The typical curve is shown in Fig. 7. The peak stress obtained from the curve is 211 

defined as dynamic compressive strength fd. The strain rate   is taken as the average value of strain 212 
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rate prior to the peak stress. 213 

The compressive strength increment at high strain rate is defined by dynamic increase factor (DIF) 214 

as follows 215 

sdDIF f f          (10) 216 

where fd and fs are the concrete uniaxial compressive strength in dynamic and quasi-static loading, 217 

respectively. In this study, the cylindrical compressive strength is taken as quasi-static compressive 218 

strength fs owing to its uniaxial compression state. The testing data of RAC with the RCA replacement 219 

percentages, i.e. the DIF, fd,   are tabulated in Table 4. 220 

As shown in Fig. 8, the DIFs of the specimens are calculated and plotted against strain rate  . It 221 

is found that the RAC is a strain rate sensitive material, which is the same as the NAC. When the strain 222 

rate is relatively low, the dynamic compressive strength of the RAC material is slightly higher than the 223 

static compressive strength, and the DIF is close to 1.0. With the increase of the strain rate, the 224 

dynamic compressive strength of the RAC material increases relative to the static compressive strength, 225 

and the DIF is greater than 1. The average values of DIF of NAC and RAC with different RCA 226 

replacement percentages are analyzed under different strain rate scopes as shown in Fig. 9. It is 227 

obvious that all the DIFs in each strain rate scope show an increasing trend with the increase of RCA 228 

replacement percentages in general. Based on Fig. 8 and Table 4, it can be concluded that the DIF of 229 

compressive strength ranges from 1 to 3, and increases with the rising RCA replacement percentage by 230 

yielding the DIF up to 2.8 when the specimens were tested at strain rate up to 63.4 /s. 231 

3. Model CSCM for RAC 232 

Continuous Surface Cap Model (CSCM) has been intensively used to model the concrete under 233 

high strain rate loading in the numerical simulation. The regression formula is implemented to model 234 

the increase in compressive strength with the increasing strain rate. In this study, the model CSCM for 235 
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RAC is developed by incorporating the regression formula for dynamic compressive strength. 236 

3.1 Existing formulae for DIF 237 

Some existing formulae for predicting the DIF of concrete materials are available in the literature. 238 

One of the most commonly used formulae was given by the Comite Euro-International du Beton 239 

(CEB-1990) (1993). The DIF, for the two-stage strain rate dependent behavior of concrete, can be 240 

given as 241 

 

 

1.026
1

0

11/3

s 0

/ 30s
DIF ,

30s/

s  

  





 
 



       (11) 242 

with 243 

 
s

s s0

1

5 9 /f f
 


         (12) 244 

and 245 

s slg 6.156 2            (13) 246 

where   is the strain rate in /s; fs0 = 10 MPa; 
0
  = -30×10-6 /s. 247 

Tedesco and Ross (1998) carried out a series of SHPB tests on different concrete strengths and 248 

moistures. A two-stage strain rate dependent behavior was observed. The transition for the two-stage 249 

behavior occurs at a strain rate of 63.1 /s, beyond which the DIF increases more significantly with the 250 

increase of strain rate. The formulae are given as 251 

1

1

63.1s0.00965lg 1.058 1.0
DIF ,

0.758lg 0.289 2.5 63.1s



 









 


  
     (14) 252 

Based on the results of SHPB tests, Yousef et al. (2015) proposed a simple rational expression, 253 

with numerator and denominator being represented by one-degree polynomials as follows 254 

   3.54 430.6 447.3DIF           (15) 255 

Xiao et al. (2015) carried out a series of SHPB tests on RAC specimens with different RCA 256 

replacement percentages. A natural logarithm relationship was proposed to describe the relationship of 257 
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the DIF and the strain rate in the range of 20 /s to 110 /s as follows 258 

 DIF lna b            (16) 259 

where the values of a and b are different for RAC with different RCA replacement percentages. 260 

Another commonly used formula for the DIF that has been implemented into the CSCM (Murray, 261 

2007) for concrete material is given as 262 

 1

s0DIF 1 /
n

E f 


          (17) 263 

where E is the elastic modulus; 0 and n are the strain rate effect parameters. 264 

Based on the literature review, it is indicated that the formulae for the concrete compressive 265 

strength DIF have various forms and each one has its own limitation. In addition, the formulae for DIF 266 

are various with different mix proportions and grades of the concrete. 267 

3.2 CSCM 268 

The CSCM has been widely used in the numerical simulation of impact response on concrete 269 

(Murray et al. 2007; Remennikov and Kong 2012; Guo et al. 2017). To consider the strain rate effect, 270 

the DIF incorporated in CSCM is described in the Eq. (17), where the concrete elastic modulus E can 271 

be given as below: 272 

4700 sE f           (18) 273 

Based on the Eq. (17), regression formulae for each RCA replacement percentage, r, are derived 274 

to describe the relationship between the DIF and the strain rate   as given in the Eqs. (19) ~ (22) 275 

with different parameters 0 and n. 276 

r =0,  
 

7

s

1 0.8179.309 10
DIF 1

E

f





        (19) 277 

r =30%,  
 

6

s

1 0.7631.338 10
DIF 1

E

f





        (20) 278 

r =70%,  
 

6

s

1 0.7101.920 10
DIF 1

E

f





        (21) 279 
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r =100%, 
 

6

s

1 0.6672.618 10
DIF 1

E

f





        (22) 280 

As shown in Fig. 10, the curve from Eq. (19) for the NAC is compared with other curves of the 281 

ordinary concrete from the regression formulae by other researches (CEB-1990 1993; Tedesco and 282 

Ross 1998; Yousef et al. 2015). It can be seen that the curve from Eq. (19) is close to the regression 283 

curves by Tedesco et al. (1998) and Yousef et al. (2015) when the strain rate is lower than 10 /s and 284 

close to the curve by CEB-1990 (1993) and Xiao et al. (2015) when the strain rate is higher than 30 /s. 285 

The testing data of ordinary concrete in literatures (Abrams 1917; Malvern et al. 1985; Hughes and 286 

Watson 1978; Evans 1942; Sparks and Menzies 1973) are scattered and also compared in Fig. 10. The 287 

curve from Eq. (19) is in good agreement with the testing data provided by Abrams (1917), Evans 288 

(1942) and Sparks and Menzies (1973) when the strain rate is lower than 10 /s, and the ones provided 289 

by Malvern et al. (1985) and Hughes and Watson (1978) when the strain rate is higher than 10 /s. 290 

Therefore, the Eq. (19) can describe the DIF of ordinary concrete with good accuracy. 291 

The Eqs. (19) ~ (22) can have unified formulation as below 292 

 
7

0

s

1 0.8179.309 10
DIF 1

nE

f







        (23) 293 

where 0  and n  are the normalized strain rate parameters with respect to 0 and n of the 294 

specimen NAC, as tabulated in Table 5. The compressive strength of RAC is affected by the RCA 295 

replacement percentage. The regression formulae for 0  and n  can be expressed with respect to the 296 

RCA replacement percentage r as below 297 

2
0 0.730 1.012 1r r             (24) 298 

0.181 1n r              (25) 299 

The regression curves for 0  and n  are plotted in Fig. 11 and they show high correlation. 300 

 301 

 302 
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Table 5  Normalized parameters 0  and n  303 

r 0  0  n  n  

0 (NAC) 9.309×10-7 1.00 -0.817 1.00 

30% 1.338×10-6 1.44 -0.763 0.93 

70% 1.920×10-6 2.06 -0.710 0.87 

100% 2.618×10-6 2.81 -0.667 0.82 

Substituting the Eq. (23) into the Eq. (10), fd can be expressed as 304 

 7 1 0.817

d s 09.309 10
n

f f E 
 

         (26) 305 

where fs, E, 0  and n  can be obtained by the Eqs. (3), (18), (24) and (25), respectively 306 

By using the Eq. (26), the dynamic compressive strength, fd, of the RAC with the RCA 307 

replacement percentages r is plotted against strain rate   as shown in Fig. 12(a). It is indicated that 308 

the dynamic compressive strength of RAC decreases with the increasing RCA replacement percentage 309 

when the strain rate is less than 60 /s. As shown in Fig. 12(a), the values of fd with the different r trend 310 

to be closed with the increasing strain rate  , which may be caused by the increasing dynamic 311 

increase effect. In addition, the DIF of the RAC with the RCA replacement percentages r is plotted 312 

against strain rate   by using Eq. (23) as shown in Fig. 12(b). It is indicated that the higher RCA 313 

replacement percentage leads to higher DIF value, which is consistent with the test result illustrated in 314 

Fig. 9. That is the reason for the closed dynamic compressive strength of the RAC with different RCA 315 

replacement percentages under high strain rate. Ross et al. (1995) reported that the strain rate 316 

sensitivity of concrete may be attributed to the presence of water in the concrete. The compression of 317 

the internal pore of concrete is restrained as the water is not able to discharge timely from the internal 318 

pore under high strain rate loading, which results in the increasing dynamic compressive strength 319 

under high strain rate. In addition, the water content of RCA is higher than that of NCA with no RCA 320 

replacement. Therefore, the dynamic increase effect of RAC enhances with the increasing RCA 321 

replacement percentage. 322 

3.3 Verification of CSCM for RAC 323 

To verify the CSCM for the RAC, the SHPB test conducted in this study are simulated by using 324 
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finite element code LS-DYNA. A 3D finite model of the SHPB test is developed as shown in Fig. 13. 325 

The RAC specimen and alloy steel bars are modeled as eight-node solid element with one-point Gauss 326 

integration. The specimen is divided into 18 equal segments in axial and radial directions, and the bars 327 

are divided into 8 equal segments in the radial direction and 25 mm equal segments in the axial 328 

direction. The automatic surface to surface contact algorithm is adopted to simulate the contact 329 

between bars and specimen. The specimen is very close to the incident and transmitter bars and 2 mm 330 

space is kept between the striker bar and the incident bar. The strike bar is applied with an initial 331 

impact velocity. An axis-symmetrical numerical model is adopted to save the computational cost. The 332 

alloy steel bar is modeled by the elastic model with the elastic modulus of 210 GPa, the Poisson ratio 333 

of 0.3 and the density of 7800 kg/m3. The CSCM is employed to model the RAC with the Poisson ratio 334 

of 0.2 and the density of 2400 kg/m3, and other parameters of the compressive strength are tabulated in 335 

Table 6. 336 

Table 6  Parameters of CSCM model 337 

r 
fs 

(MPa) 

E 

(MPa) 
0  n 

0 (NAC) 43.3 30927 9.309×10-7 -0.817 

30% 37.3 28705 1.338×10-6 -0.763 

70% 32.8 26918 1.920×10-6 -0.710 

100% 26.6 24240 2.618×10-6 -0.667 

Two models i.e. the CSCM incorporated with strain rate effect and the CSCM without are used in 338 

the numerical simulation. The comparison of the results between the test and numerical results is 339 

shown in Fig. 14. It is shown in the figure that except for some individual data, the CSCM 340 

incorporated with strain rate effect can give an accurate simulation of the dynamic compressive 341 

strength of RAC, especially in the high strain rate region. For the CSCM without strain rate effect 342 

considering, it has a certain accuracy in the relatively low strain rate region. But with the strain rate 343 

increases, the strength increase is limited, thus the result is lower than the experimental value. Even 344 

some numerical value is only about half of the test one. On the whole, the CSCM incorporated with the 345 

strain rate effect can provide a more accurate prediction of the dynamic compressive strength of RAC. 346 
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4. Conclusions 347 

This paper presents the dynamic compressive properties of recycled aggregate concrete (RAC) by 348 

conducting quasi-static and SHPB tests. The dynamic increase effect of RAC is analyzed with the 349 

testing results of RAC with the RCA replacement percentages. The RCA replacement percentage has a 350 

significant effect on the static and dynamic compressive strength of RAC. With the RCA replacement 351 

percentage increasing, both static and dynamic compressive strength of RAC decreases. It is also 352 

found that RAC is strain rate dependent. The dynamic increase factor (DIF) ranges from 1 to 3 within 353 

the scope of strain rate less than 60 /s, and increases with the RCA replacement percentage. The CSCM 354 

model for RAC is developed by incorporating the strain rate effect and the CSCM is verified with the 355 

testing data of the SHPB test by using finite element code LS-DYNA. It is proved that the CSCM 356 

incorporated with the strain rate effect can provide a more accurate prediction of the dynamic 357 

compressive strength of RAC. 358 
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Fig. 1 Failure modes of specimens under quasi-static test 
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Fig. 2 Quasi-static compressive strength with various RCA replacement percentages 
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Fig. 3 Normalized quasi-static compressive strength with various RCA replacement percentages
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Fig. 4 SHPB testing setup 
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Fig. 5 SHPB specimens and failure mode 
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Fig. 6 Typical impulse waves of SHPB test 
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Fig. 7 Typical dynamic stress - strain curve of SHPB specimen 
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Fig. 8 DIF - strain rate curve
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Fig. 9 DIF - strain rate scope
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Fig. 10 DIF - strain rate curve for natural concrete
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Fig. 12 Curves of regression formulae 
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Fig. 13 FE model of SHPB test 
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Fig. 14 Comparison between test and numerical simulation 


