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Abstract:

The dynamic compressive strength of recycled aggregate concrete (RAC) was studied by conducting
quasi-static compression tests and high strain rate tests with split Hopkinson pressure bar (SHPB). The
RAC specimens with three recycled coarse aggregate (RCA) replacement percentages of 30%, 70%
and 100% and the natural aggregate concrete (NAC) specimen were prepared and tested. The effect of
various RCA replacement percentages on the compressive strength under quasi-static and dynamic
loads was studied. The failure modes of the specimens after testing were recorded and compared, and
the dynamic compressive strength was analyzed. Regression formulae for dynamic increase factor
(DIF) on the compressive strength for RAC were proposed. In this study, the DIF of compressive
strength ranges from 1 to 3, and increases with the increase of RCA replacement percentage. In
addition, the Continuous Surface Cap Model (CSCM) for RAC material is calibrated with the SHPB
testing data by numerical simulation. The numerical results show that CSCM with strain rate effect can

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

The recycling of waste concrete is beneficial and necessary for the environmental preservation
and effective utilization of natural resources, especially considering that the amount of waste concrete
has increased enormously in China. The use of recycled coarse aggregate (RCA) obtained from waste
concrete in new concrete is a solution to solve the problems of waste concrete and the shortage of raw
material. Thus, recycled aggregate concrete (RAC) in which the natural coarse aggregates (NCA) are
partially or entirely substituted by the RCA has been gradually studied and used adopted in structure
engineering in recent years (Purushothaman et al. 2014; Zhang and Zhao 2014; Li et al. 2015; He et al.
2017; Mwasha and Ramnath 2018). On the other hand, RAC structures may be subjected to impact
during their construction stage and service life. Such as, the collapse of building (Gu et al. 2014; Guo
et al. 2014), the impact of runaway vehicles on the building caused by accidental collisions (Ferrer et
al. 2010), the vertical impact of the helicopter emergency landing on the roof of the building
(Mainstone 1966), and the rockfall impact on the protection structures in mountainous areas (Mougin
et al. 2005; Delhomme et al. 2005), and et al.

Concrete material exhibits the strain rate effect on compressive strength when it is subjected to
impact (Abrams 1917). In other words, the dynamic compressive strength of concrete is different
under different strain rates. Split Hopkinson Pressure Bar (SHPB) technique has been widely used in
the research on the strain rate effect on the dynamic compressive strength of concrete (Malvern et al.
1985; Ross et al. 1989; Hao et al. 2016). Moreover, Hassan and Wille (2017) conducted the SHPB tests
on the ultra-high performance concrete and found that the dynamic compressive strength increased
monotonically with the increasing strain rate. Deng et al. (2016) investigated the cellular concrete by
using SHPB apparatus. It was found that the dynamic increase effect of the compressive strength of
cellular concrete was similar to the ordinary concrete at the strain rate ranging from 70 /s to 140 /s.

Chen et al. (2013) reported that the ECC concrete with the strength of 56~73 MPa has less strain rate
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effect as compared to the ordinary concrete. Liu et al. (2012) tested on the rubber reinforced concrete
and Hao et al. (2013) studied the spiral steel fiber reinforced concrete by using the SHPB apparatus.
All these studies confirm that concrete is a strain rate sensitive material, but the effect of strain rate on
compressive strength varies with each type of concrete. For the RAC material, the compressive
strength of RAC is affected by the RCA replacement percentage, r, which is defined as the ratio of the
RCA mass to the mass of all coarse aggregates. But it should be noted that most of the existing studies
focus on the quasi-static compressive behaviors of RAC. Only a limited number of researches studied
on its dynamic compressive behaviors and proposed the formulae to describe the dynamic increase
effect (Xiao et al. 2015; Lu. et al. 2013). In a word, the dynamic test data is still relatively scarce.
Therefore, it is essential to conduct a further research on the dynamic compressive strength of RAC
with different RCA replacement percentages under high strain rates, and further to consider the
application of RAC material in finite element model.

In this study, quasi-static and dynamic loading tests were carried out for natural aggregate
concrete (NAC) and RAC specimens with RCA replacement percentages of 30%, 70% and 100%,
respectively. By comparing the quasi-static compressive strength with the dynamic compressive
strength, the dynamic increase effects on compressive strength of RAC are analyzed and discussed.
Based on the test results, the regression formulae for compressive strength dynamic increase factor
(DIF) are given. On this basis, by using the regression formulae, the concrete model CSCM, combined

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

2. Tests on compressive strength of RAC

2.1 Quasi-static compressive strength
2.1.1 Raw materials
The cement used in this study is Ordinary Portland cement of grade 42.5 and the water is portable

water. The river sand of Zone 3 (GB/T 14684-2001) with fineness modulus of 2.43 was used as fine
3
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aggregate. The local gravel was used as NCA and the selected waste concrete was used as RCA in the
concrete mixture. The waste concrete was obtained from a local RCA manufacturing plant in
Guangzhou, China with the water absorption of 9.37% and the aggregate size from 5~10mm. The
coarse aggregate met the grading requirements (JCJ52-2006). The crush index of the recycled coarse
aggregates was 9.4% and the apparent density was 2656 kg/m?.
2.1.2 Description of the specimens

According to the different replacement percentages of RCA, the RAC specimens can be divided
into three types: RAC-30, RAC-70, and RAC-100 which stand for recycled aggregate concrete with
RCA replacement percentage of 30%, 70%, and 100%, respectively. Due to the high water absorption
of the RCA, some additional water was added to make sure the same effective water-cement ratio
(W/C) of 0.40 for the NAC and RAC mixtures. The additional water was calculated for the RAC by
the water absorption of RCA under saturated surface dry condition. The related details about the four
concrete mixtures are given in Table 1.

Table 1 Ingredients of mixed concrete

. Water Cement Sand NCA RCA
Specimen wic (kg/m?) (kg/m?) (kg/m?) (kg/m?) (kg/m?)
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 150x150%150 mm,
and the cylinders with 150 mm diameter and 300 mm height, respectively.
2.1.3 Quasi-static testing results

The prepared cube specimens with dimensions 150x150x150 mm were tested under quasi-static
compression at a loading rate of 0.5 MPa/s as per the Chinese Standard (GB/T 50081-2002). The
quasi-static cubic compressive strength are summarized in Table 2, and normalized with respect to the

specimen NAC as below

f=f/f, (1)
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where fso is the quasi-static compressive strength of the specimen NAC. The typical failure modes of
the cubic specimens under quasi-static test are shown in Fig. 1(a). The vertical crack initiated from the
middle of the cubes and extended to the top and bottom sides as the load increases.

Table 2 Quasi-static compressive strength

Specimen Ult"af&?)load Str((le\r;%tak;, fs Normalized strength,
NAC 1325.8 58.9 1.00
Cubic RAC-30 1185.0 52.7 0.89
RAC-70 974.3 43.3 0.73
RAC-100 800.2 35.6 0.60
NAC 765.2 43.3 1.00
Cylindrical 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

compression with the same loading rate as the cubes. The results of the cylinder compression tests are
given in Table 2, and the compressive strength is normalized as f with respect to the specimen NAC.

The typical failure modes of the cylinder specimens under quasi-static test are shown in Fig. 1(b). As
the cylindrical specimen has a length-diameter (L/D) ratio of 2.0, the frictional constraint is negligible
in the middle part of the specimen. Therefore, the concrete specimen can be considered to be in a state
of uniaxial compression. The vertical cracks initiated in the middle of the cylinders with lateral
expansion and out-surface shedding. As the load increases, the cracks extended to the top and bottom
until the specimens crushed.

As given in Table 2, the compressive strength of RAC is affected by the RCA replacement
percentage. The relationship between measured quasi-static compressive strength and RCA
replacement percentage, r, is shown in Fig. 2. For the convenience of expression, the value of RCA
replacement percentage 0 stands for the NAC. The results show that both the quasi-static cubic and
cylindrical compressive strength of RAC decrease with the increase of RCA replacement percentage.
Some researches (Otsuki et al. 2003; Nagataki et al. 2004; Liu et al. 2015) have found that the

interface transition zone between aggregate and cement mortar determines the mechanical behaviors of
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RAC. The compressive strength of RAC is inferior to that of normal concrete due to the reasons
including the relatively low strength of interface transition zone, the original defects of voids and
cracks in the regeneration process of RCA, and the higher water absorbing ratio of RCA.

Fig. 3 shows the relationship between normalized static compressive strength and RCA
replacement percentages. It is found that the normalized quasi-static compressive strength is inversely
proportional to the increase of RCA replacement percentages. A regression formula to describe the

linear inverse trend is proposed as below

f =—0.382r+1 (2)
Substituting the Eq. (2) into the Eq. (1), fs can be expressed as

f, = f,o(—0.382r +1) (3)

To verify the Eq. (3), a series of RAC cubic specimens with a different water-cement ratio of 0.49
is prepared and tested in quasi-static compression as per Chinese Standard (GB/T 50081-2002). The
cubic strengths are given in Table 3 and used to verify the regression formula Eqg. (3). As given in
Table 3, the maximum error is 5.8% for the RAC-100, which means that Eq. (3) can well predict the
quasi-static compressive strength with different RCA replacement percentages.

Table 3 Verification of Eq. (3) for fs

RCA replacement percentage, Test data Predication by Eq. (3) Error
r (MPa) (MPa) (%)
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
2.2.1 Description of the SHPB tests

The dynamic compressive tests were conducted using an SHPB apparatus, as shown in Fig. 4(a)
and (b). The SHPB test system consists of five parts: a striker bar with 800 mm in length and 37 mm in
diameter; a conical variable cross-sectional incident bar with 3200 mm in length (the striking end is 37

mm in diameter and the other end is 74 mm in diameter); a transmitter bar with 1800 mm in length and
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74mm in diameter; a cylindrical specimen sandwiched between the incident and the transmitted bars;
and a data acquisition system. These bars are made of high-strength alloy steel. The initial impact
velocity of the striker bar is recorded by two light transient recorders. The stress waves are measured
by the strain gages attached to the surface of the incident and transmitter bars and recorded by the
digital oscilloscope at a sampling rate of 500 kHz.

The SHPB testing technique is based on two assumptions as follows. (1) one-dimensional
elasticity wave propagates in the incident and transmitter bars; (2) the stress uniformly distributes
along the height (Johnson, 1972). In the test, the striker bar impacts against the incident bar. A
compressive stress wave is generated by the impact of the striker bar on the incident bar. As shown in
Fig. 4 (c), the compressive stress impulse, named as incident wave o, propagates through the incident
bar and acted on the specimen. Depending on the physical properties of the specimen, the stress
impulse is partially reflected into the incident bar in the form of tensile stress impulse, named as
reflected wave or. The remaining of the stress impulse is transmitted into the transmitter bar, named
as transmitted wave o . Based on the assumption (1), the stress waves through the top and bottom
surfaces of the specimen can be recorded by the strain gages as shown in Fig. 4 (d). The average value
of these two stress values is regarded as the representative value according to the assumption (2). The

stress, strain and strain rate of the specimen can be derived as below (Johnson, 1972)

(O'1+O'2)A (O'|—O'R +O'T)A
os = =
2A 2A
_V1—V2 :V|+VR—V‘|’ Co

&== I =|—(8|+8R—8T) (4)

& :J;ésdt :?—:j;(g. +er —er )t

where the oz, &sand &s are the stress, strain and strain rate of the specimen, respectively; Is and As are

the height and cross-section area of the specimen; A and Co are the cross-section area and the elastic
wave velocity of the bars; v is the nodal velocity; the subscript 1 and 2 denote the top and bottom

surface of the specimen, and the subscript I, R and T denote the incident, reflected and transmitted
7
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wave, respectively.

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

described as

{UR =0|—0T

ER =& — €T

Substituting the Eq. (5) into the Eq. (4), the stress state of the specimen can be expressed as

orA EA
Os = =—€&7
A A
. 2C
& = | O(SV—ST)
2
& =% ;(3. —er )dt

where E is the elastic modulus of the bars.

(5)

(6)

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

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

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

surfaces can be expressed as below

2 l_ﬂ ‘
24| 1-| -
ﬁ{ (uﬂ”
1-8Y
kB -1+ —2
/ +(1+ﬂ)

with

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

SCSA
b= P
/OoCvo

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

(7)

(8)

9)

To satisfy the assumption (2) in the SHPB test i.e. the uniformly distributed stress, the relative

8
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error of the stress « « should be low enough. Therefore, the specimen height Is should be small enough
according to the Egs. (8) and (9). However, to minimize the inertial effect and the effect of end friction
at the interface between the specimen and bars, the Is should not be too low as suggested by the
research (Song and Hu, 2005). In this study, the height-diameter ratio of the cylinder specimens was
designed as 1 : 2, which has been adopted in the researches conducted by Yan et al. (2002) and Li et al.
(2012). As shown in Fig. 5(a), the cylinder with 34 mm in height and 68 mm in diameter, are prepared
for SHPB tests. As given in Table 4, the SHPB specimens are named as NAC-n for NAC and RAC-r-n
for RAC, where r denotes the RCA replacement percentage and n stands for different specimens.

Table 4 SHPB testing results

| Impact
mp?ct_ ; velo f
. veloci ¢ d ; ; d
Specimen ty,v (1/s) (MPa) DIF | Specimen C|\t/y, (1/s) (MPa) DIF
(m/s) (m/s)

NAC-1 5.93 320 581 134 | RAC-70-1 476 206 429 131
NAC-2 6.76 33.0 64.0 148 | RAC-70-2 542 262 498 151
NAC-3 6.79 342 647 150 | RAC-70-3 729 281 531 161
NAC-4 8.90 388 689 159 | RAC-70-4 818 313 514 156
NAC-5 7.49 41.0 695 1.60| RAC-70-5 6.68 314 552 1.68
NAC-6 7.81 418 741 171 | RAC-70-6 7.75 389 698 212
NAC-7 7.98 419 717 166 | RAC-70-7 993 450 709 216
NAC-8 9.07 453 793 1.83| RAC-70-8 9.60 482 852 259
NAC-9 8.71 489 79.6 184 | RAC-70-9 8.68 518 835 254
NAC-10 8.38 51.3 809 187 | RAC-70-10 984 536 915 279
NAC-11 1131 542 834 193 | RAC-100-1 553 159 338 127
NAC-12 11.31 572 852 197 | RAC-100-2 6.71 169 340 1.28
NAC-13 1132 634 916 212 | RAC-100-3 6.53 237 39.1 147
RAC-30-1 5.43 191 413 111 | RAC-100-4 6.08 291 431 162
RAC-30-2 5.53 235 488 131 | RAC-100-5 810 314 482 181
RAC-30-3 8.31 37.0 59.7 1.60 | RAC-100-6 761 321 465 174
RAC-30-4 7.16 389 617 1.65| RAC-100-7 6.50 344 497 187
RAC-30-5 8.77 415 744 2.00 | RAC-100-8 847 375 515 1.93
RAC-30-6 1049 477 728 1.95| RAC-100-9 755 399 569 214
RAC-30-7 8.39 489 69.1 1.85|RAC-100-10 6.68 426 606 227
RAC-30-8 9.96 516 89.3 239 | RAC-100-11 7.46 427 604 227
RAC-30-9 10.36 523 812 218 | RAC-100-12 7.10 46.6 67.2 252
RAC-30-10 941 569 909 244 | RAC-100-13 9.73 468 665 250
RAC-30-11 9.53 57.0 871 234 | RAC-100-14 884 469 68.0 255
RAC-30-12 1120 58.2 89.8 241 |RAC-100-15 10.39 50.2 65.7 247
RAC-100-16 9.85 523 73.8 2.77

For the preliminary design, the density and elastic modulus of RAC are given as ps = 2400 kg/m?®

and Es = 30 GPa, and thus the elastic wave velocity of RAC specimen can be calculated as Cs =
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JEs/ p =3536 (m/s). Similarly, the elastic wave velocity of bars can be calculated as Co =
«/Eo ! po =5139 (m/s) given the elastic modulus Eo = 206 GPa and the density p o = 7800 kg/m?®. The

wave impedance ratio S of specimen and bars can be calculated as 0.179 according to the Eq. (9).
Ravichandran and Subhash (1994) found that the stress wave reaches uniform distribution when o«

< 5%. k = 6 can be obtained by substituting #=0.179 and ax < 5% into the Eq. (7). t = 58 pus
can be obtained by substituting k = 6 into the Eq. (8) which means the assumption (2) i.e. uniformly

distributed stress can be satisfied if the rising time of the trapezoidal incident wave is longer than 58 ps.
In this study, a 1 mm thick copper disk with 14~18 mm diameter is placed at the impact end of the
incident bar to reach the desired rising time of trapezoidal incident wave.

2.2.2 Dynamic testing results

In the SHPB test, the impact velocities of the striker bar ranged from 4.76 to 11.32 m/s,
corresponding to the strain rate ranging from 15.9 to 63.4 /s. The failure modes of RAC specimens are
shown in Fig. 5(b) ~ (d). It can be observed that the specimen fails by the appearance of visible cracks
in the middle when the strain rate is relatively low as Fig. 5(b) shown. With the increase of strain rate,
the specimen fails by the disintegration of the tested specimens into broken pieces as Fig. 5(c) shown.
The specimen is crushed into debris and experienced obviously severe damages at high strain rate as
Fig. 5(d) shown. In addition, there are similar in the failure modes between NAC and RAC with
different RCA replacement percentages.

The typical incident, reflected and transmitted impulse waves are shown in Fig. 6(a). It can be
observed that the rising time of the incident impulse is about 100 us, which is longer than 58 us. Based
on the Eq. (5), the stress equilibrium is checked and achieved as shown in Fig. 6(b). Based on the Eq.
(6), the stress-strain relationship curve of the RAC is established by using the incident wave & and the
transmitted wave ¢ . The typical curve is shown in Fig. 7. The peak stress obtained from the curve is

defined as dynamic compressive strength fq. The strain rate & is taken as the average value of strain

10
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rate prior to the peak stress.

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

as follows

DIF = fq/fs (10)
where fq and fs are the concrete uniaxial compressive strength in dynamic and quasi-static loading,
respectively. In this study, the cylindrical compressive strength is taken as quasi-static compressive
strength fs owing to its uniaxial compression state. The testing data of RAC with the RCA replacement
percentages, i.e. the DIF, fg, £ are tabulated in Table 4.

As shown in Fig. 8, the DIFs of the specimens are calculated and plotted against strain rate &. It
is found that the RAC is a strain rate sensitive material, which is the same as the NAC. When the strain
rate is relatively low, the dynamic compressive strength of the RAC material is slightly higher than the
static compressive strength, and the DIF is close to 1.0. With the increase of the strain rate, the
dynamic compressive strength of the RAC material increases relative to the static compressive strength,
and the DIF is greater than 1. The average values of DIF of NAC and RAC with different RCA
replacement percentages are analyzed under different strain rate scopes as shown in Fig. 9. It is
obvious that all the DIFs in each strain rate scope show an increasing trend with the increase of RCA
replacement percentages in general. Based on Fig. 8 and Table 4, it can be concluded that the DIF of
compressive strength ranges from 1 to 3, and increases with the rising RCA replacement percentage by

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

3. Model CSCM for RAC

Continuous Surface Cap Model (CSCM) has been intensively used to model the concrete under
high strain rate loading in the numerical simulation. The regression formula is implemented to model

the increase in compressive strength with the increasing strain rate. In this study, the model CSCM for

11
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RAC is developed by incorporating the regression formula for dynamic compressive strength.
3.1 Existing formulae for DIF

Some existing formulae for predicting the DIF of concrete materials are available in the literature.
One of the most commonly used formulae was given by the Comite Euro-International du Beton

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

given as
ol {(é &) | £<30s” 1)
7, (814, )1’ 3 £>30s"
with
o, :W (12)
and
Ig 7, =6.156¢;, —2 (13)

where ¢ is the strain rate in /s; fo = 10 MPa; &, =-30x10°/s.

Tedesco and Ross (1998) carried out a series of SHPB tests on different concrete strengths and
moistures. A two-stage strain rate dependent behavior was observed. The transition for the two-stage
behavior occurs at a strain rate of 63.1 /s, beyond which the DIF increases more significantly with the

increase of strain rate. The formulae are given as

. . _1

DIF = 0.00965Igg+1.058 21.0,5363.15 (14)
0.758lg£—-0.289<2.5 "¢ >63.15!

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

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

DIF =(3.545 +430.6) /(¢ +447.3) (15)

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

replacement percentages. A natural logarithm relationship was proposed to describe the relationship of

12
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the DIF and the strain rate in the range of 20 /s to 110 /s as follows
DIF=a+bln(&) (16)
where the values of a and b are different for RAC with different RCA replacement percentages.

Another commonly used formula for the DIF that has been implemented into the CSCM (Murray,
2007) for concrete material is given as
DIF=1+Ep,e" "/ 1, (17)
where E is the elastic modulus; 70 and n are the strain rate effect parameters.

Based on the literature review, it is indicated that the formulae for the concrete compressive
strength DIF have various forms and each one has its own limitation. In addition, the formulae for DIF
are various with different mix proportions and grades of the concrete.
3.2CSCM

The CSCM has been widely used in the numerical simulation of impact response on concrete
(Murray et al. 2007; Remennikov and Kong 2012; Guo et al. 2017). To consider the strain rate effect,
the DIF incorporated in CSCM is described in the Eq. (17), where the concrete elastic modulus E can

be given as below:

E = 4700/, (18)
Based on the Eq. (17), regression formulae for each RCA replacement percentage, r, are derived
to describe the relationship between the DIF and the strain rate & as given in the Egs. (19) ~ (22)

with different parameters 7o and n.

9.309x10"E é(1+0.817)

r =0, DIF=1+ (19)
-6

r =30%. DIF =1+ 1.338x10"E é(1+0.763) (20)
-6

F =70%, DIE =1+ 1.920x10°E g(1+0'710) (21)

S
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2.618x10°E é(l+0.667)

r=100%, DIF=1+ (22)

As shown in Fig. 10, the curve from Eqg. (19) for the NAC is compared with other curves of the
ordinary concrete from the regression formulae by other researches (CEB-1990 1993; Tedesco and
Ross 1998; Yousef et al. 2015). It can be seen that the curve from Eq. (19) is close to the regression
curves by Tedesco et al. (1998) and Yousef et al. (2015) when the strain rate is lower than 10 /s and
close to the curve by CEB-1990 (1993) and Xiao et al. (2015) when the strain rate is higher than 30 /s.
The testing data of ordinary concrete in literatures (Abrams 1917; Malvern et al. 1985; Hughes and
Watson 1978; Evans 1942; Sparks and Menzies 1973) are scattered and also compared in Fig. 10. The
curve from Eqg. (19) is in good agreement with the testing data provided by Abrams (1917), Evans
(1942) and Sparks and Menzies (1973) when the strain rate is lower than 10 /s, and the ones provided
by Malvern et al. (1985) and Hughes and Watson (1978) when the strain rate is higher than 10 /s.
Therefore, the Eq. (19) can describe the DIF of ordinary concrete with good accuracy.

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

7= _
DIF =1+ 9.309 ><f10 mE g.(1+o.817n) (23)

S

where 7, and n are the normalized strain rate parameters with respect to 7o and n of the

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

replacement percentage. The regression formulae for 7, and @ can be expressed with respect to the
RCA replacement percentage r as below

o =0.730r* +1.012r +1 (24)

n=-0.181r+1 (25)

The regression curves for 7, and 7 are plotted in Fig. 11 and they show high correlation.
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Table 5 Normalized parameters 7, and @

r 7o 77 n n
0 (NAC) 9.309X 10 1.00 -0.817 1.00
30% 1.338X10® 1.44 -0.763 0.93
70% 1.920X10° 2.06 -0.710 0.87
100% 2.618x 106 2.81 -0.667 0.82

Substituting the Eq. (23) into the Eq. (10), f4 can be expressed as
f, = f, +9.309x10 7 7, E* ™ (26)

where fs, E, 70 and N can be obtained by the Egs. (3), (18), (24) and (25), respectively

By using the Eq. (26), the dynamic compressive strength, f¢, of the RAC with the RCA
replacement percentages r is plotted against strain rate & as shown in Fig. 12(a). It is indicated that
the dynamic compressive strength of RAC decreases with the increasing RCA replacement percentage
when the strain rate is less than 60 /s. As shown in Fig. 12(a), the values of fq with the different r trend
to be closed with the increasing strain rate &, which may be caused by the increasing dynamic
increase effect. In addition, the DIF of the RAC with the RCA replacement percentages r is plotted
against strain rate & by using Eq. (23) as shown in Fig. 12(b). It is indicated that the higher RCA
replacement percentage leads to higher DIF value, which is consistent with the test result illustrated in
Fig. 9. That is the reason for the closed dynamic compressive strength of the RAC with different RCA
replacement percentages under high strain rate. Ross et al. (1995) reported that the strain rate
sensitivity of concrete may be attributed to the presence of water in the concrete. The compression of
the internal pore of concrete is restrained as the water is not able to discharge timely from the internal
pore under high strain rate loading, which results in the increasing dynamic compressive strength
under high strain rate. In addition, the water content of RCA is higher than that of NCA with no RCA
replacement. Therefore, the dynamic increase effect of RAC enhances with the increasing RCA
replacement percentage.
3.3 Verification of CSCM for RAC

To verify the CSCM for the RAC, the SHPB test conducted in this study are simulated by using
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finite element code LS-DYNA. A 3D finite model of the SHPB test is developed as shown in Fig. 13.
The RAC specimen and alloy steel bars are modeled as eight-node solid element with one-point Gauss
integration. The specimen is divided into 18 equal segments in axial and radial directions, and the bars
are divided into 8 equal segments in the radial direction and 25 mm equal segments in the axial
direction. The automatic surface to surface contact algorithm is adopted to simulate the contact
between bars and specimen. The specimen is very close to the incident and transmitter bars and 2 mm
space is kept between the striker bar and the incident bar. The strike bar is applied with an initial
impact velocity. An axis-symmetrical numerical model is adopted to save the computational cost. The
alloy steel bar is modeled by the elastic model with the elastic modulus of 210 GPa, the Poisson ratio
of 0.3 and the density of 7800 kg/m3. The CSCM is employed to model the RAC with the Poisson ratio

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

Table 6.
Table 6 Parameters of CSCM model
r fs E 7 n
(MPa) (MPa) °
0 (NAC) 43.3 30927 9.309 X107 -0.817
30% 37.3 28705 1.338X10° -0.763
70% 32.8 26918 1.920X 10® -0.710
100% 26.6 24240 2.618x10° -0.667

Two models i.e. the CSCM incorporated with strain rate effect and the CSCM without are used in
the numerical simulation. The comparison of the results between the test and numerical results is
shown in Fig. 14. It is shown in the figure that except for some individual data, the CSCM
incorporated with strain rate effect can give an accurate simulation of the dynamic compressive
strength of RAC, especially in the high strain rate region. For the CSCM without strain rate effect
considering, it has a certain accuracy in the relatively low strain rate region. But with the strain rate
increases, the strength increase is limited, thus the result is lower than the experimental value. Even
some numerical value is only about half of the test one. On the whole, the CSCM incorporated with the

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

This paper presents the dynamic compressive properties of recycled aggregate concrete (RAC) by
conducting quasi-static and SHPB tests. The dynamic increase effect of RAC is analyzed with the
testing results of RAC with the RCA replacement percentages. The RCA replacement percentage has a
significant effect on the static and dynamic compressive strength of RAC. With the RCA replacement
percentage increasing, both static and dynamic compressive strength of RAC decreases. It is also
found that RAC is strain rate dependent. The dynamic increase factor (DIF) ranges from 1 to 3 within
the scope of strain rate less than 60 /s, and increases with the RCA replacement percentage. The CSCM
model for RAC is developed by incorporating the strain rate effect and the CSCM is verified with the
testing data of the SHPB test by using finite element code LS-DYNA. It is proved that the CSCM
incorporated with the strain rate effect can provide a more accurate prediction of the dynamic

compressive strength of RAC.
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