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The influences of carbonated recycled concrete aggregate (CRCA) on the stress-strain behaviour of recycled aggregate 
concrete (RAC) were studied. Recycled concrete aggregate (RCA) pre-soaked in limewater was processed by accelerated 
carbonation for 24 h, whose pressure was 0.30 MPa. Four substitution ratios (0 %, 30 %, 70 %, 100 %) of the aggregate 
were utilised. RMT-150C rock mechanics test system (frame stiffness of 5 MN/mm, loading rate of 0.005 mm∙s-1) was used 
to conduct the tests. The results showed that the failure modes of all specimens were shear failure, but the failure angles 
of RAC and CRAC (RAC prepared with CRCA) were larger than those of natural aggregate concrete (NAC), which were 
in the range of 63° – 75° and 58° – 64° respectively. As the substitution ratio of RCA increasing, the stress-strain curve of 
RAC gradually flattened, which meant its brittleness decreased. Moreover, its peak stress, elastic modulus, and peak strain 
decreased continuously, while its ultimate strain increased continuously. Compared with RAC, CRAC showed the similar 
stress-strain curve, but its brittleness was slightly higher. Furthermore, its peak stress, elastic modulus, and peak strain 
increased, while its ultimate strain decreased. Finally, based on linear regression analysis and relevant standards, the 
prediction models of peak stress, elastic modulus, peak strain, and ultimate strain, as well as the stress-strain constitutive 
models of RAC and CRAC were proposed, which had a good applicability to the test data. In conclusion, the stress-strain 
behaviour of CRAC were similar to that of RAC.

INTRODUCTION

	 With the rapid development of economy, a large 
number of old buildings in the cities are being demolished 
every year, and the construction and demolition waste 
(C&DW) piled in the suburbs poses a serious threat to the 
ecological environment [1]. At the same time, the con-
struction of new buildings needs to consume massive 
concrete, but the finite natural aggregate (NA) resources 
are difficult to meet this demand. Hence, for the purpo-
se of solving the problems of environmental pollution 
caused by C&DW and the lack of NA resources, RCA 
obtained from C&DW can be recycled to replace NA [2].
	 Nevertheless, the quality of RCA is worse than that 
of NA because of the attached old mortar (OM), which 
makes its apparent density lower, its water absorption and 
crushing value higher [3]. Furthermore, RAC has three 
types of interfacial transition zone (ITZ), namely ITZ-1 
between NA and new mortar (NM), ITZ-2 between NA 
and OM, ITZ-3 between OM and NM, while NAC only 
has ITZ-1 [4]. As a result, RAC are worse than NAC 
in terms of mechanical property and durability, because 
ITZ has the poorest property [5]. Hence, for promoting 
the application of RAC, the quality of RCA should be 

improved firstly. At present, accelerated carbonation can 
not only improve the quality of RCA [6], but also can 
alleviate the greenhouse effect by absorbing CO2, therefo-
re it has great application prospects in engineering field.
	 In addition, the stress-strain behaviour is an impor-
tant basis for the design of concrete structures. The re-
search found that as the substitution ratio of RCA increa-
sing, the stress-strain curve of RAC is similar to that of 
NAC, but its peak stress and elastic modulus increase 
[7], while its peak strain and ultimate strain decrease 
[8, 9]. However, the quality of CRCA is improved by 
accelerated carbonation, which has a certain impact on 
the stress-strain behaviour of CRAC. For example, Li 
[10] studied the influences of strain rate on the uniaxial 
dynamic compressive behaviour of RAC, and found that 
the peak stress and elastic modulus of CRAC are higher 
than those of RAC, but their strain rate sensitivities are 
less obvious than those of RAC. Moreover, Luo [11] 
found that compared with RAC, as the properties of ITZ-
3 in CRAC are improved, the slope of ascending branch 
and peak stress in the stress-strain curve increase, while 
the peak strain decreases.
	 The research found that the quality of RCA can be 
further improved by accelerated carbonation provided 
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that the extra calcium ions are introduced [12], because 
calcite promotes calcium silicate hydrate to nucleate and 
grow [13], and monocarbonate can also be generated in 
ITZ-3 by the reaction between calcite and aluminate, 
thus improving the properties of ITZ-3 [14]. Besides, 
the properties of ITZ have an important impact on the 
mechanical properties and stress-strain behaviour of 
RAC [15]. However, the influences of CRCA, which is 
obtained by introducing calcium ions into RCA and then 
treating it by accelerated carbonation, on the stress-strain 
behaviour of CRAC still lack research.
	 Therefore, to study the influences of CRCA on 
the stress-strain behaviour of CRAC, RCA pre-soaked 
in limewater was processed by accelerated carbonation 
for 24 h, whose pressure was 0.30 MPa. Based on linear 
regression analysis and relevant standards, the prediction 
models of peak stress, elastic modulus, peak strain, and 
ultimate strain, as well as the stress-strain constitutive 
models of RAC and CRAC were proposed.

EXPERIMENTAL

Materials
Cementitious materials

	 The P•O 42.5 ordinary Portland cement (specific 
surface area of 3550 cm2∙g-1, density of 3.14 g∙cm-3) was 
utilised, with its constituents showed in Table 1.

Fine aggregate
	 Based on standard GB/T 14684-2011, the indexes 
of the natural river sand are showed in Table 2. Besides, 
its passing percentages are showed in Figure 1, with a fi- 
neness modulus of 2.84.

Coarse aggregate
	 RCA was obtained by crushing C30 reinforced con- 
crete members which were six-month old. Based on 
standard GB/T 14685-2011, the indexes of NA and RCA 
are showed in Table 2, and their passing percentages 

Table 1.  The constituents in cement.

Constituents	 CaO	 SiO2	 Al2O3	 Fe2O3	 MgO	 K2O	 Na2O	 SO3	 LOI

Percentage (%)	 65.67	 22.35	 5.42	 3.56	 1.54	 0.46	 0.68	 0.65	 2.53

Table 2.  The indexes of the aggregate.

Aggregate	 Grain diameter	 Crushing value	 Water absorption	 Apparent density
	 (mm)	 (%)	 (%)	 (kg∙m-3)

Sand	 0-4.75	 25.35	 0.70	 2629
NA-1	 5-10	 13.41	 0.55	 2703
NA-2	 10-20	 11.11	 0.60	 2723
RCA-1	 5-10	 23.87	 5.85	 2690
RCA-2	 10-20	 16.11	 3.74	 2697
CRCA-1	 5-10	 22.81	 4.74	 2697
CRCA-2	 10-20	 14.93	 3.34	 2707
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Figure 1.  The passing percentages of aggregate: a) fine aggregate; b) coarse aggregate.
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are showed in Figure 1, whose mass ratio was 0.50 for 
5-10 mm and 10-20 mm.

Accelerated carbonation
	 The accelerated carbonation equipment (volume of 
50 L) is showed in Figure 2, and CO2 with purity excee-
ding 99 % was utilised. Firstly, RCA was pre-soaked in 
limewater and then processed in a constant temperature 
and humidity box (temperature 20 °C, humidity 70 %) for 
24 h, respectively. Before accelerated carbonation, the 
pressure in the equipment was processed to -0.06 MPa 
using a vacuum pump. During accelerated carbonation, 
the pressure was remained at 0.30 MPa and lasted for 
24 h. Finally, based on standard GB/T 14685-2011, the 
indexes of CRCA are showed in Table 2.

Mix proportions

	 Based on standards JGJ 55-2011 and JGJ/T 443-
2018, the mix proportions of RAC (C40, water-cement 
ratio of 0.49) were designed, as showed in Table 3. The 
coarse aggregate in saturated surface dry state was used 
in mixing process, with mass ratio of 0.50 for 5-10 mm 
and 10-20 mm.

Specimen preparation

	 The specimens of RAC were prepared and cured 
based on standard GB/T 50081-2019. The cubic speci-
mens with size of 100 × 100 × 100 mm were tested for 
compressive strength, while prismatic specimens with 
size of 100 × 100 × 300 mm were tested for stress-
strain behaviour. All the specimens were prepared by the 
forced concrete mixer and vibration table and then cured 
in the standard curing box (temperature 20 °C, humidity 
95 %) for 28 days.

Test methods

	 Based on standard GB/T 50081-2019, as showed in 
Figure 3, RMT-150C rock mechanics test system (frame 
stiffness of 5 MN/mm) was used to conduct the tests, 
with the loading rates of 0.005 mm/s and 0.5 MPa∙s-1 for 
the stress-strain behaviour and compressive strength.
	 Based on Saint-Venant’s principle, the uneven verti- 
cal compressive stresses and the horizontal friction forces 
with zero resultant force on the loading end faces of the 
specimen, have significant impacts on the stress state of 
the specimen in the range of height approximately equa-
lling to the width of the specimen section. Therefore, 
in order to obtain more accurate uniaxial compressive 
stress-strain behaviour, two displacement meters were 
symmetrically installed in the middle of the specimen on 
both sides, thus the displacement in the range of 100 mm 
could be obtained. The displacement test device is 
showed in Figure 4. Before the formal test, the specimen 
was preloaded for three times to align the specimen 
and ensure the displacement meters working normally, 
with the preload about 0.3 times of the ultimate load. 
During the test, the data of load and displacement were 
collected synchronously by RMT-150C rock mechanics 
test system.

Table 3.  The mix proportions of RAC.

Specimen	 Substitution ratio 	 Cement	 Sand	 Water	 NA	 RCA	 CRCA	 Slump
number	 (%)	 (kg∙m-3)	 (kg∙m-3)	 (kg∙m-3)	 (kg∙m-3)	 (kg∙m-3)	 (kg∙m-3)	 (mm)

NAC	 0	 440	 611	 215	 1134	 0	 0	 105
RAC-1	 30	 440	 611	 215	 794	 340	 0	 100
CRAC-1	 30	 440	 611	 215	 794	 0	 340	 100
RAC-2	 70	 440	 611	 215	 340	 794	 0	 95
CRAC-2	 70	 440	 611	 215	 340	 0	 794	 90
RAC-3	 100	 440	 611	 215	 0	 1134	 0	 90
CRAC-3	 100	 440	 611	 215	 0	 0	 1134	 80

Figure 2.  Accelerated carbonation equipment.
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RESULTS AND DISCUSSION

Failure modes

	 The uniaxial compressive failure process of the 
prismatic specimen is showed in Figure 5. In this study, 
the failure processes of NAC, RAC and CRAC were 
roughly similar. In the initial loading stage, there was 
no crack on the surfaces of the specimen. After the 
peak load, many short fine cracks parallel to the loading 
direction appeared on the sides of the specimen. With 
the load further increasing, an oblique crack was formed 
between the short fine cracks. Afterwards, the oblique 
crack continued to expand and penetrated the whole side 
of the specimen. Finally, the residual load decreased 
slowly, which was provided by the friction force and 
residual bonding force on the fracture surface of the 
specimen.

	 The uniaxial compressive failure modes of pris-
matic specimens are showed in Figure 6. The results 
showed that the failure modes of all specimens were 
shear failure, and the shear planes were perpendicular to 
the sides of the specimen. Moreover, the failure angles of 
NAC formed by oblique cracks and horizontal lines were 
in the range of 58°-64°, while those of RAC and CRAC 
were larger those that of NAC, about 63° – 75°. These 
results were consistent with the results reported by Xiao 
[7] and Gao [16].
	 Furthermore, by carefully observing the fracture sur- 
faces of the specimens, it was found that NAC was most- 
ly fractured along ITZ-1 and NM, but NA was rarely frac-
tured. By contrast, RAC and CRAC were also fractured 
along ITZ-2 and OM, besides ITZ-1, ITZ-3, and NM.

Figure 3.  RMT-150C rock mechanics test system.

	 a)	 b)	 c)

Figure 5.  The uniaxial compressive failure process: a) 0.9 fc in 
descending branch; b) 0.7 fc in descending branch; c) 0.5 fc in 
descending branch.

Figure 4.  Displacement test device.
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Stress-strain curves

	 The stress-strain curves of RAC and CRAC are 
showed in Figure 7. It can be seen that the change trends 
of stress-strain curves of RAC and CRAC were similar 
to that of NAC, which were composed of linear part of 
the ascending branch, nonlinear part of the ascending 
branch, and nonlinear part of the descending branch. 
More specifically, the stress-strain curve obeyed Hooke’s 
law in the range of about 0.4 times of the peak stress, 
then its slope decreased gradually until reaching the peak 
stress. Finally, the stress decreased gradually with the 
increase of strain.
	 As can be seen from Figure 7a, as the substitution 
ratio of RCA increasing, the stress-strain curve of RAC 
gradually flattened, which meant that the material britt-
leness of RAC decreased. Hence, for NAC and RAC 

with similar peak stresses, such as NAC and RAC-1 in 
Figure 7a, the peak strain and ultimate strain of RAC 
increased. These findings were consistent with the 
results reported by Belén [8] and Tang [9]. It can be ex-
plained that compared with NAC with only one ITZ-1, 
the existence of ITZ-1, ITZ-2, and ITZ-3 in RAC can 
introduce more cracks generated and increase its strain, 
because ITZ is the weakest phase and the initial position 
for the generation of cracks in RAC [15].
	 As can be seen from Figure 7b, compared with 
RAC, CRAC showed the similar stress-strain curve, but 
its peak stress increased. It can be explained that CRCA 
improves the properties of ITZ-2 and ITZ-3 to a certain 
extent, but the essence that three types of ITZ exist in 
CRAC has not changed.
 

	 a)	 b)	 c)	 d)	 e)	 f)	 g)

Figure 6.  The uniaxial compressive failure modes: a) NAC, θ = 61.10°; b) RAC-1, θ = 65.40°; c) RAC-2, θ = 69.10°; d) RAC-3, 
θ = 72.20°; e) CRAC-1, θ = 63.30°; f) CRAC-2, θ = 71.70°; g) CRAC-3, θ = 74.60°.
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Peak stresses

	 The peak stresses of RAC and CRAC are showed 
in Table 4. It can be seen that as the substitution ratios 
of RCA and CRCA increasing, the peak stresses of RAC 
and CRAC gradually decreased, but those of CRAC were 
always higher than those of RAC. These phenomena were 
similar to the results reported by Luo [11]. Moreover, the 
percentage changes in peak stresses of RAC and CRAC 
are showed in Figure 8. Compared with NAC, when the 
substitution ratios of RCA and CRCA were 30 %, 70 %, 
and 100 % respectively, the peak stress of RCA decreased 
by 8.82 %, 24.14 %, and 26.96 % respectively, and the 
peak stress of CRCA decreased by 4.14 %, 16.06 %, and 
16.64 % respectively. In addition, compared with RCA, 
the peak stress of CRCA increased by 5.13 %, 10.65 %, 
and 14.14 % respectively.
	 The above-mentioned phenomena can be explained 
as follows: as the substitution ratio of RCA increasing, 
the quantity of ITZ-1 in RAC decreases, while the quan-
tity of ITZ-2 and ITZ-3 increase. The research found that 
the mechanical properties of RAC depend on the pro- 
perties of ITZ-2 and ITZ-3 [17]. Therefore, the peak 
stress of RAC gradually decreases. However, after RCA 
is processed by accelerated carbonation, the properties of 
ITZ-2 in CRCA are improved. On the other hand, calcite 
promotes calcium silicate hydrate to nucleate and grow 
[13], and monocarbonate can also be generated in ITZ-3 

by the reaction between calcite and aluminate, thus im-
proving the properties of ITZ-3 [14]. Consequently, the 
peak stress of CRAC is higher than that of RCA.
	 In addition, the relationship between prismatic com- 
pressive strength and cubic compressive strength of RAC 
and CRAC is showed in Figure 9. Based on the test data 
in this study, fc’ = 0.75 fcu, R2 = 0.9996 was obtained by 
linear regression, and it was roughly consistent with the 
provision of NAC in standard GB 50010-2010, fc

0 = 0.76 
fcu, which indicated that the relationship between the 
mechanical properties of RAC and CRAC was similar 
to that of NAC.

Elastic moduli

	 Based on standard GB/T 50081-2019, the test values 
of elastic moduli corresponded to the secant slopes 
between 0.5 MPa and 1/3 fc in the stress-strain curves, 
as showed in Table 4. In addition, based on standard 
GB 50010-2010, the calculated values of elastic moduli 
were obtained by Equation 1. Therefore, the relationship 
between the prediction values and test values of elastic 
moduli was obtained, as showed in Figure 10. Finally, 
the prediction model of elastic modulus was obtained by 
conducting linear regression on the test data in Figure 10, 
as showed in Equation 2.
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Figure 8.  The percentage changes in peak stresses of RAC and 
CRAC.

Table 4.  The indexes of stress-strain behaviour of RAC and CRAC.

Specimen type	 fcu (MPa)	 fc (MPa)	 fcu / fc 	 Ec (GPa)	 εc (10-6)	 εu (10-6)

NAC	 41.23	 31.19	 0.76	 16.99	 2166	 2992
RAC-1	 36.48	 28.44	 0.78	 15.54	 2270	 3367
RAC-2	 32.38	 23.66	 0.73	 15.81	 1916	 3780
RAC-3	 31.03	 22.78	 0.73	 15.20	 1885	 3988
CRAC-1	 39.50	 29.90	 0.76	 16.99	 2156	 3571
CRAC-2	 35.27	 26.18	 0.74	 16.43	 2005	 3499
CRAC-3	 34.38	 26.00	 0.76	 14.82	 2280	 4055
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	 As showed in Figure 11, the prediction values ob-
tained by Equation 2 were roughly consistent with the 
test values, which indicated that the prediction model 
had certain applicability. In addition, as the substitution 
ratios of RCA and CRCA increasing, the elastic moduli 
of RAC and CRAC gradually decreased, but those of 
CRAC were always higher than those of RAC. The rea-
sons have been explained in the Sections “Stress-strain 
curves” and “Peak stresses”

Ec
0 = 102/(2.2 + 34.7/fcu)  (GPa)                 (1)

 Ec' = –5.118 + 67/(2.2 + 34.7/fcu)  (GPa)           (2)

Peak strains

	 Based on standard GB 50010-2010, the calculated 
values of peak strains were obtained by Equation 3. 
Besides, the test values of peak strains are showed in 
Table 4. Therefore, the relationship between the predic-

tion values and test values of peak strains was obtained, 
as showed in Figure 12. Finally, the prediction model of 
peak strain was obtained by conducting linear regression 
on the test data in Figure 12, as showed in Equation 4.

εc
0 = 700 + 172√ fc  (10-6)                      (3)

εc' = 156 + 375√ fc  (10-6)                      (4)

	 As showed in Figure 13, the prediction values ob-
tained by Equation 4 were roughly consistent with the 
test values, which indicated that the prediction model 
had certain applicability. In addition, as the substitution 
ratios of RCA and CRCA increasing, the peak strains 
of RAC and CRAC gradually decreased, but those of 
CRAC were always higher than those of RAC. Tang [9] 
and Chen [18] also found that RCA reduced the peak 
strain of RAC, because as the substitution ratio of RCA 
increasing, the peak stress of RAC decreased obviously, 
while the elastic modulus of RAC changed little. 
However, for similar peak stresses, such as CRAC-2 

30.0 30.5 31.0 31.5 32.0 32.5 33.0
12

14

16

18

20

Ec' = -5.118 + 0.670 Ec
0 R2 = 0.5842

Test data

Fitting line

95% Confidence bands

95% Prediction bands

P
re

d
ic

ti
o
n

v
al

u
e
E c

'(
G

P
a)

Calculated value Ec
0 (GPa)

16.99

15.54

15.81

15.2

16.99 16.99

16.43

14.82

16.91

16.14

15.36

15.07

16.91

16.65

15.93
15.76

0 30 70 100
14

15

16

17

18
 Ec of RAC

 Ec of CRAC

 Ec' of RAC

 Ec' of CRAC

Replacement ratio r (%)

E
la

st
ic

 m
o

d
u

lu
s 
E c

 (
G

P
a)

2166

2270

1916
1885

2166 2156

2005

2280

2250

2156

1980
1946

2250

2207

2075 2068

0 30 70 100
1800

1900

2000

2100

2200

2300

2400
 �c of RAC

 �c of CRAC

 �c' of RAC

 �c' of CRAC

Replacement ratio r (%)

P
ea

k
 s

tr
ai

n
 �

c 
(1

0
-6

)

1520 1540 1560 1580 1600 1620 1640 1660
1400

1600

1800

2000

2200

2400

2600

2800

�c' = -1371 + 2.181 �c
0 R2 = 0.4883

Test data

Fitting line

95% Confidence bands

95% Prediction bands

P
re

d
ic

ti
o
n

v
al

u
e
� c

'(
1

0
-6

)

Calculated value �c
0 (10-6)

Figure 10.  The relationship between the prediction values and 
test values of elastic moduli.
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and CRAC-3 in Figure 7b, the peak strain of CRAC in-
creased as the substitution ratio of CRCA increasing, this 
phenomenon was also reported by Belén [8].

Ultimate strains

	 Based on standard GB 50010-2010, the test values of 
ultimate strains corresponded to 0.5 fc in the descending 
branches of the stress-strain curves, as showed in Table 4. 
In addition, the calculated values of ultimate strains 
were obtained by Equation 5. Therefore, the relationship 
between the prediction values and test values of ultimate 
strains was obtained, as showed in Figure 14. Finally, 
the prediction model of ultimate strains was obtained by 
conducting linear regression on the test data in Figure 
14, as showed in Equation 6.

	 As showed in Figure 15, the prediction values ob-
tained by Equation 6 were roughly consistent with the 
test values, which indicated that the prediction model 

had certain applicability. In addition, as the substitution 
ratios of RCA and CRCA increasing, the ultimate strains 
of RAC and CRAC gradually increased, but those 
of CRAC were always lower than those of RAC. The 
reasons have been explained in the Sections “Stress-
strain curves” and “Peak stresses”.

εc
0 = εc

0 × (1 + 2b + √1 + 4b)/2b  (10-6)           (5)

where b = 0.157 fc
0.785 – 0.905

εu' = 4663 – 0.194[εc
0 × (1 + 2b + √1 + 4b)/2b]    (6)

where b = 0.157 fc
0.785 – 0.905

Stress-strain constitutive models

	 At present, the stress-strain constitutive models of 
concrete are different in various standards. For example, 
the provisions in standard GB 50010-2002 are showed in 
Equations 7 and 8,

(7)

		          m = Ec εc / (Ec εc – fc)

		          b = 0.157 fc
0.785 – 0.905                           

(8)

the provisions in standard GB 50010-2010 are showed in 
Equations 9 and 10,

(9)

		           m = Ec εc / (Ec εc – fc)

		           b = 0.157 fc
0.785 – 0.905                          

(10)

and the provisions in fib Model Code for Concrete Struc-
tures 2010 are showed in Equations 11 and 12,

y = (kx – x2) / [1 + (k – 2)x]                 (11)

k = 19400 × (0.1fc)1/3 / Ec1                  (12)
where x = ε/εc, y = σ/fc. Moreover, a and m are the calcu-
lated values of coefficients in ascending branches of 
constitutive models. The smaller the a is or the larger the 
m is, the smaller the proportion of plastic part in ascending 
branch is, and the greater the material brittleness is. 
Furthermore, b is the calculated value of coefficient in 
descending branch of the constitutive model. The larger 
the b is, the steeper the slope of descending branch is 
and the greater the material brittleness is. Besides, k is 
the calculated value of coefficient of the constitutive 
model. The larger the k is, the larger the proportion of 
plastic part in ascending branch is, the gentler the slope 
of descending branch is, and the smaller the material 
brittleness is. Ec1 is the secant modulus between original 
point and peak stress.
	 Based on Equations 8, 10, and 12, the coefficients of 
stress-strain curves of RAC and CRAC are obtained, as 
showed in Table 5. It can be seen that as the substitution 
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Figure 15.  The ultimate strains of RAC and CRAC.
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ratios of RCA and CRCA increasing, a and k gradually 
increased, while m and b gradually decreased, which 
indicated that the material brittleness of RAC and CRAC 
gradually decreased. These results were consistent with 
the stress-strain curves of RAC and CRAC in Figure 16.
	 As showed in Figure 17, the stress-strain calculated 
curves obtained by Table 5 and the stress-strain test 

curves were compared. It can be seen that in terms of 
the ascending branches, the calculated curves of a and 
k almost coincided, but they deviated far from the test 
curves. By contrast, the calculated curves of m almost 
coincided with the test curves. With respect to the 
descending branches, the change trends of calculated 
curves of k differed from those of test curves, while those 

Table 5.  The indexes of stress-strain behaviour of RAC and CRAC.

Specimen type	 fc (MPa)	 εc (10-6)	 Ec (GPa)	 Ec1 (GPa)	 a	 b	 m	 k

NAC	 31.19	 2166	 16.99	 14.40	 2.01	 1.43	 6.56	 1.97
RAC-1	 28.44	 2270	 15.54	 12.53	 2.04	 1.27	 5.16	 2.19
RAC-2	 23.66	 1916	 15.81	 12.35	 2.10	 0.98	 4.57	 2.09
RAC-3	 22.78	 1885	 15.20	 12.08	 2.12	 0.92	 4.88	 2.11
CRAC-1	 29.90	 2156	 16.99	 13.87	 2.03	 1.36	 5.44	 2.02
CRAC-2	 26.18	 2005	 16.43	 13.06	 2.07	 1.13	 4.87	 2.05
CRAC-3	 26.00	 2280	 14.82	 11.40	 2.08	 1.12	 4.34	 2.34
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Figure 16.  The stress-strain curves of RAC and CRAC: a) RAC; b) CRAC.

Figure 17.  The stress-strain calculated curves and the stress-strain test curves: a) NAC; b) RAC-1. (Continue on next page)



Uniaxial compressive stress-strain behaviour of recycled aggregate concrete prepared with carbonated recycled concrete aggregates

Ceramics – Silikáty  66 (2) 188-201 (2022)	 197

of b were in good agreement with those of test curves. 
Therefore, Equations 9 and 10, which were specified in 
standard GB 50010-2010, have the best applicability to 
RAC and CRAC in this study.

	 Through fitting the stress-strain test curves of RAC 
and CRAC by Equation 9, the stress-strain fitting curves 
as well as m’ and b’ were obtained, as showed in Figure 18. 
Therefore, the relationships between calculated values 
and prediction values of coefficients were obtained, as 
showed in Figure 19. Next, Equation 14 was obtained by 
fitting the test data in Figure 19 using linear regression. 
Finally, as showed in Equations 13 and 14, the stress-
strain constitutive model suitable for RAC and CRAC 
in this study was obtained. As showed in Figure 20, the 
stress-strain prediction curves based on Equations 13 
and 14 were compared with the stress-strain test curves. 
It can be seen that the prediction curves nearly coincided 
with the test curves, which indicated that the proposed 
constitutive model had good applicability to the test data.

(13)

		   m' = 1.438 × (Ec εc / (Ec εc – fc) – 2.068 
		   b' = 2.199 fc

0.785 – 24.789                                
(14)
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CONCLUSIONS

	 The influences of RCA and CRCA with different 
substitution ratios on the stress-strain behaviour of RCA 
and CRCA were studied, and the main conclusions are as 
follows:

●	The failure modes of all specimens were shear failure, 
but the failure angles of RAC and CRAC were larger 
than those of NAC, which were in the range of 63°–75° 
and 58°–64° respectively.

●	As the substitution ratio of RCA increasing, the 
stress-strain curve of RAC gradually flattened, which 
meant its brittleness decreased. Moreover, its peak 
stress, elastic modulus, and peak strain decreased 
continuously, while its ultimate strain increased 
continuously. Compared with RAC, CRAC showed 

the similar stress-strain curve, but its brittleness was 
slightly higher. Furthermore, its peak stress, elastic 
modulus, and peak strain increased, while its ultimate 
strain decreased.

●	Based on linear regression analysis and relevant stan-
dards, the prediction models of peak stress, elastic mo-
dulus, peak strain, and ultimate strain, as well as the 
stress-strain constitutive models of RAC and CRAC 
were proposed, which had a good applicability to the 
test data.

●	The stress-strain behaviour of CRAC were similar to 
that of RAC, and the differences between them were 
attributed to the fact that accelerated carbonation 
improved the quality of CRCA, thus improving the 
mechanical properties of CRAC.
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Notation

fc	 prismatic compressive strength or peak stress
fcu	 cubic compressive strength
Ec	 test value of secant modulus between 0.5 MPa and 

1/3 fc

Ec
0	calculated value of secant modulus between 0.5 MPa 
and 1/3 fc

Ec'	prediction value of secant modulus between 0.5 MPa 
and 1/3 fc

Ec1	secant modulus between original point and peak stress
σ	 stress
ε	 strain
εc	 test value of peak strain
εc

0	calculated value of peak strain
εc'	 prediction value of peak strain
εu	 test value of ultimate strain corresponding to 0.5 fc in 

descending branch
εu

0	calculated value of ultimate strain corresponding to 
0.5 fc in descending branch

εu'	 prediction value of ultimate strain corresponding to 
0.5 fc in descending branch

θ	 uniaxial compressive failure angle of prismatic 
specimen

x	 x = ε/εc, normalized strain
y	 y = σ/fc, normalized stress
a	 calculated value of coefficient in ascending branch of 

constitutive model
m	 calculated value of coefficient in ascending branch of 

constitutive model
m'	 prediction value of coefficient in ascending branch of 

constitutive model
b	 calculated value of coefficient in descending branch 

of constitutive model
b'	 prediction value of coefficient in descending branch 

of constitutive model
k	 calculated value of coefficient in constitutive model
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