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Abstract 

Normal and recycled aggregate concrete differ significantly in their fracture 

characteristics. The cracking in recycled concrete initiates earlier; the fracture length is 

generally larger and the use of high proportion of recycled aggregate results in higher 

strain gradients in the fracture process zone. However, in spite of the negative 

influences, the mechanical responses of normal concrete and concrete with 30% 

recycled aggregate are similar to each other. This paper shows the influence of recycled 

aggregate proportion on the characteristics of fracture process. Furthermore, 

classification of the recorded acoustic signals during the fracture test was carried out; 

three clusters correspond respectively to aggregate fracture, cracking in cement mortar 

and cracking at the interfacial transition zone were discriminated. The evolution of each 

micro-fracture phase in terms of the mechanical state of the material was analyzed. A 

comparison of the apparition chronology of each cluster for normal concrete and 

recycled concrete was carried out. 

Keywords: recycled aggregate; digital image correlation; acoustic emission; fracture; 

cluster analysis  

 

 



  

2 

 

Nomenclature 

AE  acoustic emission 

CMOD crack mouth opening displacement  

CTOD  crack tip opening displacement  

DIC  digital image correlation 

Edyn  dynamic elastic modulus 

FPZ  fracture process zone  

fc28   compressive strength at 28 days 

ftsp28  splitting tensile strength at 28 days 

Gf  fracture energy 

ITZ  interfacial transition zone 

lch  characteristic length 

PCA  principle component analysis  

RAC  recycled aggregate concrete 

SLZ  strain localization zone  

UWC   unknown waste concrete 

WA24   water absorption at 24h 

 

1. Introduction 

With the growing waste disposal crisis and depletion of natural construction materials, 

the use of recycled aggregate concrete (RAC) has been advocated in the past three 

decades. The standard NF EN 206-1/CN 2014 [1] has authorized the maximum 

replacement percentage of recycled aggregate according to the aggregate type and the 

exposure class. Previous research has shown that RAC is composed of natural 

aggregate, recycled aggregate, old and new interfacial transition zones (ITZs), and 
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cement mortar [2]; [3]; [4]. Generally, previous cracks exist in recycled aggregate; a 

layer of old residual mortar is attached around the aggregate particles [5]. These features 

lead to higher water absorption, lower density and lower particle strength of recycled 

aggregate [6]; [7]; [8]. Moreover, a porous microstructure consisting of voids and 

calcium hydroxide has been found for the two types of ITZ [9]; [10]. The characteristics 

of recycled aggregate and ITZ can highly influence the mechanical properties of RAC 

[9]; [11]; [12]; [13], which are generally inferior to those of normal concrete [14]; [15]; 

[16]. However, some researchers [8]; [14]; [17] have observed that the global failure 

behavior of RAC specimens under compression, tension or flexion is similar to that of 

conventional concrete specimens respectively. Furthermore, the performance evaluation 

of a concrete mix is not only limited to the determination of its conventional mechanical 

properties since it is of practical significance to characterize the fracture process of a 

quasi-brittle material [17]; [18]. Among the fracture characteristics of a concrete mix, 

the crack length and width developments are the most important features [20]; [21]; 

[22]. Thus, a quantitative analysis of the fracture process of RAC and a thorough 

understanding of its potential load carrying capacity are highly needed. 

Li et al. [23] have investigated the fracture process of RAC by testing the specimens 

with artificial recycled aggregate distribution; the cracks in RAC are found to appear 

around both the old and new ITZs, and then propagate into the mortar matrix. The 

initiation and propagation of microcracks are different between RAC and normal 

concrete. However, little work has been found to inspect the crack propagation process 

in a given actual recycled concrete specimen. Besides, the fracture process of concrete 

is also reflected in the growth of strain localization zone [24], the identification of 

which is also beneficial for the understanding of the failure process of RAC. 
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The aim of this work is to show that the existing traditional approaches such as the 

comparison of fracture properties (characteristic length lch and fracture energy Gf) of 

concrete are not sufficient to characterize the material. Although the experimental 

techniques to determine the fracture properties of concrete have been extensively 

studied [25]; [26]; few of them provide the possibility to identify the micro-mechanisms 

linked to each phase of the microstructure. The originality of this study is to develop 

one approach for analyzing quantitatively the micro-fracture in each phase of the 

material and studying the roles of the different phases on the failure behavior of the 

heterogeneous recycled material. This approach can also be used to investigate the 

evolution of each kind of micro-fracture in terms of the mechanical state of the material 

at the mesoscopic scale.  

Acoustic emission (AE) is a well-established technique for the characterization of 

fracture process. It has been used mainly to identify the fracture mechanisms by 

recording energy dissipation process using AE technique, for instance [20]; [27]; [28]; 

[29]; [30]. AE is also used to define the boundary of the fracture process zone (FPZ) 

and the energy dissipation zone in order to relate it with characteristic length of the 

material [20]; [29]. The distribution of energy release during the fracturing process 

along the length and width of FPZ has been analyzed using AE sources and energy 

histograms [31]; [32]; [33]; [34]. Classification of cracks has also been performed using 

different AE parameters like the average frequency, RA, energy [35]; [36] and moment 

tensor analysis [35]. 

AE technique characterizes the cracks when energy dissipation process is active, 

irrespective of the crack opening process [37]. The later can be efficiently measured by 

digital image correlation (DIC) technique. Such methods require recording displacement 

fields and mapping strain localization zone [24]; [38]; [39]; [40]; [41]. The size and 
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intensity of the fracture are estimated based on strain values or by calculating crack 

openings from displacement field. Based on the discontinuous displacement field near 

the propagating crack, various crack characteristics such as crack openings, crack length 

and strain profiles can be extracted with post processing procedures and finite element 

shape functions [40]; [42].  

This study attempts to provide insights into the failure mechanism of recycled concrete 

beams under three-point bending tests by applying simultaneously the DIC and AE 

techniques. The combination of the two methods gives the possibility of comparing 

different kinds of concrete that exhibit very similar global mechanical properties but 

have distinctive microcracking characteristics. In order to interpret the brittleness of 

recycled concrete, it is very interesting to propose one methodology for identifying the 

different microcracking phases in the material. To achieve this, a multi-parametric 

clustering analysis of the captured AE signals was conducted; the damage mechanisms 

of RAC can thus be identified and the corresponding signal sources can be 

discriminated.  

2. Material properties 

This study is part of the French national projects RECYBETON [43] and ECOREB [44], 

where the task of defining the mixture proportions was done by other partners [7]; [16]; 

[45]; [46]. The mixtures have been established by the software BETONLAB [47]: (1) 

the granular skeleton was optimized at first for the minimization of the clamping index; 

this sets the optimum quantities of sand and aggregate (2) the water, cement and 

superplasticizer contents have been adjusted to achieve the desired slump and strength 

while minimizing the cost. In this way, the W/C ratio has been chosen to be 0.65, which 

is the acceptable maximum value for dry or permanently wet environment (XC1) 

according to standard NF EN 206-1/CN 2014 [1]. Concrete mixtures were prepared 
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with CEM II/A-L 42.5N, crushed limestone aggregate, and recycled aggregate. 

Recycled aggregate was obtained by crushing of unknown waste concrete. The fine 

aggregate used is crushed fine sand, which has a maximum size not greater than 4 mm. 

The corresponding properties of coarse and fine aggregate are shown in Table 1. The 

limestone filler Betocarb HP OG was added in all the mixtures so as to improve the 

granular skeleton; also the W/C ratio was slightly adjusted in the three mixes in order to 

achieve similar overall properties. All aggregates used in concrete mixtures were at 

saturated surface-dried state so as to eliminate the effect of dissimilar water absorption 

in natural and recycled aggregate. Variation of the percentage of recycled aggregate (0, 

30% and 100%) vis-à-vis total mass of coarse aggregate in concrete mixtures has been 

studied. The mixtures were designed so as to have the same compressive strength in the 

range of 25-30 MPa and the same workability according to the structural class S4 [48]. 

Table 2 shows the quantities of constituent materials of the mix design for three types of 

concrete: C-N-N: Concrete with Natural sand and Natural aggregate; C-N-30R: 

Concrete with Natural sand and 30% Recycled aggregate; C-N-100R: Concrete with 

Natural sand and 100% Recycled aggregate.  

Table 1: Properties of aggregate (WA24 = water absorption at 24h; UWC = Unknown 

waste concrete). 

 Natural aggregate Recycled aggregate 

 Sand 0/4 mm 
Aggregate 

4/10 mm 

Aggregate 

6.3/20 mm 

Aggregate 

4/10 mm 

aggregate 

10/20 mm 

Mineralogy 
Sandrancourt 

Sand 

Dark 

limestone 

Dark 

limestone 
UWC UWC 

WA24 (%) 1.2 0.56 0.53 5.3 4.89 

Density(kg/m
3
)

 
2.6 2.73 2.73 2.34 2.32 

 

The mechanical properties of concrete were determined at 28 days on φ110 × 220 mm2 

cylinders and the results (Table 3) are the average values of two specimens. It shows 
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clearly that use of 100% recycled aggregate lowers the compressive strength by 10% 

and the tensile strength by 3% compared to normal concrete. 

Table 2: Concrete mix proportions. 

Concrete C-N-N C-N-30R C-N-100R  

W/C ratio 0.64 0.65 0.65  

Water (kg/ m3) 180 185 189  

Cement (kg/ m3) 270 276 282  

Sand 0/4 mm (kg/ m3) 780 813 806  

Aggregate 6.3/20 mm (kg/ m3) 820 462 -  

Aggregate 4/10 mm (kg/ m3) 267 228 -  

Recycled Aggregate 10/20 mm (kg/ - 296 701  

Recycled Aggregate 4/10 mm (kg/ - - 163  

Limestone filler (kg/ m3) 45 31 31  

Superplasticizer (kg/ m
3
) 1.31 1.51 1.4  

Slump (cm) 20 20 20  

 

Table 3: Mechanical properties of concrete. 

Concrete fc28 (MPa) ftsp28 (MPa) Edyn (GPa) 

C-N-N 28.1±3.2 2.48±0.03 40.9±0.3 

C-N-30R 26.7±2.7 2.46±0.02 37.4±0.8 

C-N-100R 25.2±0.3 2.40±0.01 33.1±0.5 

 

3. Experimental methods 

For the flexural test, 100 × 200 × 800 mm
3
 (width×height×length) concrete beams were 

prepared with an effective span equals to 600 mm. The beams were notched at midspan 

with a notch depth of 40 mm. The fracture test of the specimens at the age of 28 days 

was carried out using a universal testing machine as per RILEM-TMC50 

recommendations with the loading cell capacity of 160 kN and servo-hydraulic 

regulation. The load was controlled by crack mouth opening displacement (CMOD) rate 

of 0.2 µm/s. During the test, the crosshead displacement was also recorded. Minimum 
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number of three beams for each class was tested to study the variation of experimental 

results.  

Images of resolution 2452 × 2056 pixels were acquired at the rate of one image per 

second during the load test and a digital camera with 50 mm macro lens was used to 

capture images of the beam. The camera was mounted in order to image an area of 

approximately 110 × 160 mm
2
 above the notch of the beam. The correlation of the 

stored digital images was performed with a commercial package Vic-2D by calculating 

the deformation between the reference image and a deformed image. 

The device for the acquisition and signal processing of AE is consisted of a data 

acquisition system MISTRAS 8 channels. Eight piezoelectric transducers with a 

frequency of 50-200 kHz and a resonance frequency of 150 kHz were placed on the 

beam around the expected location of FPZ. They form a parallelogram position (12 × 12 

cm
2
) on each side of the specimen. The recorded AE signals were amplified by a 40 dB 

gain differential amplifier. A detection limit of 35 dB was chosen to overcome the 

background noise. The propagation velocity and the attenuation of acoustic waves were 

also measured. The wave propagation velocity was 4400 m/s for normal concrete and 

4000 m/s for recycled concrete. In order to eliminate mechanical and electro-magnetic 

disturbances, a high pass filter with a cut-off frequency of 20 kHz, and a low-pass filter 

with a cut-off frequency of 400 kHz were used. Each waveform was digitized and 

stored with AEwin® system. The descriptors were further analyzed and evaluated with 

Noesis® software. A general view of the experimental setup is provided in Figure 1. 
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Figure 1: Experimental setup. 

4. Results and discussion 

4.1 Influence on global fracture properties 

 

The average load-CMOD curves for the three kinds of concrete are presented in Figure 

2. We can observe that the pre-peak response is almost identical for normal concrete 

and recycled concrete. While after peak a steeper softening branch is observed in 

recycled concrete, which illustrate the reduction of crack meandering during the failure 

of recycled concrete.  

The characteristic fracture properties of concrete were calculated using experimental 

load-deflection curves. According to the RILEM work of fracture method [49]; [50], the 

fracture energy (Gf [J/m
2
]) is determined by taking the ratio of the total energy 

consumed during fracture (Wf  [N*m]) to the area of the initially uncracked ligament 

(Alig [m
2
]): 

�� =
��

����
=
�	 +��
	
�(� − �	)

 

Wf is divided into the work dissipated in the area under the load-deflection curve (W0 

[N*m]) and the maximum displacement (
	[m]) weighted by the mass of the specimen 

between the supports (mg [N]). 

Piezoelectric 

transducer 

Dominating 

crack 

CMOD 

gauge 

DIC zone 
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Figure 2: Average Load-CMOD curves for beams C-N-N, C-N-30R and C-N-100R 

The material characteristic length (lch [mm]) is a principal material fracture property. It 

is directly related to the material brittleness and is proportional to the size of the FPZ 

according to Hillerborg [21]. It is determined by the following relation: 

��� =
���
��
�  

The corresponding results are summarized in Table 4. Note again that the fracture 

energy of recycled concrete is lower than that of natural aggregate concrete though all 

the three kinds of concrete have the same designed strength range. Accordingly, the 

characteristic length of recycled material reduces as the recycled aggregate content 

increases. A significant decrease in Gf can also be observed in Table 4. The value of Gf  

decreases up to 18% and for lch the decrease is 30%. This phenomenon coincides with 

the previous studies [8] that the reductions of Gf and lch are higher than those measured 

in compressive or tensile strength. Furthermore, according to Karihaloo [51], the lch 

captures the intrinsic ductility of the concrete mix and the larger the lch the more ductile 

the concrete mix, which is consistent with our analysis. However, it should be pointed 

out that the global mechanical behaviors of the three kinds of concrete are similar; the 
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impact of recycled aggregate upon the failure mechanism of material needs to be 

checked more closely with the DIC method. 

Table 4: Fracture properties of concrete. 

Concrete Gf
 
 (J/ m

2
) lch (mm) 

C-N-N 107.5±11.0 714.9±58.0 

C-N-30R 95.6±7.0 586.1±45 

C-N-100R 88.3±9.0 507.4±55 

 

4.2 Analysis of the fracture process zone size characteristics 

 

4.2.1. Crack development 

 

The crack opening profiles (from the notch tip) along the height of beam are calculated 

for four levels of loading (80% pre-peak, 90% pre-peak, peak and 90% post-peak) and 

the results are demonstrated in Figure 3. We can see that the crack opening varies 

almost linearly along the height of the specimen until the closure of crack i.e. when the 

measured crack opening becomes zero. The crack openings develop with the increasing 

load and the maximum rate is observed around the peak load for all beams. However, 

there are significant differences among the three kinds of concrete. It is noteworthy that 

for C-N-100R, crack opening initiates earlier and faster than other concrete.  
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(c) (d) 

Figure 3: Crack opening profiles at (a) 80% pre-peak; (b) 90% pre-peak; (c) peak; (d) 

90% post-peak loading steps. 

4.2.1.1. Evolution of crack length 

Based on the crack opening profiles, the FPZ length (measured from the notch tip) can 

be approximately determined by measuring the cracking zone. Actually, the crack tip is 

“blurred” by microcracks in the FPZ [20]; therefore, the fracture zone length measured 

in this work is the length of the cumulative crack opening zone where the crack is still 

open [52]. The corresponding results for the three types of concrete are presented in 

Figure 4.  

It is observed that for the three types of concrete the cracks initiate before the peak load 

and develop fast until 90% post-peak. Then, the increase slows down. The development 

of fracture process can be divided into three stages. The first stage for C-N-N, C-N-30R 

and C-N-100R is situated between the crack initiation and the 90% pre-peak loading. 

Within this stage, the crack growth is smooth. For C-N-100R, the crack formation starts 

from the 60% pre-peak loading step; for C-N-30R, it begins at 70% pre-peak loading 

step; and for C-N-N there are no apparent cracks until 80% pre-peak loading step. The 

cracking of C-N-100R increases at the highest rate and its fracture length is two times 

longer than that of C-N-N. Moreover, the initial fracture lengths for C-N-100R and C-

N-30R are also larger. These differences may be explained by the relative porous 
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microstructure of RAC and also by the large amount of pre-existed cracks in recycled 

aggregate. For the second stage from 90% pre-peak to 90% post-peak, the crack grows 

much faster, especially for C-N-100R. The fracture length of the later is always larger 

than that of C-N-N, while for C-N-30R the opposite case is observed. At the end of this 

stage i.e. 90% post-peak loading step, the fracture length of C-N-100R reaches almost 

80% of its final length, whereas for C-N-N it takes up only 55%. We can conclude that 

more the recycled aggregate content increases, more the cracking of concrete develops 

earlier and faster. During the last stage, the cracks in C-N-N, C-N-30R and C-N-100R 

increase gradually. The final crack lengths (at 20% post-peak loading step) of C-N-30R 

and C-N-100R are respectively 10 mm less and 10 mm more than that of C-N-N.  

 

Figure 4: Development of the fracture length for beams C-N-N, C-N-30R and C-N-

100R during loading. 

Furthermore, after the rupture we have noticed that there were more crushed coarse 

aggregate rather than the deboned coarse aggregate on the fracture surface of beam C-

N-100R, which is in accordance with the lower particle strength of recycled aggregate. 

The fracture surface of C-N-N is much more tortuous and the cracks are more likely to 

pass by the natural aggregate, while in C-N-100R the cracks tend to pass through the 
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recycled aggregate. This phenomenon explains well the less branching of cracks during 

the failure of recycled concrete and makes it evident that the values of Gf  and lch of 

recycled concrete decrease due to the addition of recycled aggregate. Moreover, the 

trans-aggregate fracture can result in a lower interlocking strength and limit the concrete 

contribution when applying shear stress on the reinforced recycled concrete structure. 

4.2.1.2. Evolution of crack tip opening displacement 

The crack tip opening displacement (CTOD) for each beam is also calculated by 

evaluating the width of the displacement jump zone just above the notch tip during the 

whole loading steps (Figure 5). The feature of CTOD evolution is similar to that of the 

fracture length evolution for the three kinds of concrete. It is remarked that the 

incorporation of 30% recycled aggregate has very limited impact on the CTOD 

development. While for C-N-100R, the CTOD develops faster and its value is the 

highest compared to other concrete; at the maximum loading step, it reaches almost 50 

�m. According to Wang et al. [53], when a specimen is loaded to have a crack opening 

displacement smaller than 50 µm prior to unloading, the crack opening has little effect 

on concrete permeability. It is only when the crack opening displacement exceeds 50 

µm, the concrete permeability may rise substantially. In this case, the CTOD before 

peak is still within the limit.  
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Figure 5: Development of the CTOD for beams C-N-N, C-N-30R and C-N-100R 

during loading. 

4.2.2. Evolution of the width of the strain localized damaged zone 

During loading, the microcracks first appear and then change gradually into dominant 

distinct macroscopic discrete cracks up to failure, as obviously shown in Figure 3. This 

fracture process is also reflected in the strain development. In fact, we have identified 

the strain localization zone (SLZ), the central part of FPZ, for the three types of 

concrete by image processing. Only the strain in X-direction (���) is provided; because 

the strain in Y-direction ���  and the shear strain ���  are significantly (5-10 times) 

smaller [41]. Nevertheless, the strain pattern is obtained using continuum mechanics 

laws. Consequently, only the strains before the appearance of a macrocrack are 

meaningful. The comparison for the three kinds of concrete at peak load is illustrated in 

Figure 6. The strain value of C-N-100R is the highest and the length of the SLZ is the 

largest compared to other concrete. The influence of 100% recycled aggregate is non-

negligible on the fracture growth though its impact on the global mechanical behavior is 

not significant. 
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Figure 6: Experimental strain fields (���) for beam (a) C-N-N; (b) C-N-30R; (c) C-N-

100R at peak load. 

For the purpose of a better understanding of the SLZ evolution, a strip 20 mm long 

located 5 mm above notch and centered at the cracking zone has been chosen to 

calculate the strain profile, with consideration to avoid the unstable cracking zone near 

the notch tip, but to be as close as possible. The results in Figure 7 show that the strain 

profiles develop with the increasing loading. The strain value is highest at the center of 

the zone and it reduces gradually towards the edge; a symmetric distribution of the 

strain value is found.  
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(c) 

  

Figure 7: Experimental strain profiles 5 mm above the notch tip in beams (a) C-N-N; 

(b) C-N-30R; (c) C-N-100R. Note that for C-N-100R a larger scale is adopted because 

its strain value is much higher than those of other kinds of concrete. 
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during all loading steps. While for C-N-30R the strain values are lower than those of C-

N-N at the same loading step. One possible explanation is that the small percentage of 

recycled aggregate leads to more diffused local microcracks, which is beneficial for a 

better local stress relaxation and thus a lower strain value. This suggests that the use of 

recycled aggregate is not necessarily inauspicious and appropriate result could be 

achieved. 

4.3  Microcracking origin from multi-parametric clustering of AE signals 

  
The mechanical behavior of concrete is governed by initiated defects and their 

propagation during loading. These localized microcracks can be interpreted by the 

localization of the acoustic signals. The cumulated AE events throughout the fracture 

test for specimens C-N-N and C-N-100R are shown in Figure 8. AE events are 
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600 aJ, 600 – 900 aJ and >= 900 aJ). The acoustic activity is assumed to be proportional 

to the density of the microcracks, which are well distributed across the beam ligament 

by forming a relatively wide band. It is remarked that compared to normal concrete 

more events with high energy level are recorded for recycled concrete and their 

distribution is more intense along the central crack. A detailed discussion on the 

acoustic localization features for the two kinds of concrete has been presented in Guo et 

al. [54]. 

 

 

(a) 

 

(b) 

Figure 8: Localization of the cumulated AE events for (a) C-N-N and (b) C-N-100R. 
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4.3.1. Cluster identification 

Based on a hierarchical dendrogram, the classification of AE data was realized with the 

non-supervised K-means method that is associated with the principle component 

analysis (PCA). Six parameters with a correlation level less than 0.95 have been chosen: 

Rise Time, Counts to Peak, Counts, Duration, Amplitude, Average Frequency and 

Absolute Energy. In order to impose an equivalent weight factor to each AE component, 

all the descriptors were normalized in the interval of [-1 1]. Figure 9 presents the results 

of the K-means method in 2D as function of first and second principle components that 

represent the most important variance of AE parameters. Three clusters are 

distinguished for both normal concrete and recycled concrete; the clusters are well 

separated and discriminated.  

For the purpose of knowing more features about the three classes, the amplitude 

distribution function for each class has been calculated, based on the corresponding 

normalized number of hits (Figure 10). It is found that the variable of amplitude 

distribution conforms well to the normal distribution with a probability density function: 

�(�� , "�) =
1

$2&"�
'
(
(�())*

�+*  

where �  is the studied variable,   the mean of the distribution and "  the standard 

deviation. The relevant values and the range of amplitude distribution for the three 

classes are summarized in Table 5. Note that the classification differences here have to 

be considered as relative differences and can change with the specimen size and the 

recording system. 
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(a) (b) 

Figure 9: Visualization of the PCA clusters for (a) C-N-N and (b) C-N-100R. 

 

Table 5: Amplitude distribution characteristics. 

 Mean (dB) Standard deviation (dB) Amplitude range (dB) 

Cluster 1 45.48 4.98 35-55 

Cluster 2 43.03 4.17 35-51 

Cluster 3 60.76 8.43 40-80 

 

 

Figure 10: Amplitude distribution for each cluster. 
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hit, as shown clearly in Figure 11-12. In addition, there exist the energy jumps for this 

cluster during the post-peak region and these jumps happen earlier for concrete C-N-

100R. Then, with regard to cluster 2, the average amplitude level is much lower than 

that of cluster 1; the same case is found for the absolute energy. However, the total hit 

number of this second cluster is the largest, as demonstrated in Figure 12, which means 

that this group is composed of numerous AE signals with low amplitude and low 

absolute energy. Moreover, it is noted that for recycled concrete the cumulated absolute 

energy is higher and the cumulated number of hits is larger by comparison with those of 

normal concrete. Lastly, for cluster 1, the average amplitude level is between those of 

the second and the third clusters; the total absolute energy is close to that of the second 

cluster; the recorded hit number is also between those of the second and the third 

clusters. For C-N-N, the energy level is relatively lower and the number of hits is 

smaller compared to C-N-100R.  
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(c) (d) 

Figure 11: Load-CMOD curve and cumulated absolute energy of each cluster for (a) C-

N-N and (b) C-N-100R; zoom of Cluster 1 and Cluster 2 for (c) C-N-N and (d) C-N-

100R 

  

(a) (b) 

Figure 12: Load-CMOD curve and cumulated hits of each cluster for (a) C-N-N and (b) 

C-N-100R. 

By considering the characteristics of each cluster described above, the third cluster with 

an amplitude range of 40-80 dB can possibly be attributed to aggregate fracture [55]; the 

second cluster with an amplitude range of 35-51 dB can possibly be ascribed to 

microcracking at the ITZ between aggregate and cement mortar [56]; the first cluster 

with an amplitude range of 35-55 dB can probably be associated to cracking in the 

cement mortar [55].  
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4.3.2. Evolution of multi-phase micro-fracture mechanisms in normal and     

recycled concrete 

The apparition chronology of the effective acoustic events for each cluster during the 

whole test has been analyzed for the two kinds of concrete, as shown in Figure 13-15. 

We noticed that for cluster 1 (that corresponds to cracking in cement mortar) more 

events are recorded for recycled concrete though the natural sand is used in this mixture. 

Microcracks in C-N-N develop in a distributed way along the x position, while for C-N-

100R the microcracks localize around the notch. It indicates the reduction of crack 

meandering during the fracture of recycled concrete. A similar case is found for cluster 

2 that corresponds to cracking in ITZ, which can be explained by the fact that two kinds 

of transition zone exist in RAC, one between the recycled aggregate and new mortar 

and the other between the recycled aggregate and the old attached mortar. These 

phenomena confirm the complicated microstructure of RAC. Concerning the third 

cluster that corresponds to aggregate fracture, more signals are captured during the 

failure of C-N-100R and they are located intensely near the notch. One possible 

explanation is that the recycled aggregate with low particle strength tends to crush under 

loading while the natural aggregate remain mostly intact. Consequently, the cracks in 

recycled concrete develop more easily and faster compared to normal concrete. 

However, it should be admitted that clusters 1 and 2 possibly contain the AE signals 

that are due to the crack-face friction, crack branching, aggregate bridging and other 

toughening mechanisms. 
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(a) 

 
(b) 

Figure 13: Apparition chronology of events for cracking in cement mortar (a) C-N-N 

and (b) C-N-100R. 
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(a) 

 
(b) 

Figure 14: Apparition chronology of events for cracking in ITZ (a) C-N-N and (b) C-N-

100R. 

10 30 50 70 90 110
0

50

100

150

x position (mm)

N
u

m
b

er
 o

f 
ev

en
ts

 f
o

r 
cr

a
ck

in
g

 i
n

 I
T

Z

 

 
60%pre

70%pre

80%pre

90%pre

peak

90%post

80%post

60%post

40%post

30%post

10%post

10 30 50 70 90 110
0

50

100

150

x position (mm)

N
u

m
b

er
 o

f 
ev

en
ts

 f
o

r 
cr

a
ck

in
g

 i
n

 I
T

Z

 

 

60%pre

70%pre

80%pre

90%pre

peak

90%post

80%post

60%post

40%post

30%post

10%post



  

26 

 

 
(a) 

 
(b) 

Figure 15: Apparition chronology of events for aggregate fracture (a) C-N-N and (b) C-

N-100R (NA: Natural Aggregate and RA: Recycled Aggregate). 

 

5. General remarks on results 

The fracture behavior of recycled aggregate concrete has been compared with normal 

aggregate concrete. The results clearly indicate that 100% replacement by recycled 

aggregate significantly increases the risk of cracking. Therefore the complete 

replacement should be avoided in the construction of structures using recycled 

aggregate concrete. Small portion of recycled aggregate up to 30% of total aggregate 

10 30 50 70 90 110
0

20

40

60

80

100

x position (mm)

N
u

m
b

er
 o

f 
ev

en
ts

 f
o

r 
N

A
 f

ra
ct

u
re

 

 
60%pre

70%pre

80%pre

90%pre

peak

90%post

80%post

60%post

40%post

30%post

10%post

10 30 50 70 90 110
0

20

40

60

80

100

x position (mm)

N
u

m
b

er
 o

f 
ev

en
ts

 f
o

r 
R

A
 f

ra
ct

u
re

 

 

60%pre

70%pre

80%pre

90%pre

peak

90%post

80%post

60%post

40%post

30%post

10%post



  

27 

 

content can be used and no significant effect on the fracture properties and fracture 

mechanisms has been observed. The increase of recycled aggregate content mainly 

affects the fracture growth and reduces the safe loading limits before cracking.  

The recycled aggregate used in our study is obtained by crushing the mix of unknown 

waste concrete and is provided by one of the largest French recycling platforms (DLB 

de Gonesse) and the source concrete came from the surrounding demolition sites. 

Therefore, the recycled materials used in this study represent the properties of various 

collected waste in general construction and demolition sites. Normally, similar results 

should be found if we use recycled aggregate from other construction and demolition 

waste. 

6. Conclusion 

A comprehensive analysis on the fracture process of recycled concrete has been 

performed and compared with that of the normal concrete of the same structural class. 

The aim was to differentiate the micro-fracture mechanisms through quantitative 

measurements of the key fracture parameters. Following conclusions can be drawn: 

• Besides the similar global mechanical behavior (observed in the flexural tests), 

the characteristic properties such as compressive strength, tensile strength, 

elastic modulus and fracture energy decrease with the increase of recycled 

aggregate content. It indicates that the local fracture mechanisms alter due to 

presence of recycled aggregate. Similar conclusion has also been found in [9]; 

[11]; [12]; [13]. 

• In recycled aggregate concrete, crack opening starts at a lower loading step 

(60% pre-peak in C-N-100R and 70% pre-peak in C-N-30R) as compared to 

normal aggregate concrete (80% pre-peak). Moreover, the crack development is 

faster in recycled aggregate concrete (fracture length of C-N-100R is two times 
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than that of C-N-N). It shows that the risk of cracking in recycled aggregate 

concrete is more under service loadings. Moreover, faster crack development in 

such concrete may lead to catastrophic failures. 

• Higher strain gradients are observed in the localized damage zone in recycled 

aggregate concrete. It is due to strong discontinuities or existing cracks in 

recycled aggregate which helps in localization of the main crack. Since fracture 

is observed at the interface between aggregate and mortar, the higher strain 

gradient and low stiffness of the recycled aggregate concrete also indicates the 

weak interface between the new mortar and recycled aggregate which is 

supposedly due to high porosity and existing cracks. 

• By applying acoustic emission classification method, three clusters with 

different AE features are discriminated for both normal and recycled concrete. 

The specific characteristics of each cluster helps assigning each cluster to a 

certain micro-fracture phenomenon occurring during the failure process. It can 

be concluded that in case of recycled aggregate concrete, the leading micro-

fracture phenomenon is ITZ cracking. Also the micro-fractures (all phases) are 

more localized and intense as compared to normal concrete. It indicates a weak 

bond between mortar and recycled aggregate which would be the principal cause 

of failure of recycled concrete structures. 

The detailed description of the failure process presented in this paper can provide the 

information for improving the durability and service life of RAC structures. As the 

material failure at the structural scale usually starts by the formation and growth of local 

microcracks, the quantitative analysis of the cracking process of laboratory specimens 

contributes to the understanding of the failure behavior of engineering recycled concrete 

structures. Moreover, the obtained mechanical properties can be used as the benchmark 
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parameters for the modeling of recycled concrete structures. In order to go further in the 

understanding of microstructural damage mechanism of recycled aggregate concrete, 

mortar specimen should be tested and monitored with AE technique and the 

corresponding results will complement to a better classification of failure mechanisms 

in recycled aggregate concrete. Based on the experimental results presented in this work, 

authors have also done multiscale numerical modeling to take into account the effect of 

the complex microstructure on the fracture process of recycled concrete. A paper on this 

part is under progress which will be submitted very soon. 
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Highlights 

 

� The distinctive fracture characteristics of normal and recycled concrete were 

analyzed. 
 

� Different damage mechanisms of recycled concrete were identified. 
 

� The quantitative analysis of the micro-fracture in each phase of the recycled 
concrete was carried out. 

 
� The evolution of each kind of micro-fracture in function of the loading step 

was demonstrated. 

 


