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FATIGUE BEHAVIOR OF CONCRETE INCLUDING RECYCLED CONCRETE AGGREGATE

The opportunity of developing concrete pavements with a high rate of recycled concrete aggregate was recently studied within the French national project RECYBETON. According to the French rational pavement design, it is necessary for that purpose to evaluate the impact of recycling on flexural fatigue behaviour of concrete. The state of the art review shows a trend for an endurance decrease when including recycled aggregates in concrete. Nevertheless, only few reliable data are available in the literature and in particular with a sufficient number of specimens to take into account the scattering of fatigue life span, which is of paramount importance for pavement design. This presents papers presents a series of fatigue tests on concrete including high rates of recycling. In a first case only the coarse natural aggregates were replaced by recycled aggregate, while in a second case all the granular skeleton (sand and coarse particles) were replaced. Tests carried out in this study seem to confirm that high recycling rates lead only to a slight deterioration in the fatigue behavior of pavement concretes. The papers concludes by giving typical fatigue behavior parameters for pavement design and shows that only a slight increase in cement content per m 2 can compensate the decrease in fatigue behavior.

INTRODUCTION

Pavements are a traditional reservoir for recycled materials, mainly in the lower layers whether they are bonded or unbonded. However, for several decades, pavement concrete has also been an attractive outlet for recycled concrete aggregate, with, for example, the double-lift recycling technology developed by the Austrians since 1990 and which has been spreading more recently to other countries like Belgium, Germany and Switzerland [START_REF] Fhwa | Long-Life Concrete Pavements in Europe and Canada[END_REF][START_REF] Gaspar | Recycling reclaimed road material in hydraulically bound layers[END_REF]. In this technique, the top of the pavement is made of a layer containing 100% of coarse recycled aggregate, recovered fresh on fresh by a wearing course of standard concrete.

The opportunity of developing concrete recycling as aggregate in concrete pavements was recently studied within the French national project RECYBETON. According to the French rational design, it is necessary for that purpose to evaluate the impact of recycling on flexural fatigue behavior of concrete. The state of the art review shows a trend for an endurance decrease when including recycled aggregates in concrete. Nevertheless, only few reliable data are available in the literature and in particular with a sufficient number of specimens to take into account the scattering of fatigue life span that is of paramount importance for pavement design.

This presents papers presents a series of fatigue tests on concrete including high rates of recycling. In a first case, the coarse natural aggregates were fully replaced by recycled aggregate but only half of the fine aggregates, while in a second case all the granular skeleton (fine and coarse particles) was replaced.

FATIGUE BEHAVIOUR OF PAVEMENT CONCRETE: STATE OF THE ART

Concrete fatigue behavior is often described by the following Wholer's curve [START_REF] Arora | Flexural Fatigue Analysis of Concrete made with 100% Recycled Concrete Aggregates[END_REF], where  0 is the static flexural strength, σ log 𝑁 the cyclic flexural stress leading to concrete failure at N cycles and σ log 𝑁 σ 0 the endurance of the concrete at N cycles.

σ log 𝑁 σ 0 = A + B log 𝑁 (1)
In the French design method, this latter term is estimated assuming A = 1 and fitting B on fatigue tests with a value of  close to  6 (see Figure 1). Since the tests are scattered, the standard deviation of log(N) is a very important value for pavement design (SETRA-LCPC, 1997) and its determination requires numerous tests (see, for example, NF 98-233-1 French standard).

Unfortunately, only very few data are available in the literature on flexural fatigue behavior of unreinforced concrete containing recycled aggregates. Some papers display results on compression fatigue behavior. In [START_REF] Li | Fatigue behavior of recycled aggregate concrete under compression and bending cyclic loadings[END_REF], the authors evaluate the fatigue curve of a 50 MPa concrete containing 100% of recycled gravel with 15 samples tested at different stress levels. They conclude that its 2 million-cycle endurance is higher than that of normal concretes found in literature (0.68 vs 0.58). A more comprehensive research is presented in (Thomas et al., 2014a) and (Thomas et al., 2014b). In that study, the 2 million-cycle endurance in compression is evaluated for concretes with a compressive strength between 25 and 70 MPa and a rate of recycled coarse aggregate between 0 and 100%. The following figure shows that endurance decreases as the aggregate recycling rate and compressive strength increase. For 40 MPa concrete classically used for pavement, endurance drops typically from 0.65 to 0.55, when replacing all natural coarse aggregate with recycled one. Although each value of endurance is extrapolated from 10 fatigue tests at different stress level, no clear conclusion is given concerning the evolution of the scattering with the recycling rate.

 6 / 0 Figure 2 : Loss of 2 million cycle endurance compare to natural aggregate concrete as a function of gravel recycling rate, deducted from [Thomas et al., 2014b] Some data are also available from 4-point bending fatigue tests. In [START_REF] Sobhan | Fatigue behavior of fiber-reinforced recycled aggregate base course[END_REF], the authors claim that a cement treated base material with compressive strength of 9 MPa and a complete recycled granular skeleton, displays a 2 million endurance (calculated on the basis of only six measurements) of 0.56 and so behaves as conventional pavement base materials. Yet in [START_REF] Sobhan | Durability of a pavement foundation made from recycled aggregate concrete subjected to cyclic wet-dry exposure and fatigue loading[END_REF], the same author concludes that a roller compacted concrete, including only recycled aggregate, and with a 20 MPa compressive strength, has an endurance of 0.41 (on the basis of 18 measurements). The author surprisingly concludes that the concrete with recycled aggregate behaves as classical concrete, while citing typical endurance values between 0.5 and 0.57 for the latter, which is not consistent. In [START_REF] Li | Fatigue behavior of recycled aggregate concrete under compression and bending cyclic loadings[END_REF], the authors found an endurance of 0.55 (obtained with 9 measurements) for a concrete made of 100% of recycled coarse aggregate while announcing 0.65 as a classical value in the literature for normal concrete. The most comprehensive study is described in [START_REF] Arora | Flexural Fatigue Analysis of Concrete made with 100% Recycled Concrete Aggregates[END_REF] and [START_REF] Arora | Analysis of flexural fatigue failure of concrete made with 100% Coarse Recycled Concrete Aggregates Construction and[END_REF]. Two concretes with the same volume composition are tested in 4-point bending fatigue. In the latter, 100% of coarse aggregates are replaced by recycled aggregates and slump is adjusted with superplasticizer. Endurance is determined with 30 measurements (3 stress levels, 10 points for each level). These authors obtained a 2 million-cycle endurance of 0.58 for normal concrete (while citing a 0.57 value as literature reference) and confirmed a decrease for the recycled concrete (0.5). The important numbers of experimental points makes it possible to calculate the standard deviation SN according to NF 98-233-1 French standard, as a function of stress level. Figure 3 shows that the recycling rate leads to a moderate increase of SN. In conclusion, the state of the art review shows a trend for an endurance decrease when including recycled aggregates in concrete. Nevertheless, only few reliable data are available in the literature and in particular with a sufficient number of specimens to take into account the scattering of fatigue life span that is of paramount importance for pavement design.

EXPERIMENTAL CAMPAIGN

In that context, three concrete with different recycling rates were designed with the components selected in the French national project RECYBETON, in order to reach almost the same splitting tensile strength R tb =3.3 MPa, classically used for concrete wearing course in France (see Table 1). C-0S-0G stands for the reference concrete made of natural aggregates (NA). In C-50S-100G, 50% in mass of natural fine aggregates are replaced by recycled concrete fine aggregates and all coarse natural aggregates are replaced by recycled ones. Finally, in C-100S-100G all the natural aggregates are replaced by concrete recycled aggregates (RA). The following samples were cast to evaluate the mechanical properties of each concrete recipe:  12 trapezoidal samples for static bending test (NF P98-232-4)  24 trapezoidal samples tested in fatigue at a stress level close to  6 (NFP98-233-1)  8 cylinders for compression testing (NF EN 12390-3) and elastic modulus (NF EN 12390-13)

The capacity of the available concrete mixer did not make it possible to produce all the specimens in 3 batches as suggested by the standard NF P 98-233-1. The following 4 batch allotment was therefore adopted:  1st batch (70 liters)  Measurement of slump;  3 trapezoidal samples for evaluation of bending strength  0 ;  3 trapezoidal samples to target the loading rate to be used in the fatigue test;

 2 test specimens Ø16x32 cm for compressive strength test and elastic modulus.

 3 subsequent batches (90 l)  Measurement of slump  3 trapezoidal samples for checking the flexural strength  0 ;  8 trapezoidal samples tested in fatigue;  2 test specimens Ø16x32 cm for compressive strength test and elastic modulus.  0 is measured on each batch to ensure that the good value of /0 is calculated and eliminate the effect of batches on scattering.

The samples were cured as follows:

 24h in the molds  41 days in water at 20 ° C  At 20 ° C in air until tests: at 95 days for compressive strength and modulus, between 88 and 122 days for fatigue tests. This mode of preservation was chosen because the fatigue tests are long to perform and to limit the evolution of performance over time it was necessary to allow the specimens to age sufficiently long.

Figure 4 -Concrete fatigue apparatus available at Ifsttar. The effort is transmitted by the hydraulic jack at the head of the bi-trapézoïdal concrete sample which bottom is bonded to the steel base.

The fatigue device used for this campaign is presented in Figure 4.The NFP98-233-1 standard specifies that the cyclic loading must be carried out at 50 Hz. Preliminary tests have shown that with the adopted device, the inertial forces passing through the sensor were important and difficult to correct precisely. This is due to a slight lack of rigidity of the frame and the position of the sensor that intercept the movements of the arm transmitting the effort. It was therefore decided to lower the test frequency to 30 Hz which made it possible to limit the noise related to the inertia force while maintaining the test duration less than one day (the maximum number of cycles is 3 million for a so-called long-term test, ie less than 28 h at 30 Hz). Since concrete is elastic, we assume here that the influence of frequency has no influence on its fatigue behavior.

RESULTS

The mechanical results obtained on the 3 concrete are summarized in Table 3. It shows that the reference concrete displays the same order of fatigue parameters (SN close to 1 and endurance around 0.54) as tabulated in (SETRA-LCPC, 1997). It also confirms that there is a moderate decrease in endurance and an increase of the standard deviation when increasing the recycled aggregate content. In order to evaluate more quantitatively the impact of recycling, we have designed a typical structure corresponding to sheet n° 21 in the French pavements catalogue [SETRA-LCPC, 1998] using the fatigue parameters of Table 3. This structure consists in a continuously reinforced concrete layer on a 5 cm class 3 bituminous bounded well-graded aggregate layer laid on a 120 MPa platform. Table 4 summarizes the results of calculations accounting for a traffic of 3000 trucks per day and direction. At first analysis, it shows that the economic and environmental values of the replacement of natural aggregates by recycled aggregates are offset by a strong increase in cement consumption per m 2 of pavement. Yet a more detailed analysis is needed. The value  limit is directly related to SN and  6 . Therefore, the endurance is an important parameter but  0 as well. The flexural strength  0 can be calculated from mix proportions with the following equations:

R 𝑡𝑏 = 𝑘 𝑡 𝑘 𝑐 f ( 𝑊 𝐶
) (de [START_REF] Larrard | Concrete Mixture-Proportioning: a scientific approach, Modern Concrete Technology series[END_REF] With f() a decreasing function of water to cement ratio, k t and k t granular parameters controlling the compressive strength and the splitting tensile strength respectively

(2)

𝜎 0 = 1,44 𝑅 𝑡𝑏 (SETRA-LCPC, 1997) (3) 
In [START_REF] Silva A | Tensile strength behaviour of recycled aggregate concrete[END_REF], the authors analyzed 600 mixes from several papers and conclude that recycling rate has no effect on the relationship between compressive and splitting tensile strength, which means that recycled and natural aggregates generally exhibit very similar k t . However, in the particular case of this study, recycled aggregates display a very low k t and natural aggregates a high one, respectively 0.364 and 0.453 [START_REF] Sedran | Mise au point des formules de béton de référence[END_REF]. Thus, the selection made for the RECYBETON project has undoubtedly introduced a bias, because the natural aggregate and the recycled aggregate do not come from the same region. This leads, for given slump and  limit , to a strong increase of the cement demand for concrete with recycled aggregate, compare to the reference.

Using BetonlabPro software (de [START_REF] De Larrard | The BetonlabPro package software version 3[END_REF], it is possible to re-calculate the theoretical composition and the elastic modulus of C-50S-100G and C-100S-100G for different k t, with the same slump and  0 as the reference concrete. For example, if we adopt the same k t for RA as for NA, as claimed by literature, and we keep the fatigue constants of Table 3, the theoretical overconsumption of cement drops to 22% (83 kg/m 2 ) for C-50S-100G and 39% (94 kg/m 2 ) for C-100S-100G. If we adopt a more conservative value k t = 0.42, the theoretical overconsumption are respectively 30 and 52%. In that latter case, we can evaluate the theoretical overconsumption of cement with the following equation:

C=0.44 S+ 0.08 G (4) 
with S and G the mass replacement ratio of fine and coarse NA by RA respectively. This equation shows that the fine RA have a higher influence on cement overconsumption than the coarse RA. Moreover, according to this model, the overconsumption will be limited to 2.4% for a concrete where only 30% of coarse NA are replaced by RA, as classically done in several countries.

CONCLUSIONS

Tests carried out in this study seem to confirm that high recycling rates (100% of the coarse aggregate, 50 to 100% of the sand) lead to a slight deterioration in the fatigue behavior of pavement concretes. Thus, we can observe a decrease in endurance and an increase in SN standard deviation that are not completely balanced by the concomitant decrease of the elastic modulus, in the calculation of the pavement design. However, the evolutions are moderate and probably tainted with dispersion. Before the generalization of these results, it would be necessary to verify them further on other mixes. The pavement design made in this study shows that high recycling rates lead to large overconsumption of cement per m 2 of pavement, which is detrimental to the economic and environmental benefits of recycling. However, it should be noted that the particular choice of recycled aggregates made in the framework of RECYBETON project leads to values that are probably overestimated due to a particularly poor tensile behavior of the aggregates and not directly to a strong degradation of fatigue behavior itself (i.e. endurance  6 / 0 and standard deviation SN). In addition, the technical community seems to be moving towards lower recycling rates (around 30% for coarse aggregate and no recycled sand), as suggested in NF EN 206 / CN. This makes it possible to limit greatly the increase in the cement demand per m 2 as in this case, fatigue performance is likely to be close to that of natural aggregate concretes, since the deviations in the fatigue parameters observed in the present study are limited and represent maximum expected values. However, this point requires further investigation.

In conclusion, the fatigue behavior of recycled concretes must be more widely verified but does not appear to be a blocking factor for the development of moderate recycling in pavement concretes.

Figure 1 :

 1 Figure 1: Classical fitting of fatigue curve according to NF 98-233-1 standard. Experimental data illustrate the scattering of N obtained with the same level of stress.

Figure 3 :

 3 Figure 3 : Evolution of standard deviation of logN (SN) as a function of stress level. RAC: concrete with recycled gravel, NAC: normal concrete, calculated from (Arora and Singh, 2016).

  

Table 1 :

 1 Mix design of tested concrete

	Mix (kg/m 3 )	C-0S-0G	C-50S-100G	C-100S-100G
	Added water	179.5	245	271
	Efficient water	169.1	167.5	176.7
	Cement CEMII/A-L 42,5 N	308	385	443
	Limestone filler	45	50	63
	Natural sand 0/4	747	337	
	Natural gravel 4/10	256		
	Natural gravel 6.3/20	785		
	Recycled sand 0/4		337	653
	Recycled gravel 4/10		229	296
	Recycled gravel 10/20		615	430
	Retarder		2.7	3.6
	Superplasticizer	0.7	2.3	3.5

The fine NA is a semi-crushed limestone from Sandrancourt (France, dpt 78), the coarse NA are crushed limestone from Givet (France, dpt 08). RA were produced in a recycling plant in Gonesse (France, dpt 95) and the coarse RA were classified Rcu98 according to NF EN 933-1 standard (i.e RA is composed of concrete at 98%). The basic properties of the aggregate are summarized in

Table 2 Table 2 :

 22 Basic properties of aggregates. Real density M vr and water absorption Abs according to

	NF EN 1097-6, Los Angeles LA according to NF EN 1097-2 and Micro Deval MDE according to NF
			EN 1097-1.		
	Material	Mvr (kg/l)	Abs (%)	LA (%)	MDE (%)
	Fine RA-0/4	2,08	8,9	-	-
	Coarse RA-4/10	2,29	5,6	-	-
	Coarse RA-10/20	2,26	5,8	37	23
	Fine NA-0/4	2,58	0,8	-	-
	Coarse NA-4/10	2,71	0,51	-	-
	Coarse NA-6,3/20 2,71	0,46	16	17

Table 3

 3 

		: Mechanical results	
		C-0S-0G	C-50S-100G	C-100S-100G
	R c at 95 days (MPa)	44.6	55.7	57
	E at 95 days (GPa)	37.2	29.5	28.8
	 0 at ~95 days (MPa) 4.7	4.5	4.0
	 6 / 0 at ~100 days	0.505	0.46	0.48
	SN at ~100 days	0.7	0.9	1.2

Table 4

 4 

	: Concrete pavement design for the three concretes
		C-0S-0G	C-50S-100G	C-100S-100G
	 limit (MPa)	1.26	0.89	0.78
	Minimal concrete layer thickness (cm) 22	27	29
	Cement consumption (kg/m 2 )	68	104	128
	Increase in cement consumption	0	53	90
	compare to reference concrete (%)			
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