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INTRODUCTION

Each year, the economic and human activities produce a large amount of construction and demoli tion wastes (CDW). In 2014, over 800 million tonnes of construction and demolition wastes were generated in Europe [START_REF] Saez | A diagnosis of construction and demolition waste generation and recovery practice in the European Union[END_REF]. Concrete wastes are main components and represent up to 75% of total CDW by weight [START_REF] Nwakaire | Utilisation of recycled concrete aggregates for sustainable highway pavement applications; a review[END_REF]. These wastes are traditionally disposed in landfills which not only increase the costs of disposal but also raise the environmental concerns. As a consequence, the reuse of recycled concrete aggregates (RCA) produced by crushing concrete wastes as unbound granular materials in unbound pavement layers has become more popular in last 20 years [START_REF] Arulrajah | Recycled concrete aggre gate/municipal glass blends as a low-carbon resource material for footpaths[END_REF][START_REF] Esfahani | Evaluating the feasibility, usability, and strength of recycled construction and demolition waste in base and subbase courses[END_REF][START_REF] Monrose | Assessment of the physical characteristics and stormwater effluent quality of permeable pavement systems containing recycled materials[END_REF][START_REF] Yaghoubi | Impact of compaction method on mechanical characteristics of unbound granular recycled materials[END_REF].

RCA is composed of original NA and attached cement paste that retains some unhydrated cement. When RCA is used as unbound granular materials in pavement, after the compaction, the unhydrated cement in the attached cement paste will react with water and cause the sec ondary hydration of RCA. Hence, the stiffness and strength of unbound layers with RCA increase over time, which is known as self-cementing properties [START_REF] Arm | Self-cementing properties of crushed demolished concrete in unbound layers: results from triaxial tests and field tests[END_REF][START_REF] Jitsangiam | Recycled Concrete Aggregates in Roadways: Laboratory Examination of Self-Cementing Characteristics[END_REF][START_REF] Poon | The cause and influence of self-cementing properties of fine recycled concrete aggregates on the properties of unbound sub-base[END_REF][START_REF] Sangiorgi | Construction and demolition waste recycling: an applica tion for road construction[END_REF]. Although many studies have been conducted to study the performance of RCA as an unbound granular material and found that the DOI: 10.1201/9781003222910-41 performance of most RCA is comparable to that of NA [START_REF] Arulrajah | Geotechnical Properties of Recycled Concrete Aggregate in Pavement Sub-Base Applications[END_REF][START_REF] Arulrajah | Resilient Moduli Response of Recycled Construction and Demolition Materials in Pavement Subbase Applications[END_REF][START_REF] Lu | Resilient and perman ent deformation behaviors of construction and demolition wastes in unbound pavement base and subbase applications[END_REF][START_REF] Saberian | Permanent deformation behaviour of pavement base and subbase containing recycle concrete aggregate, coarse and fine crumb rubber[END_REF], the influence of the self-cementing proper ties on mechanical behavior of RCA has not been thoroughly studied.

The aim of this paper is to study the self-cementing properties and its effects on the mechan ical behaviours of RCA. In this test, the pH value of two different RCA materials (old and fresh crushed concrete aggregates) are measured to evaluate their self-cementing properties. After that, the short-term and long-term mechanical behaviours of RCA materials after differ ent curing time (1 day, 28 days and 180 days) are tested by monotonic triaxial test and repeated load triaxial test (RLTT).

MATERIALS AND METHODS

Materials

In this study, two different RCA materials obtained from demolished buildings and crushed in recycling plants in Strasbourg, France, are tested:

-Old RCA was crushed eight years ago and stored in plastic bags, named ORCA.

-New RCA was crushed recently, named NRCA.

The main properties of two RCA materials are summarized in Table 1. The particle size distri butions and Modified Proctor curves for ORCA and NRCA are shown in Figures 1 and2. The maximum particle size is 20mm.

Self-cementing properties

The self-cementing properties of RCA are evaluated by pH value that could indicate the pres ence of unhydrated cement [START_REF] Poon | The cause and influence of self-cementing properties of fine recycled concrete aggregates on the properties of unbound sub-base[END_REF][START_REF] Prosek | Recovery of residual anhydrous clinker in finely ground recycled concrete[END_REF]. For pH value measurement, 3 30g of the air-dry RCA fines (0-2mm) and 75g of distilled water are mixed for 2 minutes (BS 1377(BS -3, 2018)). The pH value of each suspension is measured after 24h. The pH values of two RCA materials are provided in Table 1. The results show that the pH value of the solution pre pared with NRCA is the highest compared to that of ORCA. This result is expected because after eight years of storage, the ORCA is carbonated and some unhydrated cement in the ORCA has already reacted with moisture. This implies that the NRCA contains more hydra tion products and exhibits very obvious self-cementing properties.

Specimen preparation

The mixtures are prepared with a water content equal to optimum Proctor moisture content minus 1%, and the dry density is obtained from the Proctor curve, as shown in Figure 2. The targeted water content and targeted dry density for each RCA are summarized in Table 2. The samples are compacted at a diameter of 150mm and a height of 285mm with vibrating hammer in 7 layers. After compaction, the samples are wrapped in plastic foil and stored indoors for 1 day and 28 days (180 days for NRCA) to study the short-term and long-term mechanical behaviours of RCA. 

MONOTONIC TRIAXIAL TESTS

The monotonic triaxial tests are used to study the short-term mechanical behaviour and to determine the failure line of each RCA. In monotonic triaxial tests, three different confining pressures (20 kPa, 40 kPa and 70 kPa) are applied to the samples after curing for 1 day. The confining pressures correspond to the typical stresses obtained in a pavement base layer.

The tests are performed under drained conditions at the shearing rate of 0.3 mm/min until failure. An example of stress-strain curves under different confining pressures of NRCA is shown on Figure 3. The results of monotonic triaxial tests allow to determine the failure line in the p, q stress space and calculate the friction angle φ and cohesion c of each material, as shown in Figure 4 and Table 3. The results show that the failure line, friction angle φ and cohesion c of ORCA and NRCA are similar. 2004), which con sists of a conditioning phase and followed by a resilient phase. The axial strains and radial strains are measured with Hall effect displacement transducers instrumented on the specimen.

Conditioning phase

In the conditioning phase, to stabilize the permanent strains, the sample is subjected to a constant confining pressure (σ 3 =70 kPa) and a cyclic axial load (Δq=340 kPa) at the fre quency of 1Hz for 20000 loading cycles. The deviatoric stress q and mean normal stress p are defined by: where σ 1 is the vertical stress and σ 3 is the confining pressure. The stress path for the condi tioning phase is shown in Figure 5.

Figure 6 shows the permanent axial strain ε 1 p evolution of RCA materials after different curing time. Since self-cementing properties of ORCA have a negligible cementation effect on permanent deformation, NRCA were cured for 180 days instead of 28 days. Each ε 1 p represents the mean value of two or three specimens. Since all the testing parameters, such as particle size distribution, water content (optimum moisture content minus 1%) and dry density (maximum dry density at the targeted water content) are the same for both RCA materials, the ORCA and NRCA curing for 1 day have the similar ε 1 p , as shown in Figure 6. After curing 28 days, ORCA presents a similar level of the ε 1 p compared with that of ORCA curing for 1 day. In contrast, the ε 1 p of NRCA is much lower after curing for 180 days. The decrease of ε 1 p is attributed to the presence of unhydrated cement in the NRCA and decreased water content. The results indicate that the influence of self-cementing properties on permanent deformation of NRCA is significant. 

Resilient behavior

For the resilient behavior study, the tests are conducted with a variable confining pressure, where both the confining pressure and the axial load are cycled in phase, after the condition ing phase. Five stress paths (Δp/Δq=0, 1, 1.5, 2, 2.5), with a high stress level, are applied on the same sample at the frequency of 0.1 Hz. Each stress path contains 100 loading cycles, and the last five cycles in each stress path are used to calculate the resilient strains. The stress paths for the resilient phase are also shown in Figure 5.

The resilient deformation behaviour is presented by the resilient modulus E r , resilient devia toric strain ε r q and the resilient volumetric strain ε r v , which are defined as:

where ε r 1 is the resilient axial strain and ε r 3 is the resilient radial strain. The evolution of resilient modulus E r for ORCA and NRCA with increasing curing time are shown in Figure 7. The results indicate a clear increase in stiffness of NRCA with curing time, mostly because of the rehydration of unhydrated cement in the NRCA. Similar results for RCA were also observed by [START_REF] Arm | Self-cementing properties of crushed demolished concrete in unbound layers: results from triaxial tests and field tests[END_REF] and [START_REF] Jitsangiam | Recycled Concrete Aggregates in Roadways: Laboratory Examination of Self-Cementing Characteristics[END_REF]. However, there is no increase of E r for ORCA.

Figures 8 to 11 present the resilient deviatoric strain ε r q and the resilient volumetric strain ε r v for ORCA and NRCA after different curing time (1 day, 28 days and 180 days). The results show that the resilient deformation behaviour of RCA after different curing time is very simi lar to that of unbound granular materials (UGM) whose resilient deformation is strongly non linear [START_REF] Hornych | Study of the resilient behaviour of unbound granular materials[END_REF][START_REF] Jing | Effect of Anisotropy on the Resilient Behaviour of a Granular Material in Low Traffic Pavement[END_REF]. For this reason, the Modified Boyce model is used to describe the resilient behaviour of RCA [START_REF] Gaillard | Thermo-hydro-mechanical behaviour of cold reclaimed asphalt aggregates without binder addition[END_REF][START_REF] Hornych | Study of the resilient behaviour of unbound granular materials[END_REF] and calculate the characteristic resilient modulus Ec defined as the resilient modulus deter mined for the stress p=250 kPa and q=500 kPa.

The average parameters of the Modified Boyce model as well as the Ec obtained for all the tests are summarized in Table 4. As expected, the Ec of NRCA increased from 382 MPa to 455 MPa after curing 180 days. Furthermore, a good agreement between the experimental results and predicted results are obtained with this model. The parameters of the ORCA and NRCA after curing different time are of the same order of magnitude. Besides, the influence of self-cementing properties on the resilient strains for these different RCA is quite different. For ORCA which exhibited poor self-cementing properties the ε r q and ε r are the same after curing 1 day and 28 days. However, for NRCA, there are large decrease of ε r q and increase of ε r v after curing 180 days. Generally, for RCA materials which have strong self-cementing properties, the resilient axial strain ε r 1 decreases after curing which leads to an increase of stiffness. However, a clear increase of resilient contractant behavior ε r is also The study shows that the NRCA, fresh crushed concrete aggregates, has very high pH value and exhibits very obvious self-cementing properties. However, the ORCA, old concrete aggre gates crushed eight years ago, has low pH value and exhibits poor self-cementing properties. It seems, therefore, the unhydrated cement content decreases with increasing storage time.

The RLTT results show that the long-term mechanical behaviour of RCA is greatly influ enced by the self-cementing properties. The permanent deformation and resilient deviatoric strain of NRCA decrease while resilient modulus and resilient volumetric strain increases a lot after curing 180 days. However, the permanent deformation and resilient deformation of ORCA have no change after curing 28 days because of poor self-cementing properties.
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 6 Figure 6. Permanent deformations of RCA materials curing for 1, 28 and 180 days.
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 1011 Figure10. Deviatoric strain ε q r of NRCA curing for 1 day and 180 days.

  

Table 1 .

 1 Properties of RCA materials.

		Particle density-	Water absorption-	Fine content		
		coarse (10-20mm)	coarse (10-20mm)	(63μm)	Grading	
	Materials	Mg/m 3	%	%	mm	pH
	ORCA	2.57	4.30	2.2	0/20	10.53
	NRCA	2.65	4.64	2.1	0/20	13.07
	Figure 1. Particle size distributions of ORCA and	Figure 2. Modified Proctor curves of ORCA
	NRCA.			and NRCA.		

Table 2 .

 2 Targeted water content and dry density.

		Optimum moisture	Maximum dry density	Targeted water con	Targeted dry density
	Materials	content (%)	(Mg/m 3 )	tent (%)	(Mg/m 3 )
	ORCA	11.51	2	10.5	1.99
	NRCA	12.93	1.98	11.9	1.97

Table 3 .

 3 Friction angle φ and cohesion c of RCA materials.The repeated load triaxial tests (RLTT) are used to study the long-term mechanical behaviour of RCA materials after curing for 1 day and 28 days (180 days for NRCA). In this study, RLTTs are carried out following the European Standard NF EN 13286-7 (

	Materials	φ (°)	c (kPa)
	ORCA	57	62.5
	NRCA	55.3	66
	4 REPEATED LOAD TRIAXIAL TESTS		

Table 4 .

 4 The modified Boyce model parameters for ORCA and NRCA. Resilient modulus E r of ORCA and NRCA curing for different time.

		Curing time	Ka	Ga				Ec
	Material	day	MPa	MPa	n	γ	Correlation	MPa
	ORCA	1	54.01	54.03	0.52	0.66	0.926	379
		28	46.12	51.85	0.48	0.69	0.914	348
	NRCA	1	39.67	51.80	0.47	0.64	0.949	382
		180	33.06	54.99	0.51	0.55	0.904	455
	Figure 7.							
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