
1	Introduction
The	increasing	production	of	construction	and	demolition	waste	(C&DW)	and	the	ever-greater	consumption	of	natural	resources	is	forcing	society	to	search	for	alternatives	in	order	to	reduce	both.	Fortunately,	many	studies

have	analysed	the	possibility	of	producing	recycled	aggregates	(RA)	using	old	concrete	from	C&DW	[1–6],	precast	industries	[7–10]	and	industry	wastes	[11–13].	However,	the	use	of	RA	against	the	use	of	natural	aggregate	(NA)	for

structural	concrete	on	material	performance,	environmental	benefits	and	financial	viability	of	the	studies	conducted	so	far	do	not	fully	demonstrate	the	choice	of	production	of	recycled	aggregate	concrete	(RAC)	with	a	significant

advantage	[14].

RA	 influences	 the	physical	and	mechanical	properties	of	RAC.	The	direct	 influence	of	 the	quality	of	RA	on	 the	durability	 is	analysed	 in	 [7,15]	showing	 that	RA	coming	 from	precast-structural	concretes	 is	one	of	 the	most

adequate	in	order	to	produce	RAC.	In	terms	of	durability,	the	incorporation	of	recycled	aggregate	was	responsible	for	worse	results	but	did	not	compromise	their	use	in	structural	concrete	[16,17].	The	properties	of	the	interfacial

transition	zone	(ITZ)	have	a	significant	impact	on	the	macro	mechanical	properties	of	concrete	[18].	X-ray	computed	axial	tomography	(CT)	provides	cross-sectional	views	of	materials,	components,	and	assemblies	for	non-destructive

evaluation	[19].	It	can	be	used	to	examine	concrete	[20]	and	the	high-resolution	X-ray	micro-CT	allows	modelling	the	permeability	of	cementitious	materials	[21].	On	the	one	hand,	the	irregular	surface	of	the	old	adhered	mortar	of	the

RA	contributes	to	the	improvement	of	the	physical	bond	between	the	old	and	new	cement	matrix	[22].	On	the	other	hand,	the	lower	mechanical	resistance	due	to	the	adhered	mortar	contributes	to	reduce	the	compressive	strength	[15]

and	significantly	so	in	the	case	of	dynamic	rather	than	static	loading	[3,23–25]	but	no	significant	influence	of	the	recycled	aggregate	content	on	the	durability	performance	of	concrete	exposed	to	aggressive	environments	is	detected

after	years	[26].
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This	paper	presents	a	novel	technique	used	to	analyse	the	volume	of	adhered	mortar	to	the	recycled	aggregate.	A	computerized	microtomograph	(μCT)	device	was	used	to	evaluate	the	volume	of	the	aggregate,	the

volume	of	natural	aggregate	and	the	volume	of	adhered	mortar.	To	this	end,	a	natural	aggregate	has	been	characterized,	using	the	μCT,	with	which	a	source	concrete	has	been	produced.	Subsequently,	the	source	concrete	has

been	crushed	to	obtain	a	first	cycle	recycled	aggregate.	After	the	characterization	of	the	first-generation	of	recycled	aggregate,	a	new	source	concrete	has	been	made	with	it	to	be	subsequently	crushed	again	obtaining	a

second-generation	recycled	aggregates.	 In	 the	same	way	a	 third-generation	recycled	aggregate	has	been	obtained	and	has	been	equally	characterized.	The	results	show	that	 the	compaction	capacity	of	 the	aggregate	 is

reduced	after	successive	recycling.	It	has	been	possible	to	quantify	how	much	the	closed	porosity	of	the	recycled	aggregate	decreases	with	the	number	of	times	it	is	recycled.	The	loss	of	natural	aggregate	and	increase	of	the

volume	of	adhered	mortar	have	also	been	evaluated	using	this	technique.
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This	paper	presents	a	novel	technique	used	to	analyse	the	volume	of	adhered	mortar	to	the	recycled	aggregate.	A	computerized	microtomograph	(μCT)	device	was	used	to	evaluate	the	volume	of	the	aggregate,	the	volume	of

natural	aggregate	and	the	volume	of	adhered	mortar.	To	this	end,	a	natural	aggregate	has	been	characterized,	using	the	μCT,	with	which	a	source	concrete	has	been	produced.	Subsequently,	the	source	concrete	has	been	crushed	to

obtain	a	first	cycle	recycled	aggregate.	After	the	characterization	of	the	first-generation	of	recycled	aggregate,	a	new	source	concrete	has	been	made	with	it	to	be	subsequently	crushed	again	obtaining	a	second-generation	recycled

aggregates.	In	the	same	way,	a	third-generation	recycled	aggregate	has	been	obtained	and	characterized.	The	effectiveness	of	using	X-ray	microtomography	to	access	recycled	concrete	pore	size	and	spatial	distribution	requires	small

samples	in	order	to	increase	the	resolution,	which	is	still	a	drawback	to	overcome	[22].	In	the	present	case,	representative	samples	of	the	recycled	aggregates	have	been	obtained	and	analysed.

2	Experimental	program
Four	aggregates	divided	in	three	fractions	were	studied.	A	natural	limestone	aggregate	(NA)	was	used	to	produce	a	source	concrete	(SC).	The	SC	was	crushed	to	obtain	a	first-generation	recycled	aggregate	(RA1).	A	second-

generation	recycled	aggregate	(RA2)	was	obtained	from	crushing	the	first	recycled	aggregate	concrete	(RAC1),	made	with	the	first-generation	of	recycled	aggregate.	In	the	same	way,	a	third-generation	recycled	aggregate	(RA3)	has

been	obtained	crushing	the	second	recycled	aggregate	concrete	(RAC2).	RAC1	and	RAC2	were	produced	using	100%	recycled	aggregate	from	the	previous	recycling	cycle.	In	all	of	the	cases,	the	cement,	aggregates	grading	and	target

concrete	 characteristics	 (strength,	 slump	 and	 durability)	 were	 the	 same:	 compressive	 strength	 class	 C30/37;	 slump	 class	 S3	 (125 ± 15 mm);	 exposure	 class	 XC3,	 limestone	 sand	 and	 Portland	 CEM	 I	 42.5.	 The	mix	 proportions,

compressive	strength	and	slump	are	presented	in	Table	1.	Cement	with	low	content	of	additions	was	used	to	avoid	effects	due	to	the	increasing	volume	of	adhered	mortar.	NA,	RA1,	RA2	and	RA3	were	divided	in	three	coarse	aggregate

fractions	in	order	to	obtain	the	physical	and	mechanical	properties	of	each	one:	4–5.6,	5.6–8	and	8–11.2 mm,	using	three	different	techniques:	classic	methods,	computerized	micro-tomography	(μCT)	and	scan	electron	microscopy

(SEM).

Table	1	Mix	proportions	(by	m3)	and	main	properties	of	concrete.

Concrete SC RAC1 RAC2

Sand	(0–2)	(kg) 732 732 732

Coarse	aggregate	(4–8)	(kg) 205 183 171

Coarse	aggregate	(8–16)	(kg) 443 396 371

Coarse	aggregate	(16–22)	(kg) 327 292 274

Cement	(CEM	I	42.5)	(kg) 350 350 350

Water	(kg) 194 194 194

Extra	water	(kg) 0 40 49

Effective	w/c	ratio 0.55 0.55 0.55

Apparent	w/c	ratio: 0.55 0.67 0.69

Slump	(cm) 12.4 12.6 12.1

Compressive	strength	(MPa) 55.9 54.1 53.3

2.1	Properties	of	the	aggregate	by	classic	methods
The	densities	and	porosities	were	determined	by	displacement	of	water	by	immersion	of	the	saturated	samples	and	evaluation	of	the	saturated	and	dry	weights	of	the	samples.	The	methods	used	are	described	below.	The	water

absorption	capacity	of	the	aggregates	NA,	RA1,	RA2	and,	RA3	was	determined	by	evaluating	the	open	pore	volume	saturated	with	water	using	vacuum.	The	relationship	between	the	volume	of	accessible	pores	and	sample	volume,

obtained	by	evaluating	the	difference	between	saturated	and	dry	weights,	provides	the	porosity	of	the	material.

The	real	density	(without	pores)	was	determined	by	crushing	each	fraction	of	aggregate	and	concrete	to	powder	smaller	than	100 μm	using	an	automatic	agate	mill.	The	closed	porosity	was	calculated	by	the	difference	between

the	relative	volume	and	the	real	volume.	The	open	porosity	was	calculated	by	the	difference	between	the	apparent	volume	and	the	relative	volume.



24 h	absorption	of	the	aggregates	was	determined	following	standard	EN	1097-6:2014.	The	determination	of	loose	bulk	density	and	voids	was	performed	following	standard	EN	1097-3:2014.	The	Los	Angeles	wear	test	intends

to	measure	the	resistance	to	fragmentation	of	the	aggregate	through	the	loss	of	mass.	The	tests	were	carried	out	according	to	standard	EN	1097:2014.	All	the	tests	following	the	EN	1097	standard	were	performed	before	obtaining	the

final	mix	proportions	(Faury).	For	this	reason,	the	commercial	natural	aggregate	and	the	aggregate	resulting	from	crushing	the	SC	and	RC,	not	the	4–5.6,	5.6–8	and	8–11.2 mm	fractions,	were	considered.

2.2	Computerized	micro	tomography
In	order	to	analyse	the	properties	of	the	samples,	a	computerized	micro-tomograph	was	used.	The	equipment	can	provide	qualitative	and	quantitative	information	of	the	tested	specimens.

The	μCT	analysis	consists,	first,	of	a	scanning	phase	in	which	an	X-ray	beam	impinges	on	the	sample	at	the	same	time	as	it	rotates,	obtaining	a	set	of	X-ray	images	that	the	computer	will	compose.	A	Skyscan1172	μCT,	similar	to

the	one	used	by	[28]	in	order	to	analyse	concrete,	with	80 kV	and	100 μA	X-ray	source,	was	used.	With	these	parameters	the	resolution	Voxel	Size	is	27 μm.	In	the	reconstruction,	the	linear	absorption	of	each	material	was	correlated

with	a	shade	of	grey	between	0	[black]	and	255	[white]	using	the	same	parameters	for	all	the	specimens.

The	image	quantitative	analysis	software	provides	the	volume	of	the	different	components,	because	the	voxel	 intensity	 is	proportional	to	the	density	of	the	material	 [22].	 In	this	case	 it	 is	possible	to	evaluate	the	volume	of

aggregate,	the	volume	of	natural	aggregate,	the	volume	of	adhered	mortar	and	the	closed	porosity	of	the	sample.	Regarding	the	qualitative	analysis,	this	technique	allows	analysing	how	pores	and	aggregate	are	distributed.	For	the

identification	of	the	aggregate	and	cement	paste	phases,	previous	analyses	were	made	using	only,	on	the	one	hand,	cement	paste	and,	on	the	other	hand,	natural	aggregate	used	in	the	research.

Each	fraction	of	aggregate	was	introduced	in	a	cylindrical	container	of	40 mm	diameter.	A	sample	of	25 mm	height	has	been	compacted	for	20 s	using	a	vibration	table.	After	that,	the	sample	was	introduced	into	the	μCT	with

the	container.	Each	analysis,	with	the	indicated	parameters	lasts	approximately	10 h.

The	properties	of	the	coarse	aggregate,	obtained	by	μCT,	were	obtained	as	follows.	The	compaction	index	is	obtained	by	dividing	the	volume	occupied	by	the	aggregate	by	the	total	analysed	volume.	The	volume	of	aggregate

(solid	fraction)	is	obtained	by	adding	the	volume	of	the	natural	aggregate,	the	adhered	mortar	and	the	porosity.	The	total	volume	corresponds	to	the	volume	of	a	cylinder	inscribed	in	the	volume	occupied	by	the	sample.	Therefore,	the

compaction	index	quantifies	the	volume	of	voids	between	aggregates.	Closed	porosity	in	%	vol.	is	obtained	by	dividing	the	closed	porosity	volume,	bigger	than	27 μm,	by	the	aggregate	volume.	The	NA	volume	is	obtained	by	dividing	the

volume	of	NA	by	the	total	analysed	volume.	The	adhered	mortar	is	the	percentage	of	adhered	mortar	found	in	the	analysed	volume	of	aggregate.	Finally,	the	mortar	index	is	the	result	of	dividing	the	volume	of	adhered	mortar	by	the

volume	of	natural	aggregate.

2.3	Scan	electron	microscopy
A	 scanning	 electron	microscope,	 Carl	 Zeiss	model	 EVO	MA15,	 for	 the	microstructural	 and	 elemental	 chemical	 analysis,	 was	 used.	 It	 uses	 as	 a	 lanthanum	 hexaboride	 filament	 as	 the	 electron	 source	 and	 secondary	 and

backscattered	electrons	detectors	and	an	Oxford	Instruments	X-ray	detector.	This	SEM	can	work	in	low	vacuum	allowing	the	observation	of	samples	without	conductors	nor	need	of	metallization.

The	SEM	is	equipped	with	an	Energy	Dispersive	X-ray	spectroscope	detector	(EDX).	Using	the	EDX	technique,	it	 is	possible	to	obtain	the	chemical	composition	of	the	analysed	materials.	In	this	case,	in	order	to	obtain	the

chemical	composition	by	weight	and	atomic	percentage,	a	sample	of	each	aggregate	was	crushed	to	100 μm	powder	and	analysed	by	EDX.

3	Results	and	discussion
In	this	section,	the	obtained	results	are	shown	and	analysed.

3.1	Physical	and	mechanical	properties	by	classic	methods
Table	2	presents	the	main	physical	properties	of	aggregates	(NA,	RA1,	RA2	and	RA3)	and	the	Faury	distribution	obtained	using	pycnometer	and	separated	in	three	fractions.	The	Faury	distribution	is	the	same	mix	proportion

ratio	used	to	make	the	concrete,	but	in	this	case	only	with	aggregates	between	4	and	11.2 mm.	These	coarse	fractions	represent	19%	by	weight	of	the	aggregate.	The	fraction	4–5.6 mm	Faury	proportion	corresponds	to	5.7 wt.%	The

fraction	5.6–8 mm	represents	6.3 wt.%.	and	the	fraction	8–11.2 mm	6.8 wt.%.

Table	2	Physical	properties	of	the	coarse	aggregate	obtained	by	classic	methods.

Aggregate Fraction	[mm] Relative	density	[g/cm3] Real	density	[g/cm3] Closed	porosity	[%	vol.]

NA Faury 2.630 2.744 0.099



4–5.6 2.677 2.832 0.134

5.6–8 2.657 2.701 0.038

8–11.2 2.639 2.786 0.127

RA1 Faury 2.505 2.662 0.895

4–5.6 2.562 2.695 0.759

5.6–8 2.539 2.707 0.958

8–11.2 2.496 2.668 0.981

RA2 Faury 2.463 2.558 0.542

4–5.6 2.505 2.606 0.576

5.6–8 2.489 2.591 0.582

8–11.2 2.474 2.558 0.479

RA3 Faury 2.418 2.505 0.496

4–5.6 2.489 2.604 0.656

5.6–8 2.455 2.506 0.291

8–11.2 2.392 2.492 0.570

In	all	the	cases,	the	density	of	the	aggregate	decreases	as	the	aggregate	size	increases.	A	larger	density	difference	between	the	smaller	aggregate	(4–5.6 mm)	and	the	larger	aggregate	(8–11.2 mm)	as	the	number	of	recycling

generations	was	observed.	The	density	of	the	aggregate	used	in	the	different	recycled	concrete	mixes	(Faury	method)	decreases	with	the	number	of	recycling	cycles.	The	density	of	NA	is	around	2.63 g/cm3	while	RA1,	RA2	and	RA3

present	a	density	4%,	6%	and	8%	lower,	respectively.

In	relation	to	the	water	absorption,	the	results	show	an	increase	with	the	number	of	recycling	cycles.	The	increase	of	water	absorption,	Table	3,	was	noticeable	after	the	first	cycle	(4.55%	increase),	up	by	2.31%	after	the	second

cycle	and	again	up	by	1.69%	after	the	third	cycle.	As	the	number	of	cycles	of	recycling	increases	the	aggregates	absorb	more	water	because	of	the	increase	of	adhered	mortar	in	each	cycle.	This	also	occurs	in	the	case	of	the	loose	bulk

density,	voids	volume	and	Los	Angeles	coefficient.

Table	3	Physical	and	mechanical	properties	of	the	coarse	aggregate	obtained	by	classic	methods.

Aggregate W24	[%wt.] Loose	bulk	density	[kg/m3] Voids	[%vol.] Los	Angeles	[%wt.]

NA 1.09 1355.1 47.6 27.93

RA1 5.64 1132.2 55.2 38.81

RA2 7.95 1034.4 59.3 41.18

RA3 9.64 990.1 62.7 40.89

3.2	Computerized	micro	tomography
Table	4	presents	the	main	properties	of	aggregates	(NA,	RA1,	RA2	and	RA3)	obtained	by	μCT.	It	is	observed	that	the	NA	is	the	one	that	has	a	higher	volume	of	aggregate.	The	aggregate	here	represents	the	coarse	fraction	and



the	sand	(<	4 mm)	has	not	been	considered.	The	RA1	set	presents	a	volume	between	aggregate	3%	greater	than	that	of	the	NA	and	this	value	increases	slightly	with	the	number	of	recycling	cycles.	If	the	compaction	indexes	of	the

various	fractions	are	compared,	the	4–5.6 mm	fraction	occupying	higher	volume	is	noticed	and	this	value	decreases	with	the	number	of	recycling	cycles.

Table	4	Properties	of	the	coarse	aggregate	obtained	by	μCT.

Aggregate Fraction	[mm] Compaction	index	[%	vol.] Closed	porosity	[%	vol.] NA	volume	[%	vol.] Adhered	mortar	[%	vol.] Mortar	index	[%	vol.]

NA Faury 60.350 0.044 60.350 0.000 0.000

4–5.6 60.877 0.030 60.877 0.000 0.000

5.6–8 61.015 0.026 61.015 0.000 0.000

8–11.2 60.978 0.073 60.978 0.000 0.000

RA1 Faury 57.605 0.713 25.355 55.489 1.268

4–5.6 59.794 0.978 27.910 53.322 1.142

5.6–8 59.413 0.667 26.318 55.704 1.258

8–11.2 55.724 0.554 23.048 58.639 1.418

RA2 Faury 57.051 0.627 13.223 76.053 3.299

4–5.6 57.270 0.632 14.458 74.755 2.961

5.6–8 58.136 0.576 13.433 76.893 3.328

8–11.2 57.459 0.686 12.367 78.476 3.646

RA3 Faury 56.586 0.524 6.310 87.885 8.203

4–5.6 54.617 0.470 8.022 85.313 5.809

5.6–8 57.279 0.471 6.074 89.395 8.430

8–11.2 59.163 0.631 5.275 91.085 10.217

NA	is,	as	expected,	the	least	porous	aggregate.	The	closed	porosity	of	the	recycled	aggregate	is	12	to	16	times	higher	than	that	of	the	NA.	However,	as	the	number	of	recycling	cycles	increases,	the	closed	porosity	(measured	by

μCT)	decreases.	The	open	porosity	of	RA	increases	with	the	number	of	recycling	cycles	by	increasing	the	volume	of	adhered	mortar.	The	porosity	of	cement	paste	at	1,	7	and	28 days	found	by	[21]	and	analysed	by	microtomography	was

27.3%,	18.9%	and	13.5%,	respectively.	However,	it	is	observed	that	the	closed	porosity	decreases.	The	μCT	technique	only	considers	pores	with	a	volume	greater	than	0.08 mm3	and	does	not	consider	the	porosity	communicating	with

the	exterior	through	capillarity.

For	the	second	and	third	generation	of	recycled	aggregates,	there	is	a	trend	of	closed	porosity	to	increase	with	the	size	of	the	aggregate	and	a	greater	concentration	of	porosity	is	observed	in	the	attached	mortar.	Fig.	1	shows

the	volume	of	natural	aggregate	analysed	in	the	upper	row	and	the	distribution	of	closed	pores	in	the	lower	row.	Fig.	2	shows	the	volume	analysed	and	the	porosity,	in	this	case,	of	the	RA1,	Fig.	3	the	RA2	and	Fig.	4	the	different	fractions

of	RA3.



Fig.	1	Analysed	volume	(upper	row)	and	closed	porosity	(lower	row)	of	the	different	fractions	of	the	coarse	natural	aggregate.

Fig.	2	Analysed	volume	(upper	row)	and	closed	porosity	(lower	row)	of	the	different	fractions	of	the	first-generation	recycled	aggregate.

Fig.	3	Analysed	volume	(upper	row)	and	closed	porosity	(lower	row)	of	the	different	fractions	of	the	second-generation	recycled	aggregate.



The	NA	takes	around	60%	of	the	analysed	volume.	Sunayana	and	Barai	[29]	found	73%	of	occupied	volume	(maximum	experimental	packing	density)	using	coarse	and	fine	recycled	aggregate.	The	decrease	of	the	compaction

index	is	due	to	the	increase	of	porosity	of	the	RA,	at	the	same	time	that	the	volume	of	adhered	mortar	increases.	The	μCT	consider	the	open	porosity	of	the	sample	as	non-occupied	volume.	The	more	rounded	aggregate	[22]	tends	to	be

better-packed	(decrease	of	inter-aggregate	voids)	but	the	ratio	between	the	volume	of	the	solid	fraction	and	the	volume	occupied	by	the	aggregate	decreases.

When	the	first	generation	of	recycled	aggregate	is	produced,	the	amount	of	natural	aggregate	present	in	RA1	is	reduced	by	up	to	25%.	For	this	reason,	25%	vol.	of	natural	aggregate	is	expected	in	the	first-generation	recycled

aggregate	 concrete	 (RAC1).	 The	 amount	 of	 natural	 aggregate	 present	 decreases	 to	 13%	 and	 6%	 with	 successive	 generations	 of	 recycling:	 RA2	 and	 RA3.	 Due	 to	 this	 trend,	 with	 each	 generation	 of	 recycling,	 the	 natural

aggregate/adhered	mortar	ratio	decreases	and	a	maximum	number	of	cycles	is	expected	until	the	presence	of	coarse	natural	aggregate	is	reduced	to	near	zero	values.

In	Fig.	5,	the	natural	aggregate/adhered	mortar	ratio	has	been	represented	versus	the	number	of	recycling	cycles	and	a	good	exponential	trend	line	has	been	obtained.	It	is	thus	found	that	the	coarse	natural	aggregate	becomes

negligible	between	the	fourth	and	the	fifth	cycle.

Fig.	6	shows	a	section	sequence	of	the	NA,	RA1,	RA2	and	RA3	fractions	where	the	adhered	mortar	has	been	coloured	green.	The	sequence	confirms	the	trend	obtained	by	the	analytical	methods.	It	can	be	observed	how	the

green	colour,	corresponding	to	the	adhered	mortar	in	the	successive	recycling	cycles,	increases	its	presence.	At	the	same	time,	it	can	be	seen	how	the	natural	aggregate	volume	is	reduced	and	its	particles	become	smaller	and	smaller.

Fig.	4	Analysed	volume	(upper	row)	and	closed	porosity	(lower	row)	of	the	different	fractions	of	the	third-generation	recycled	aggregate.

Fig.	5	Natural	coarse	aggregate	and	adhered	mortar	volume	ratio	of	the	coarse	recycled	aggregate	versus	the	number	of	recycling	cycles.



Several	authors	have	attempted	to	measure	the	volume	of	adhered	mortar	to	the	natural	aggregate	of	the	recycled	aggregate,	by	physical	treatment	[30]	or	chemical	treatment	[31].	It	is	well	known	that	the	decrease	in	the

performance	of	the	recycled	aggregate	is	mainly	due	to	the	presence	of	this	phase.	The	technique	proposed	here	allowed	easily	evaluating	the	amount	of	adhered	mortar.

In	the	mix	distribution	of	the	first	generation	recycled	aggregate	concrete,	using	RA1,	55%	of	the	aggregate	volume	has	been	found	to	be	adhered	mortar.	It	 is	also	observed	that,	with	the	increase	of	recycling	cycles,	the

volume	of	adhered	mortar	increases	to	76%	for	RA2	and	87%	for	RA3.	In	addition,	a	smaller	amount	of	mortar	is	detected	in	the	smaller	fractions.	The	4–5.6 mm	first-generation	recycled	aggregate	presents	5%	less	adhered	mortar

than	the	8–11.2 mm	fraction.	Fig.	7	shows	the	adhered	mortar	volume	for	the	different	fractions	versus	the	number	of	recycling	cycles.	A	logarithmic	trend	line	is	obtained.	It	can	be	seen	that	the	coarser	fraction	has	an	even	higher

Fig.	6	Analysed	section	of	the	natural	and	recycled	coarse	aggregate	samples	where	the	adhered	mortar	has	been	coloured	green.



volume	of	adhered	mortar	than	the	finer	one	and	the	difference	between	them	increase	with	the	number	of	recycling	cycles.	Fraction	8–11.2 mm	reaches	100%	of	mortar	shortly	after	it	exceeds	the	fourth	recycling	cycle,	whereas	the

fraction	4–5.6 mm	requires	more	than	five	recycling	cycles	to	reach	the	same	value	of	mortar.	The	mixture	of	the	different	fractions,	in	order	to	construct	the	skeleton	of	aggregates	of	concrete,	is	somewhere	between	the	trend	lines	of

the	fractions	analysed	above	and	it	reaches	100%	of	mortar	only	after	between	four	and	five	recycling	cycles.

Comparing	 the	absorption	of	 the	aggregate	obtained	by	classic	methods	with	 the	adhered	mortar	 volume	 (Fig.	8),	 a	 linear	 correlation	 is	 obtained.	The	percentage	of	water	 that	 the	aggregate	 is	 able	 to	 absorb	 is	directly

proportional	to	10%	of	the	volume	of	adhered	mortar	(W24 = 0.1VAdheredMortar).	The	relationship	between	the	relative	density	of	 the	aggregate	and	the	volume	of	adhered	mortar	also	presents	a	 linear	correlation.	The	density	of	 the

aggregate	shows	a	strong	decrease	after	the	first	recycling	cycle,	being	the	decrease	smaller	with	the	second	and	third	cycles,	in	a	similar	way	to	what	happens	with	the	volume	increase	of	adhered	mortar.

Fig.	9	shows	the	correlation	between	the	closed	porosity	obtained	by	the	proposed	μCT	method	and	by	classic	methods.	The	linear	adjustment	between	both	values	has	an	R2	of	0.72.	Around	the	low	closed	porosity	values,	it	is

observed	that	all	the	results	provided	by	the	classic	methods	are	lower	than	those	provided	by	μCT.	This	effect	may	be	due	to	the	difficulty	of	saturating	the	accessible	pores	(classic	method).	In	samples	with	low	porosity,	the	classic

method	fails	to	saturate	a	given	volume	of	open	pores	that	will	be	evaluated,	by	the	method,	as	closed	pores.	When	the	closed	porosity	of	samples	with	higher	porosity	is	examined,	a	greater	dispersion	is	observed.	However,	the	trend

line	places	the	values	of	closed	porosity	obtained	by	classic	methods	(water	saturation)	at	around	80%	of	that	obtained	by	μCT.	The	μCT	technique	demonstrates	that	there	is	a	volume	of	open	pores	that	cannot	be	accessed	by	classic

Fig.	7	Adhered	mortar	volume	of	the	coarse	recycled	aggregate	versus	the	number	of	recycling	cycles.

Fig.	8	Water	absorption	and	relative	density	versus	adhered	mortar	volume	of	the	coarse	recycled	aggregate.



methods,	especially	when	the	porosity	of	the	aggregate	is	low.

3.3	Scan	electron	microscopy
Table	5	shows	the	elemental	chemical	composition	of	the	control	and	recycled	aggregates.

Table	5	Elemental	chemical	composition	of	the	recycled	aggregates	obtained	by	SEM.

Elem. O C Si Ca Al S K

Quant. Atm.% wt.% Atm.% wt.% Atm.% wt.% Atm.% wt.% Atm.% wt.% Atm.% wt.% Atm.% wt.%

RA1 66.26 54.40 12.75 7.86 7.63 11.00 12.25 25.20 1.11 1.54 – – – –

RA2 65.07 54.78 16.32 10.31 5.77 8.53 11.39 24.02 0.74 1.05 0.36 0.61 0.34 0.69

RA3 62.95 54.06 19.38 12.49 6.01 9.06 10.21 21.97 0.77 1.12 0.29 0.51 0.38 0.79

In	the	first-generation	recycled	aggregate,	from	the	crushing	of	a	source	concrete	with	natural	aggregates	only,	the	presence	of	sulphur	or	potassium	is	not	detected.	By	increasing	the	volume	of	adhered	mortar,	with	the

second	and	third	generation,	the	sulphur	or	potassium	increase	their	concentration	and	can	be	detected.	In	the	first	generation	their	percentage	is	so	small	that	they	are	not	identified	by	the	Energy	Dispersive	X-ray	spectroscopy.

Figs.	9–1110-12	 show	a	micrograph	 sequence	 at	 50,	 100,	 500	 and	1000	magnifications	 of	 the	 analysed	RA1,	RA2	and	RA3,	 respectively.	Backscattered	 electrons	micrographs	 are	presented.	 It	 is	 observed	 that	 the	natural

aggregates	reduce	their	size	and	number	with	the	number	of	cycles,	from	RA1	to	RA3.	The	main	observed	cracks	correspond	to	the	ITZ	between	the	new	paste	and	the	recycled	aggregate.	The	crack	initiation	and	propagation	into	the

recycled	concrete	under	compression	was	dependent	on	the	relative	strength	of	the	new	and	old	ITZ’s	[32]	Therefore,	it	is	expected	that	the	aggregates	recycled	more	than	once	lead	to	progressively	less	resistant	concrete	(see	Fig.	12).

Fig.	9	Closed	porosity	obtained	the	proposed	method	versus	classic	method.



Fig.	10	Scan	electron	micrograph	sequence	(50×,	100×,	500×	and	1000×)	of	a	region	of	aggregate-cement	paste	interphase	of	RA1.

Fig.	11	Scan	electron	micrograph	sequence	(50×,	100×,	500×	and	1000×)	of	a	region	of	aggregate-cement	paste	interphase	of	RA2.



With	the	obtained	results	by	classic	and	new	methods,	it	is	possible	to	evaluate	accurately	the	volume	of	adhered	mortar	of	the	recycled	aggregate.	For	this	purpose,	it	has	been	proposed	to	analyse	the	properties	of	concrete

with	different	degrees	of	recycling,	in	order	to	know	how	it	affects	the	properties	of	the	material	and	how	it	could	be	analysed.	In	any	case,	the	characteristics	of	the	multi-recycled	concrete	mixes	will	depend	on	the	properties	of	the

source	concrete,	the	proposed	mix	proportions	and	its	cement.	A	sustainable	future	implies	multi-recycled	concrete,	so	the	study	of	new	combinations	will	be	a	very	important	future	line	of	research.

4	Conclusions
In	the	present	research,	the	effect	of	multiple	recycling	on	the	properties	of	recycled	aggregate	(from	crushed	concrete)	has	been	analysed	and,	in	addition,	an	innovative	technique	of	analysis	has	been	proposed.	The	following

conclusions	can	be	drawn.

• Regarding	 the	 physical	 properties	 of	 the	 aggregate,	 the	 first	 recycling	 cycle	 decreases	 the	 density	 and	 increases	 the	 porosity	 and	 the	 absorption	 significantly	more	 than	 the	 second	 and	 third	 recycling	 cycles.	 The	density	 of	 the	 recycled

aggregates	decreases	as	larger	aggregates	are	selected	and	this	effect	is	the	more	pronounced	the	more	often	the	aggregates	are	recycled.

• The	volume	taken	by	the	aggregates	is	greater	the	more	often	they	are	recycled.	This	effect	is	due	to	the	higher	roundness	of	their	particles	and	their	higher	capacity	of	accommodation.	However,	the	density	of	the	whole	decreases	and	the

absorption	increases	because	of	the	higher	volume	of	adhered	mortar.

• Computerized	micro-tomography	has	been	shown	to	be	a	technique	capable	to	 identify	the	different	phases	of	the	recycled	aggregate,	thus	determining	the	volume	of	adhered	mortar.	Microtomography	also	has	shown	that	the	relationship

between	the	volume	of	natural	aggregate	and	adhered	mortar	is	asymptotically	decreasing.	It	is	observed	that	from	the	second	cycle	on	this	ratio	is	below	20%.

• After	the	third	recycling	cycle,	it	is	observed	that	the	volume	of	adhered	mortar	represents	more	than	80%	of	the	volume	of	the	aggregate.	The	trend	lines	predict	that,	from	the	fourth	cycle	on,	the	original	natural	coarse	aggregate	will	become

negligible	and	the	recycled	aggregate	will	consist	of	almost	100%	mortar.

• Electron	microscopy	has	confirmed	the	presence	of	a	greater	number	of	cracks	and	interfaces	in	the	aggregate,	as	it	is	recycled	a	greater	number	of	times.	These	results	confirm	the	loss	of	mechanical	properties	detected	in	the	Los	Angeles

coefficient	tests.

5	Uncited	reference

Fig.	12	Scan	electron	micrograph	sequence	(50×,	100×,	500×	and	1000×)	of	a	region	of	aggregate-cement	paste	interphase	of	RA3.
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Highlights

• Multiple	recycling	properties	of	recycled	aggregate	has	been	analysed.

• Computerized	micro-tomography	identifies	phases	of	the	recycled	aggregate.

• After	3	recycling	the	volume	of	adhered	mortar	is	80%	of	the	aggregate.

• Density	decreases	with	recycling	cycles	and	the	size	of	the	aggregate.
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