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How do recycled concrete aggregates modify the shrinkage and self-healing
properties?

Sonagnon Medjigbodo, Ahmed Z. Bendimerad, Emmanuel Roziere, Ahmed Loukili

Ecole Centrale de Nantes, Civil Engineering and Mechanics Research Institute (GeM)

UMR CNRS 6183, 1 rue de la Noé, 44321 Nantes, France

This paper presents the main results of a research carried out to analyze the mechanical properties, intrinsic permeability, drying shrinkage,
carbonation, and the self healing potential of concrete incor porating recycled concrete aggregates. The recycled concrete mixtures were
designed by replacing natural aggregates with 0%, 30%, and 100% of recycled concrete gravel (RG) and 30% of recycled concrete sand (RS). The water to
equivalent binder ratio was kept constant and recycled concrete aggregates were initially at saturated surface dried (SSD) state. The contribution of
the porosity of natural and recycled aggregates to the porosity of concrete was estimated to understand the evolution of the intrinsic
permeability and the open porosity. At long term, the maximum variation of drying shrinkage magnitude due to recycled concrete gravels did not exceed
15%. The correlation between drying shrinkage and mass loss through “drying depth” concept showed that recycled concrete aggregates are affected by
drying as soon as concrete is exposed to desiccation. A good correlation between 1 day compressive strength and 18 month carbonation depth was
observed. The recycled concrete aggregates presented a good potential for self healing as the relative recovery of cracks reached up to 60%.

1. Introduction

Concrete mixtures for general construction are composed on
average of 75—80% of coarse and fine aggregates by volume [1]. The
concrete industry worldwide, which produces more than 6 billion
cubic meters of concrete per year, consumes more than 10 billion
tons of sand and rocks annually. This imply a depletion of natural
resources and significant CO, emissions due to the aggregate
manufacturing process [2]. Despite this, the use of concrete will
continue to grow in the coming decades, mostly in developing
countries. The challenge of the concrete industry in the next de
cades will be to practice “industrial ecology” in the light of sus
tainable development. This involves the use of “greener” building
materials such as recycled concrete aggregates, obtained from
concrete construction and demolition waste [3—6]. This helps
reducing the environmental impacts of concrete and promotes
conservation of natural raw materials by reducing the need to
quarry virgin aggregates.

The study of these aggregates called recycled concrete
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aggregates (RCA) is not recent. During and after the Second World
Wiar, rubble from buildings destroyed by bombing was already
employed in Britain and Germany for the reconstruction of build
ings. As shown by Hansen [7] and Nixon [8], between 1945 and
1985, extensive research was conducted on recycled aggregates and
recycled aggregates concrete. Similarly, today, many studies
regarding these materials can be found in literature [9,10]. These
studies show that the physical and chemical properties of RCA are
significantly different from natural aggregates. The use of RCA
modifies the properties of concrete, namely: strength, porosity,
permeability, and shrinkage. However, shrinkage does not sys
tematically result in cracking, and the effects of cracking on con
crete permeability can be mitigated by self healing, for instance.
Does the influence of RCA on concrete properties necessarily affect
the overall performance of concrete and the durability of concrete
structures?

Prior to the design of recycled aggregate concrete mixtures, a
good characterization of RCA is required. RCA are actually
composed of original aggregates and mortar and the crushing
procedure is a prime factor influencing their properties [9]. The
source of the original aggregates is generally not known and it is
not easy to determine the amount and quality of initial mortar
bonded to original aggregates, which modifies the properties of the



new concrete [11]. The proportion of bonded mortar in recycled
aggregate has been found to be higher than 30% [7]. This mortar
greatly influences the physical properties of RCA (porosity, coeffi
cient of water absorption, absorption rate, shape, specific surface,
etc.)[12] and unfavorably the quality of RCA [9,13—15]. According to
most of studies, the density of RCA is lower than the density of
original aggregate. The relative decrease does not exceed 10%. The
water absorption of recycled aggregates is much higher than the
water absorption of original aggregates. It is one of the most sig
nificant differences between RCA and natural aggregate. As it will
be seen later, this considerably affects the long term behavior of
recycled aggregate concrete [7,8,14,15]. If the amount of original
bonded mortar increases, the density of RCA tends to decrease
whereas the absorption capacity tends to increase, regardless of the
water to cement ratio of original concrete. All these observations
can be explained by the amount of bonded mortar as well as its
lower density and higher porosity than natural aggregates
[7,8,14,15].

RCA show a higher water demand, which induces a lower
workability of fresh concrete especially when the replacement ratio
exceeds 50% [7,16,17]. Moreover, the fresh density of recycled
aggregate concrete is generally 5%—15% lower than the corre
sponding natural aggregate concrete [16]. The entrapped air con
tent of the recycled aggregate concrete (RAC) is generally 4—5% (for
RCA replacement percentage equal to 100%) higher than the cor
responding natural aggregate concrete. This is most likely due to
the higher porosity of RCA and the increase in water demand.
Consequently, this reduces the strength of the RAC. Some re
searchers propose to pre treat the RCA in order to prevent exces
sive water absorption by aggregates during mixing and maintain
concrete workability. Several pre treatment methods are suggested
in the literature [16,18—20].

Despite the precautions taken during the RAC production, it was
often found that the compressive strength of RAC is lower
compared to conventional natural aggregate concrete
[7—-9,14,21-23]. According to McNeil et al. [ 10] it can be explain by
several factors such as aggregate replacement rate, aggregate
preparation conditions (saturated or unsaturated), quality of the
parent concrete, or water to cement ratio (W/C) of both concretes.
However, it is necessary to keep in mind that this is not a general
property of RAC. The strength of RAC can be as good as the strength
of the original concrete if, for example, the W/C of the RAC is lower
or the same as the original concrete, the other factors being
otherwise identical [16,24,25]. Moreover, even if the natural con
crete often has better compressive strength at 28 days, in the long
term (one year), the recycled concrete has the best performance
gain. Its strength can even exceed the standard concrete over the
very long term (5 years) [26,27]. Concerning the indirect tensile
strength of RAC, its value does not seem significantly different from
that of conventional concrete. However, a review of the literature
shows no consensus about the question [ 14,28]. Some authors have
found an average reduction up to 10% for the tensile strength of
RAC, compared to conventional concrete [29]. For others, RAC can
sometimes exhibit slightly greater tensile strength [30]. According
to Etxeberria et al. [9] et Katz [16], this improvement is due to the
good paste aggregate bonding developed by the RCA.

Shrinkage is also likely to affect the RAC performance. Shrinkage
of recycled aggregate concretes is found to be higher than con
ventional concretes [29,31]. This increase depends on the per
centage of substitution of RCA, the source of parent aggregate, the
water to cement ratio, the mixing and curing procedure, the lower
restricted free strain of RCA particles compared to natural aggre
gate, etc. [14,29—31]. According to Domingo Cabo et al. [31], a
limited substitution rate of coarse aggregate (20%) has a negligible
effect on shrinkage, compared to natural aggregate concrete.

However, for a period of 6 months, a 50% RCA content was found to
cause an increase in shrinkage near 10% and a total replacement of
coarse aggregate resulted in a 70% increase compared to natural
aggregate concrete. Other results and the main factors influencing
the RAC shrinkage are reported in Silva et al. [32].

Considering these properties, studies carried out on RAC showed
that these concretes presented a significant sensibility to cracking
[33]. Durability of concrete structures is so affected. One of the means
of reducing this cracking is self healing, a phenomenon which is well
known for conventional concretes. Indeed, many studies and ob
servations showed that, in the presence of water, not only the cracks
(even the most visible) lead to close but in some cases, strength was
restored as well [34—40]. However, the self healing ability of recy
cled aggregate concretes has not been studied yet.

This paper presents a research on long term behavior of con
cretes designed with recycled concrete aggregates produced by
crushing concrete blocks from building demolition waste. This
work aims particularly to:

o Study the influence of recycled concrete aggregate substitution
level on drying shrinkage and durability indicators (perme
ability, porosity, carbonation) of RAC mixtures designed with
the same effective water to equivalent binder content. RAC
mixtures with 0%, 30% and 100% of coarse RCA and 30% of fine
RCA have been studied.

o Investigate the effects of autogenous healing of cracks in these
RAC through permeability measurements and its contribution in
the durability enhancement.

2. Experimental program
2.1. Materials and mixtures

Natural aggregates (NA) were crushed dark limestone aggre
gates. The physical properties of aggregates are summed up in
Table 1. Recycled concrete aggregates (RCA) were obtained by
crushing unknown waste concrete from the recycling plant of DLB
Gonnesse (Paris region, France — RECYBETON project). According to
Concrete Standard NF EN 206/CN [41], they are classified as ag
gregates type [, RCU95 which means that they can be considered as
good quality RA. The adhered mortar content of these RCA was
quantified by Ref. [42]. The old paste of the two fractions 4/10 and
10/20 represent 34.5% and 66% of total mass respectively. Fig. 1
shows the particle size distribution of fine and coarse aggregates.

Four mixtures have been studied: one control concrete (ORS
ORG 100SSD) with natural aggregates (NA), three substitutions of
30% (ORS 30RG 100SSD; 30RS ORG 100SSD) and 100% (ORS
100RG 100SSD) of recycled concrete aggregates. The concrete
designation XRS yRG 100SSD means that x% (in mass) of sand and y
% (in mass) of gravel used is recycled; 100SSD means that the ag
gregates are at SSD state [42]. Table 2 summarizes the mixture
proportions, the fresh concrete properties and the materials used.
All the concrete mixtures were designed to reach C25/30. Thus, the
water to equivalent binder ratio was maintained close to 0.65 (Wet/
Beq = 0.65) for all the mixtures [41]. The equivalent binder content
is determined according to European standard EN 206/CN (Eq. (1)).
The same batch of Portland cement CEM II/A L 42.5 N proceeding
from the same cement plant were used. Its Blaine fineness and
density are of 370 m?/kg and 3.09 kg/m> respectively. MC Power
Flow 3140 was added as superplasticizer (SP).

Beq  Cement + k x Limestone (1)

where k is the activity coefficient of limestone filler given by NF EN



Table 1
Properties of aggregates [33].

Mineralogy Natural aggregates

Recycled aggregates

Sand 0/4 mm

Gravel 4/10 mm Gravel 6,3/20 mm Sand 0/4 mm

Gravel 4/10 mm Gravel 10/20 mm

Mixed Alluvial sand Dark limestone

Dark limestone

Unknown waste concrete Unknown waste concrete Unknown waste concrete

Water absorption WAy, (%) 1.2 0.56 0.53
Density 2.6 2.73 2.73
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Fig. 1. Particle size distributions of natural and recycled aggregates.

206 standard (k  0.25).

The concrete samples were cast in steel molds following the NF
EN 12390 2 standard [43]. For each concrete mixture, eleven
11 x 22 cm cylindrical specimens and two 7 x 7 x 28 cm prismatic
specimens were prepared from a single batch. The specimens were
conditioned as described in Fig. 2.

2.2. Testing procedure

The characteristics of all the tests carried out are given in Table 3.

2.2.1. Mechanical properties

Compressive and tensile splitting tests were carried out on
11 x 22 cm cylinders at 1, 2, and 28 days according to European
standards [44,45]. The elastic modulus was also determined with a
Grindosonic apparatus following Spinner and Tefft Model [46]. The
tests were carried on three samples and the given results are
average values.

2.2.2. Shrinkage

From the age of one day, total shrinkage, i.e. shrinkage due to
drying and cement hydration and mass loss, was measured on
7 x 7 x 28 cm prisms using LVDT sensors, in a room at 20 + 2 °C and
50 + 5% RH [47]. To achieve 2 dimensional drying, the top and
bottom surfaces of specimens were covered with an adhesive
backed aluminum foil. The specimens used to measure autoge
nous shrinkage were carefully completely protected by adhesive
aluminum against drying from the start of testing. The testing
procedure is explained in Ref. [48]. Shrinkage strains and mass
were monitored for 3 months.

2.2.3. Carbonation
After the shrinkage test, the 7 x 7 x 28 cm prisms were stored

Table 2
Properties and composition of concrete mixtures, with theoretical mixtures composed by dry aggregates and actual mixtures.
ORS-0RG ORS-30RG 30RS-0RG ORS-100RG
100SSD 100SSD 100SSD 100SSD
Dry Wet Dry Wet Dry Wet Dry Wet
NG 6,3/20 (kg/m>) 820 824.3 462 464.4 829 8334
RG 10/20 (kg/m?) 296 310.5 701 735.3
NG 4/10 (kg/m>) 267 268.5 228 229.3 190 191.1
RG 4/10 (kg/m3) 163 171.6
NS 0/4 (kg/m3) 780 789.4 813 822.8 549 555.6 806 815.7
RS 0/4 (kg/m?) 235 260.0
Cement, C (kg/m3) 270 276 276 282
Limestone, L (kg/m?®) 45 31 31 31
Superplasticizer SP (kg/m?) 0.747 0.861 0.798 0.798
Wegr 180 185 185 189
Wiot 194.6 2123 2214 241.0
Wsp 0.6 0.7 0.6 0.6
Wsana 0.0 94 0 9.8 0 31.6 0 9.7
Weravel 0.0 5.8 0 18.2 0 55 0 42.9
Wabsorbed 15.2 28.0 371 52.6
Wadded 194.6 1794 2123 184.3 2214 1844 241.0 188.4
Wett/Beq 0.64 0.65 0.65 0.65
Entrapped air (%) 1.5 1.9 1.8 24
Paste volume (L/m3) 285 287 287 293
Gravel/Sand 1.39 1.21 1.30 1.07
Slump (mm) 195 193 204 195

Nota: NG: natural gravel, NS: natural sand, RS: recycled sand, RG: recycled gravel.

Designation: 30RS-ORG-100SSD means that 30% (in mass) of sand and 0% (in mass) of gravel used is recycled (i.e. there is only natural gravel); 100SSD means that the ag-

gregates are at SSD state [33].
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Fig. 2. Samples curing and conditioning process.

until 18 months in the same room at 20 + 2 °C and 50 + 5% RH. They
were therefore partly carbonated. Then they were cut in half with a
diamond saw. Carbonation depth was determined using phenol
phthalein spraying test [49]. The calcium hydroxide rich part is
colored pink while the carbonated portion remains uncolored.

2.24. Porosity, air permeability and self healing evaluations

These tests were performed as shown in Fig. 2. After demolding,
the 11 x 22 c¢m cylindrical specimens were cured in water at 20 °C
for 14 days. Then they were cut using a diamond saw to obtain
5 cm thick discs. Three or four 11 x 5 cm discs were sawn from each



Table 3
Summary of experimental tests.

Size (cm) Number of Age (days) Comments Standards
specimens References
Mechanical Compressive 11 x 22 3 1,2,28 Loading rate: 5 kN/s NF EN 12390-3
properties strength [43]
Elastic modulus Dynamic measurement with Spinner et al.
Grindosonic [45]
Tensile strength 3 Loading rate: 2 kN/s NF EN 12390-6
(44]
Long -term shrinkage 7 x7 %28 2 Continuous from 1 day to 90 2-dimensional drying Samouh et al.
days [47]
Carbonation Half of 2 18 months Specimens were stored at 20 °C and  RILEM [48]
7 x7 %28 50% RH
Water porosity 5x 11 3 28 NF P18-459 [49]
Intrinsic permeability 5x 11 28 CEMBUREAU Apparatus Kollek [50]
Healing test 5x 11 8 From 28 days

specimen. Then the discs were surfaced using a grinding machine
and their thickness was measured with an accuracy of 0.1 mm. They
were stored again in water until 28 days. For each concrete mix,
fourteen discs were prepared.

e At 28 days, water porosity test was performed on three discs
according to the water impregnation method [50].

Intrinsic permeability was also measured on three other discs.
Before proceeding to gas permeability test, these discs were first
dried in a ventilated oven at 80 °C until constant mass (mass
change not exceeding 0.05% after 24 h). Then, they were stored
for 48 h in a desiccator at 20 °C before being tested. Apparent
permeability was measured using the Cembureau method with
nitrogen as percolating gas [51]. The relative pressure (P;  Pam)
applied to the sample ranged between 0.05 MPa and 0.3 MPa
[52]. The tests were performed at 20 + 2 °C. At each pressure
level (4 different inlet pressures were applied), when the steady
state was established, the nitrogen leakage rate Q (m?>/s) was
measured with a gas flow meter at atmospheric pressure. The
apparent (or effective) permeability k, (m?) was calculated from
the Hagen—Poiseuille relationship, assuming the unidirectional
laminar flow of a compressible viscous fluid through a porous
body:

ke 9w 2#LPam 2)

A (P Pam)

where u is the dynamic viscosity of nitrogen (Pa.s), L is the thick
ness of the sample (m), A is the cross section area (m?), P; is the
inlet pressure (Pa) and Py, is the atmospheric pressure (Pa).

Then the concrete intrinsic permeability Kin¢ (mz) is calculated
using the Klinkenberg approach [53].

e To evaluate the self healing potential of RAC, cracks were
induced at 28 days on the last eight discs.

2.2.4.1. Pre cracking of specimens. Four levels of crack opening
displacement (COD) were assigned to eight discs (110 mm in
diameter and 50 mm in thickness): 0 (uncracked), 50, 100 and 150
um. Each COD level was used twice. Specimens were loaded in
compression in the diameter plane with a CMOD rate of 0.02 um/s
(Fig. 3). This test presents the advantage of inducing one main
crack, whose opening is measured precisely at the center of one
side of the specimen using a CMOD sensor as a feedback signal
during the test (Fig. 3). On the other side of the specimen, the
displacement field is measured by image correlation technique

during loading (Fig. 3b) in order to obtain a crack opening map.

When the required COD level is reached, unloading was per
formed under force control and the COD, recorded after unloading
and called residual displacement d.es, was measured. Typical tensile
stress — COD curves are plotted in Fig. 4, and as observed by Gettu
et al. [54], the load displacement response exhibits a snap back. It
is also shown in Figs. 4 and 5 that at the peak load, the crack widths
were approximately 8—10 um and after unloading, they were
reduced by approximately 20—60%. Image correlation technique
shows that the crack was really initiated in the center of a specimen
(Fig. 6). Some specimens were also examined under an optical
microscope with a magnification of 200x. The crack patterns in the
specimens with different crack widths (located close to the center
of the specimen) are shown as an example in Fig. 5.

2.2.4.2. Self healing. The self healing process was achieved by
immersing cracked RAC in water. Permeability test was performed
on the concrete after each period of immersion (AP 1 bar). By
comparing the air permeability coefficient before and after re
curing in water, the extent of autogenous healing could be
investigated.

3. Results and discussion
3.1. Strength, porosity and permeability

Several investigations on the mechanical properties of recycled
aggregate concrete (RAC) have been performed. It is essentially
shown that they depend on the properties of the original concrete,
such as the water to cement ratio of the original concrete [7,3], the
RCA replacement percentage [7,9,26,30], the production process [9]
and the amount of adhered mortar on the RCA [12]. The
compressive strength, the tensile splitting strength, the elastic
modulus, porosity, and permeability of studied RAC are given in
Table 4. Each value is the average of three measurements.

Despite the same water to equivalent binder ratio, Table 4 shows
that compressive strength of RAC decreased with an increase in the
replacement with RCA as coarse or fine aggregate, whatever the age
of the concrete. For example, the concrete mixtures prepared with
30 and 100% of recycled gravel (RG) showed 9.2 and 12.1% decreases
in the 28 day compressive strength compared to NAC. Moreover,
the values reported in Table 4 show that the dynamic modulus of
elasticity of the RAC was lower, and it decreased with increasing
RCA content. At 28 days, when the coarse recycled aggregate
replacement percentages were 30 and 100%, the elastic modulus
was reduced by 13 and 23% respectively. This is mainly due to the
properties of RAC [7,9,55]. Compared to concrete made with natural
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coarse aggregate a 20—35% drop in tensile strength was observed in
RAC at 1 day and 10% drop at 2 days (Table 4). However, at 28 days,
no significant difference in tensile strength has been found be

tween conventional concretes and RAC using 30% of RA (3%) while
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the 100% recycled aggregate concrete showed a slight increase. This
can be explained by a good bond between aggregates and the
mortar matrix.

From these observations, it is important to note that in RAC,
controlling the water to equivalent binder ratio is not enough to
achieve the desired properties. As shown by many authors such as
Ravindrarajah et al. [56], Tabsh et al. [57], Duan et al. [22], Topgu
et al. [17], Yamato et al. [58]| and Poon et al. [59], the strength
reduction in RAC depends also on various factors such as the source
of RCA, the mixing procedure and the initial water saturation of
RCA.

Porosity and permeability are often used as durability indicators
of hardened concrete [60—62]. Water porosity was assessed at 28
days. Permeability was evaluated using Klinkenberg approach. The
mean value of open porosity, intrinsic permeability and the Klin
kenberg coefficient are given in appendix 1 (Table A1 and A2).

The concrete mixtures prepared with 30 and 100% replacement
of coarse RCA present an increase of 16 and 40% in the open
porosity compared to natural aggregate concrete (Table A1). Similar
results were obtained in literature [28,63—65]. However, in all
cases, the higher porosity of RAC seems to be mainly due to the
higher porosity of the recycled concrete aggregate. As the coeffi
cient of water absorption can be related to the porosity of a ma
terial, it can be shown why the RCA porosity was higher than

¢) COD,,,, = 150 ym, 5,,, ~84 um

Fig. 5. Observation of the main crack after unloading (ORS-100RG).



Fig. 6. Crack position.

Table 4
Strength, elastic modulus, porosity and permeability at 28 days.
ORS-ORG ORS-30RG 30RS-0RG ORS-100RG

fe (MPa)
1 day 6.4 5.8 4.2 4.1
2 days 103 11.7 10.0 9.5
28 days 314 285 29.0 27.6
fe (MPa)’
1 day 141 1.14 1.02 0.92
2 days 1.64 1.47 1.50 1.46
28 days 2.57 2.50 2.45 2.69
E (GPa)
1 day 25.5 213 183 18.7
2 days 32.0 27.2 24.8 24.2
28 days 43.8 383 35.6 33.7
Porosity (%)
28 days 13.5 15.7 15.5 18.8
Permeability, K, (m?) * 10 7
28 days 35 5.7 5.9 7.0

2 Splitting tensile test.

natural aggregates porosity (Table 1). The contribution of the
porosity of the aggregates (natural and recycled) to the porosity of
the concrete was assessed from porosity p and water absorption
WA, of each aggregate are defined as follows:

\%
Daggregate V: (3)

My  py < Vi
WA Ywo Pw 2 Vw
24 p M,

(4)
where V, is the volume of void space, V; is the bulk volume, My, V,y,
and p,, are the mass, volume, and density of absorbed water. My is
the mass of oven dried aggregates.

As the aggregates are saturated at SSD state to determine WAy,
it is assumed that all the void spaces are filled with water, so
Vw V4. By combining this equality and equations (3) and (4), the
porosity of aggregate is given by:

WA24

My py x Vi
My Mg )

My

Fig. 7 summarizes the contribution of the porosity of sand and
gravel (natural and recycled) to the porosity of concrete. The
porosity of cement paste was deduced from the porosities of con
crete and aggregates. In the concrete made with 30% replacement
of fine recycled aggregate, the increase in porosity is strongly linked
to the high porosity of recycled sand (2.55%). As the volume of paste
was kept constant in (30RS ORG) and (ORS — 30RG) concretes, it can
be shown that both 30% replacements (by fine and coarse RCA) had
not the same effect in terms of water porosity of cement paste. This
can be explained by the possible filler effect of the very fine broken
particles from fine recycled aggregate generated during the mixing
process. The released particles contributed to improve the density
of the cement paste in 30RS ORG concrete. However, a more sig
nificant substitution rate of fine recycled aggregate in concrete
would lead, on the contrary, to a significant increase in the porosity
and other parameters (compressive strength, etc.) compared to
coarse recycled aggregate concrete [66].
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A good correlation between intrinsic permeability and water
porosity was observed (Table 4). As expected, the permeability
increased with RCA substitution. The same trend was reported by
Thomas et al. [28]. This is explained by the high porosity of the
adhered mortar of RCA compared to new mortar, which causes
higher overall permeability of a concrete with RCA. Micro cracks
formed in RCA during processing are also a cause of lower poten
tial durability. The 100% replacement of natural coarse aggregate by
RCA resulted in doubled intrinsic permeability of concrete. The
same result was found by Zaharieva et al. [67]. However, other
studies suggest that permeability of RAC can be reduced by
increasing the cement content or by reducing the effective water/
cement ratio [28,68]. Gongalves et al. [69] stated that a 100 kg/m>
increase in cement content is necessary to get the same perme
ability for RAC and NAC.

3.2. Long term shrinkage

The total shrinkage of hardened concrete mainly includes
autogenous shrinkage, drying shrinkage, and carbonation
shrinkage. Drying shrinkage is the most significant strain of normal
strength concretes. It generally accounts for about 80—90 percent of
the total shrinkage deformation from drying time [70].

Fig. 8 shows the evolution of autogenous shrinkage de
formations. They remained relatively low, which is consistent with
the high W/C ratio (>0.65) of the concrete mixtures. The highest
magnitude (25 pm/m) was observed for concrete made with nat
ural aggregate. The autogenous shrinkage of recycled aggregate
concrete was approximately 40—50% lower than for the conven
tional concrete, and finally negligible for the concrete with 100%
coarse RCA. This can be attributed to the influence of initial water
content of the recycled concrete aggregate. Maruyama et al. [71]
also reported 40% lower autogenous shrinkage for high strength
concrete with recycled aggregate compared to corresponding
control concretes made with conventional aggregates. The recycled
concrete aggregates provide water that mitigates self desiccation.
The water content of aggregates is a well known parameter in
reducing the autogenous shrinkage. The permeability and absorp
tion capacity of RCA allow them to store and release more water per
volume unit. This water is absorbed by cement paste, as its porosity
becomes finer due to hydration. Kohno et al. [72], Zhutovsky et al.
[73] and Henkensiefken et al. [74] also reported the same behavior
on artificial lightweight aggregates.

Subsequently, the contribution of autogenous shrinkage to long

-=-0RS-0RGR SSD
--0RS-30RGR SSD
-=+0RS-100RGR SSD

»N
o
1

Autogenous shrinkage(um/m)

0 24 48 72 96 120 144 168
Age (hours)

Fig. 8. Autogenous shrinkage vs. concrete age.

term behavior is assumed to be negligible. The total shrinkage
measured during testing is thus considered as the drying shrinkage.
The drying shrinkage of the four concrete specimens is plotted in
Fig. 9. The addition of RCA increased the drying shrinkage defor
mation of RAC. This result is consistent with previous studies on
RAC [14,31,75—78]. Drying shrinkage depends on the water to
cement ratio, paste content, and the restraining effect of aggre
gates on cement paste shrinkage. The use of coarse RCA results in
excess water in the pores of the RCA as well as an increase in paste
content. The increase in drying shrinkage of RAC can be explained
by the presence of a higher amount of cement paste (old
paste + new paste), as well as the content, interconnection and
distribution of pore sizes [79,80]. This causes a higher RAC porosity
(Fig. 7) resulting in a relatively higher free shrinkage rate than
normal concrete. Moreover, the elastic modulus of RCA is generally
lower than natural aggregates (Table 4). This results in a lower
restraint of the drying shrinkage of cement paste and higher
shrinkage of concrete. Thus, the replacement of coarse NA by coarse
RCA typically results in an increase in drying shrinkage.

Drying shrinkage is a long term deformation of concrete. The
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Fig. 9. Total shrinkage deformation vs. concrete age.



shrinkage magnitude at a given time is not a reliable indicator of
long term deformation, as the studied parameter is likely to in

fluence the kinetics of drying. Thus, to characterize the long term
behavior of the concrete, it is sometimes necessary to extrapolate
the experimental measurements. Existing models from the litera

ture can be used to predict the long term shrinkage [81,82]. By
using Torben's model [81], the two characteristic parameters e,
and Ng were determined from experimental data (Fig. 9), and the
following equation:

e(t) ﬁgw (6)

where ¢, is the ultimate shrinkage and N; the time to reach half of
the long term drying shrinkage, or shrinkage half time.

The influence of the RCA percentage on ultimate shrinkage
magnitude and shrinkage halftime are shown on Fig. 10a and b
respectively. The long term shrinkage of concretes made with
natural aggregates is about 15% lower than that of recycled aggre
gates concretes. The same trend was found by other researchers.
For example, for a period of 6 months, Domingo Cabo et al. [31,78]
reported that the shrinkage of RAC made with a substitution level
of 20% was 4% higher. Moreover, they found that in the case of a
substitution level of 50%, the shrinkage was 12% higher than that of
the conventional concrete. In other studies, the long term
shrinkage of concretes made with 100% of coarse RCA ranged
from 20% to 70% more than reference concrete [7,31]. Thus, the
influence on RCA on long term shrinkage cannot be generalized,
and the RCA proportion is not the only influencing parameter. The
influence of RCA quality [6,7,12], modulus, water to cement ratio,
initial water saturation of aggregates, test conditions, age of con
crete and test time, etc. [1,32] should also be considered. The two
parameter analysis performed here allows showing the influence of
RCA on the kinetics of drying shrinkage (Fig. 10b). Shrinkage half
time increased with coarse RCA content. The porosity of RCA can
be assumed to be finer than cement paste because of longer curing
time of original concrete. Thus, its water permeability is lower. The
water permeability of new concrete can be influenced as well
because of internal curing effects, probably at the paste aggregate
interface, as suggested by the improvement of mechanical prop
erties with hydration time.

Despite all these effects, the mechanisms involved in drying
shrinkage are the same. They are triggered by the relative humidity
drop in the pores of cement paste and RCA. The relative humidity
gradient in the concrete sample affects the distribution of water
saturation in the specimen and cause structural effects. The outer
part dries first, thus tensile stresses are generated close to the
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surface, whereas the core of the sample is in compression. These
effects must be considered to understand the drying behavior. They
can be highlighted on drying shrinkage vs. mass loss curves.

Fig. 11 shows drying shrinkage versus relative mass loss curves.
The mass loss is expressed as a percentage of initial mass of spec
imens when exposed to drying. Three stages can be distinguished
on these curves. The first stage corresponds to water loss without
significant shrinkage. At this stage, the mass loss increased with the
recycled aggregates substitution rate. As explained by Samouh et al.
[48], this stage depends mainly on the free water content of con
crete mixture and phenomena occurring in the outer part of the
specimen [83]. The second stage corresponds to a linear relation
between shrinkage and mass loss. This stage is characterized by a
decreasing internal relative humidity, resulting in the increase of
capillary stress (according to Kelvin equation). Therefore, shrinkage
increases too. The third phase that is not explicit in Fig. 11 is
assumed to extend over a long period, with a stabilization of mass
loss and a continuous decrease in drying shrinkage rate.

The analysis of the graph in Fig. 11 leads to the conclusion that
the outer layer of RAC would be more affected by drying than NA
concrete in the same conditions. However, a higher mass loss in
terms of mass loss to initial mass ratio does not necessarily mean a
larger extent of drying, as the total water content of RA concretes
was higher than the total water content of NA concretes (Table 2).
Thus, as the effective water to cement ratio was the same, the free
water content was higher in RA concretes.

600
:E: 500 -
£
= 400 -
(]
g
- 300 -
£
2 200 -
©
s 100 - -=-0SR-0GR-SSD
i ~+-0SR-30GR-SSD
0 | -=-0SR-100GR-SSD
0 2 4 6 8

Weight loss (%)

Fig. 11. Total shrinkage vs. Mass-loss of recycled aggregate concrete.
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Fig. 10. Effects of RCA replacement on the drying shrinkage characteristics of RAC.



In order to understand the behavior of the samples as a function
of RCA content, the mass loss was transformed to an equivalent
distance by the following equation [48]:

4m
/S, ;
—=d (7
f
where 4m is the mass loss (kg), Sy the drying surface (m?) and my
the free water content in concrete in 1 m> of concrete (kg/m?3),
calculated from the following equation:

mf Weﬂ’ aW,C (8)
where We is the effective water content (kg/m?>), o the hydration
degree when concrete is exposed to drying (from isothermal
calorimetry), W,, the ultimate value of the chemically bound
water to cement content ratio (kg/kg) and C the cement content
(kg/m?).

A drying depth & which represents the depth in concrete for
which water loss is observed without generating shrinkage was
estimated from shrinkage versus d curves. It is defined as the
intersection between the linear extrapolation of the second stage
(Fig. 11) and the d axis [48], as shown in Fig. 12. The results are
presented in Table 5. The values of the drying depth are close to half
of maximum aggregate size Dpqy/2 for all concretes tested. This
could correspond to wall effect. Several phenomena can lead to this
behavior: wall effect, micro cracking, and coupling between hy
dration and drying. As the hydration process is incomplete at this
stage, this behavior affects the durability of concrete.

A given drying depth may correspond to two different config
urations (Fig. 13). The three concrete mixtures have the same water
to equivalent binder ratio thus the same initial quality of cement
paste. In the case of recycled concrete aggregates, paste and ag
gregates dry at the same time (Fig. 13b), while in the case of natural
aggregates, the drying depth represents only the cement paste
drying (Fig. 13c). This could explain why the drying depths of the
three specimens were approximately the same, whereas the mass
loss at the end of the first stage (in %) were different. The drying
depth was higher for 100% RAC than other concretes. It can be
explained by the higher free water and permeability and the drying
of both cement paste and aggregates unlike the case of natural
aggregate concrete.
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Fig. 12. Total shrinkage vs. Drying depth of recycled aggregate concrete.
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Table 5
Drying depth of RAC.

Drying depth (mm)

ORS-ORG-100SSD 6.7
ORS-30RG-100SSD 6.7
ORS-100RG-100SSD 7.1

3.3. Carbonation

Table 6 summarizes the results of the influence of the substi
tution rate of recycled aggregates on the carbonation depth. This
increased with the percentage of recycled aggregates. The same
observation has been done by others studies [7,14,28,84—86]. This
result can be expected since both permeability and porosity
exhibited the same trend. Carbonation depth followed the same
trend as drying depth of ORS ORG and ORS 30RG showed approx
imately the same values, whereas ORS 100RG showed significantly
higher value. These results highlight the influence of drying on
carbonation resistance, as the diffusion of carbon dioxide through
the porous network closely depends on the water saturation of
concrete [87]|. The variation of carbonation depth with the
replacement ratio of coarse recycled aggregate was not linear.
However, Evangelista et al. [86] observed that carbonation depth
increases almost linearly with the fine recycled aggregate
replacement ratio. This increase can reach 110% at 21 days for
concrete made only with fine recycled aggregate while 16% is ex
pected for concrete made only with coarse recycled aggregate. This
important difference can be explained by a significant increase in
the porosity and other parameters (permeability, connectivity, etc.)
for significant substitution rate of fine recycled concrete aggregates
[66].

It is important to note that apart the RCA content level, water to
cement ratio, quality and hydrated level of the recycled aggregate
and binder content also influence the carbonation depth of recycled
aggregate concrete [84,85]. Otsuki et al. [88] and Xiao et al. [84]
evaluated the influence of water to cement ratio on the carbon
ation of RAC. They found that the carbonation depth of RAC was
reduced with the decrease in w/c ratio because of the reduction of
porosity of concrete [89]. The influence of the original concrete on
the carbonation depth of recycled aggregate concrete has been
studied by Xiao et al. [84] keeping the water to equivalent binder
ratio constant. Their results show that the carbonation depth of RAC
decreases with the increase in the strength grade of the original
concrete. This trend was also observed by Werle et al. [90]. Xiao
et al. [84] also demonstrated that in the long term, the carbonation
risk of recycled aggregate concrete using a higher amount of
cement (more than 400 kg/m?) of concrete mix was larger than in
conventional concretes. However, the carbonation depth in recy
cled aggregate concrete and conventional concrete was similar
when the amount of cement employed in the mix is between
300 kg/m> and 400 kg/m>. In ordinary concrete, using less than
300 kg/m> of cement, the carbonation depth was similar in both
concretes.

3.4. Autogenous healing of recycled aggregates concretes

Cracks in concrete are a common phenomenon due to the
relatively low tensile strength and the variety of phenomena
inducing tensile stresses: loading, shrinkage, expansion, etc. Cracks
significantly reduce the durability of concrete. However, compared
to other engineering materials, concrete has an autogenous healing
capacity as partially hydrated cement particle can be found in its
matrix. Thus, cracks should be repaired by this phenomenon. The
process of autogenous healing has been studied by many
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Table 6
Carbonation depth of RAC.
Carbonation depth at 18 months (mm) fciq (MPa)
ORS-ORG-100SSD 12.2 6.4
30RS-0RG-100SSD 13.7 42
ORS-30RG-100SSD 13.0 5.8
ORS-100RG-100SSD 14.2 4.1

researchers [34,35,40,91-100]. It is reported in these studies that
autogenous healing of cracks leads to mechanical properties
regains [34,35,96] and the improvement of the durability of con

crete [40,92]. However, most of the studies have been performed on
normal or high strength concrete. Studies quantifying autogenous
healing of recycled aggregate concrete are scarce. However, as
shown in Fig. 10, the presence of recycled aggregates in concrete
increases its drying shrinkage, and therefore the cracking sensi

tivity of RAC. It is thus interesting to know if using recycled ag

gregates influences the autogenous healing ability of concrete.

To contribute to answering this question, the autogenous heal
ing potential of recycled aggregate concrete mixes with different
coarse replacement ratio is investigated using air flow measure
ments through a crack created by splitting tensile test. Table 7 gives
the average residual crack opening generated in all concrete
samples.

In Fig. 14, the relationship between residual crack opening and
air flow under a pressure gradient of 1 bar is presented for all
concrete just after tensile loading (Table 7). The three concretes
exhibited comparable trends. Thus, the RCA content did not
significantly influence the relationship between crack opening and
air flow. The data points seem to line up on a single curve (Eq. (9))
with a determination coefficient 0.97:

Q 0. 0003Wf + 0. 0586Wf + 3.9613W,; 63414 (9)
Table 7
Average cracks opening after unloading (pm).
Average COD under loading (um)
50+ 100+ 150+
ORS - ORG 22 51 120
ORS - 30RG 21 56 87
ORS - 100RG 23 44 84

1000 :
|y =-0,0003x3 + 0,0586x2 + 3,9613x - 63,414 |
800 R*=0,9703
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Fig. 14. Relationship between air flow and crack opening (pressure gradient of 1 bar).

where Q is the air flow (mLn/min) and Wes(um) the crack opening.

This equation is considered valid only in the case of the specific
experimental conditions used for this test. It can be used to esti
mate indirectly the effective crack opening of the concrete during
the expected self healing process.

Fig. 15 plots the effective crack opening of each concrete spec
imen as a function of water re curing time. Initially, the effective
crack opening estimated from Eq. (9) is slightly different from re
sidual crack opening (Table 7) but the error is small enough to
consider that our method is reliable.

The decrease in the effective crack opening shows that all tested
samples underwent self healing after a period in water. This phe
nomenon occurred regardless of recycled aggregate substitution
ratio. It was faster during the first months of water curing and
becomes very after (Fig. 15). For both natural and recycled aggre
gates concretes, analysis of Fig. 15 shows that during the first
months (0—100 days), the kinetic of self healing depends on the
initial crack opening. It increases with the initial crack opening.
Gagné et al. [101] reported the same conclusion on mortar speci
mens. The slow kinetic of self healing for fine cracks (<60 um) is
explained by the limitation of available space for self healing
products formation and also by the slow diffusion of water and
external CO; along the crack path [52,101,102]. On the contrary,
large cracks allow easy diffusion of water and they have a larger
space where self healing products can be formed.
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During the first 100 days of water curing, the kinetics of self
healing decreased when the recycled aggregate substitution rate
increased (Fig. 15). Moreover, Fig. 16 shows that the recovery of
crack opening after 100 days of water curing decreased with the
percentage of recycled aggregate substitution. This effect was more
pronounced for large cracks openings while it was negligible for
small openings cracks. What are the causes of both behaviors? First,
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Fig. 16. Crack recovery after 100-day water immersion.

one can think on the residual hydration. However, at 28 days (age of
cracking), all of concrete seem to have the same degree of hydration
(87%). The explanation can be found in the failure mechanisms of
concrete under tensile loading. Contrary to natural aggregates
concrete where the crack goes through the ITZ, in recycled aggre
gates concrete, some recycled concrete aggregates are split.
Consequently, surface area where unhydrated cement could react
with water is potentially lower for RAC.

After 100 day water curing, no trend is observed on the kinetic
self healing of all concrete tested. However, Fig. 15 clearly shows
that the concrete continues to self heal with a low speed, and this
whatever the percentage of the recycled aggregate substitution.

The self healing of the RAC under water curing is proven.
However, due to the presence of a reserve of water in recycled
aggregates, one might wonder if the self healing can take place in
RAC in ambient environment.

4. Conclusions

The experimental data presented in this research deals with the
effect of the proportion of the recycled concrete aggregates on
concrete properties and how the overall durability of recycled
aggregate concrete can be modified. Based on the research and
results presented in this paper, the following conclusions can be
drawn:

e The mechanical properties of concretes containing recycled
concrete aggregates were lower than the conventional one. At
30% of recycled gravel, the decrease was lower than 10% in
compressive strength and elastic modulus and lower than 3%
concerning tensile splitting strength for a common water to
equivalent binder ratio. Similar trend was found for the open
porosity. A 40% increase was observed for the concrete with
100% of recycled gravel. The variations of water porosity could
be explained by the porosity of the recycled concrete aggregates
(gravel and sand). The intrinsic permeability followed the same
evolution. The carbonation depths followed the same trend as
porosity, permeability, but the relative variations were much
lower. A linear correlation has been found between the 1 day
compressive strength and the 18 month carbonation depth.

e The influence of recycled concrete aggregate content on ulti
mate shrinkage was significant but relatively low. Moreover,
shrinkage halftime increased, which allows better relaxation of



stresses with time in case of restrained shrinkage. Higher mass
loss during the first days was due to higher free water content
but it did not result in higher drying depth.

e The autogenous healing was investigated in this study; the
samples were pre cracked by splitting tensile test at 28 days and
tested just after to draw a reference curve and correlate the
effective crack opening and gas flow. Throughout the water
curing period, both series of samples (natural and recycled
concrete) presented a self healing potential.

i. During the first months of water curing and for crack

iii. The self healing phenomenon was evaluated by measuring

the air permeability. Even if this technique allows to high
light the phenomenon in RAC, it does not allow to explain
the mechanisms involved. Therefore, this work should be
completed by study the microstructure of concrete (SEM
observation for example) during healing process.
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creases with the recycled aggregates substitution rate.
However, for small cracks (crack opening lower than
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20 + 5 um), no influence of type of aggregate on self healing
kinetics has been observed. After 100 days, the phenomenon
of self healing is stopped for initial crack opening equal to
20 + 5 um. For initial crack opening equal to 50 pm =+ 10, only
concrete made with 100% of recycled gravel develops self
healing ability.

ii. The recovery of crack opening was more marked for large
cracks (>50 pm). In this case, the influence of recycled
concrete aggregates became signidicant. The crack recovery
decreases when substitution rate of RCA increases. For small
cracks, concretes made with 30% of recycled concrete ag
gregates show a good potential for self healing, which pre
sents a positive effect on the durability behavior of RAC.

Table A1
Open porosity.

Appendix 1. Repeatability of the open porosity and the

intrinsic permeability measurement

The evaluation of the coefficient of variation of open porosity
(Table A1) and permeability (Table A2) shows a good homogeneity
of the material (very low coefficient of variation). From a statistical

point of view, it can be assumed that each of the three samples of
each type of concrete is representative of the same population, at
99% confidence level. Only ORS 100RG samples show a significant
dispersion in the permeability measurements. This could be
explained by an artifact during testing.

Porosity (%) Mean value (%) Measure of statistical dispersion
Standard deviation (%) Coefficient of variation
ORS-0RG Top 14.51 135 0.81 6.03
Center 13.43
Bottom 12.52
30RS-0RG Top 16.81 15.7 0.96 6.08
Center 15.85
Bottom 14.48
ORS-30RG Top 15.77 15.6 0.95 6.09
Center 16.63
Bottom 14.33
ORS-100RG Top 18.99 18.8 0.46 245
Center 19.22
Bottom 18.15
Table A2
Intrinsic permeability and Klinkenberg coefficient.
Mean value Measure of statistical dispersion
Standard deviation Coefficient of
variation
ky x 10 "m? B (MPa) ky x 10 ""m? 8 (MPa) ky x 10 "m? B (MPa) ky B (MPa)
ORS-0RG Top 3.85 0.085 3.54 0.13 0.29 0.04 0.08 032
Center 3.28 0.14
Bottom 3.5 0.17
30RS-0RG Top 5.78 0.18 5.70 0.22 0.08 0.11 0.01 0.52
Center 5.63 0.13
Bottom 5.70 0.35
ORS-30RG Top 5.99 0.18 5.85 0.16 0.12 0.02 0.02 0.12
Center 5.75 0.14
Bottom 5.81 0.16
ORS-100RG Top 7.97 0.10 7.01 0.12 0.98 0.015 0.14 0.13
Center 7.06 0.12
Bottom 6.01 0.13

13



References

(1]
2]

[3

[4

[5]

(6]

[71

[8

9

[10]

[11]

[12]

[13]

[14]

[15]

[16]
[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

A. Neville, Properties of Concrete, fourth ed., 1996.

P.K. Mehta, Greening of the concrete industry for sustainable development,
Concr. Int. 24 (2002) 23 28.

Y. Dosho, Development of a sustainable concrete waste recycling system-
Application of recycled aggregate concrete produced by aggregate replac-
ing method, J. Adv. Concr. Technol. 5 (2007) 27 42.

C. Meyer, The greening of the concrete industry, Cem. Concr. Compos. 31 (8)
(Sep. 2009) 601 605.

V.W.Y. Tam, Comparing the implementation of concrete recycling in the
Australian and Japanese construction industries, J. Clean. Prod. 17 (7) (May
2009) 688 702.

N. Jain, M. Garg, A.K. Minocha, Green concrete from sustainable recycled
coarse aggregates: mechanical and durability properties, ]. Waste Manag.
(2015) 8.

T. C. Hansen, “Recycled aggregates and recycled aggregate concrete second
state-of-the-art report developments 1945 1985,” Mater. Struct., vol. 19, no.
3, pp. 201 246.

PJ. Nixon, Recycled concrete as an aggregate for concrete -a review,
Matériaux Constr. 11 (5) (1978) 371 378.

M. Etxeberria, E. Vazquez, A. Mari, M. Barra, Influence of amount of recycled
coarse aggregates and production process on properties of recycled aggre-
gate concrete, Cem. Concr. Res. 37 (5) (May 2007) 735 742.

K. McNeil, T.H.-K. Kang, Recycled concrete aggregates: a review, Int. J. Concr.
Struct. Mater. 7 (1) (2013) 61 69.

AK. Padmini, K. Ramamurthy, M.S. Mathews, Influence of parent concrete on
the properties of recycled aggregate concrete, Constr. Build. Mater. 23 (2)
(Feb. 2009) 829 836.

M.S. de Juan, P.A. Gutiérrez, Study on the influence of attached mortar
content on the properties of recycled concrete aggregate, Constr. Build.
Mater. 23 (2) (Feb. 2009) 872 877.

H.-J. Chen, T. Yen, K.-H. Chen, Use of building rubbles as recycled aggregates,
Cem. Concr. Res. 33 (1) (Jan. 2003) 125 132.

K.K. Sagoe-Crentsil, T. Brown, A.H. Taylor, Performance of concrete made
with commercially produced coarse recycled concrete aggregate, Cem.
Concr. Res. 31 (5) (May 2001) 707 712.

K. Eguchi, K. Teranishi, A. Nakagome, H. Kishimoto, K. Shinozaki,
M. Narikawa, Application of recycled coarse aggregate by mixture to con-
crete construction, Constr. Build. Mater. 21 (7) (Jul. 2007) 1542 1551.

A. Katz, Properties of concrete made with recycled aggregate from partially
hydrated old concrete, Cem. Concr. Res. 33 (5) (May 2003) 703 711.

I.B. Topgu, S. Sengel, Properties of concretes produced with waste concrete
aggregate, Cem. Concr. Res. 34 (8) (Aug. 2004) 1307 1312.

V.W.Y. Tam, C.M. Tam, Y. Wang, Optimization on proportion for recycled
aggregate in concrete using two-stage mixing approach, Constr. Build. Mater.
21 (10) (Oct. 2007) 1928 1939.

M. Etxeberria, E. Vazquez, Alkali silica reaction in concrete induced by
mortar adhered to recycled aggregate, Mater. Construccion 60 (2010) 47 58.
V. Spaeth, A. Djerbi Tegguer, Improvement of recycled concrete aggregate
properties by polymer treatments, Int. J. Sustain. Built Environ. 2 (2) (Dec.
2013) 143 152.

L. Butler, J.S. West, S.L. Tighe, Effect of recycled concrete coarse aggregate
from multiple sources on the hardened properties of concrete with equiv-
alent compressive strength, Constr. Build. Mater. 47 (Oct. 2013) 1292 1301.
Z.H. Duan, CS. Poon, Properties of recycled aggregate concrete made with
recycled aggregates with different amounts of old adhered mortars, Mater.
Des. 58 (Jun. 2014) 19 29.

P. Folino, H. Xargay, Recycled aggregate concrete  mechanical behavior
under uniaxial and triaxial compression, Constr. Build. Mater. 56 (Apr. 2014)
21 31.

M. C. Limbachiya, T. Leelawat, and R. K. Dhir, “Use of recycled concrete
aggregate in high-strength concrete,” Mater. Struct., vol. 33, no. 9, pp.
574 580.

A. Rao, K.N. Jha, S. Misra, Use of aggregates from recycled construction and
demolition waste in concrete, Resour. Conserv. Recycl. 50 (1) (Mar. 2007)
71 81.

L. Evangelista, J. de Brito, Mechanical behaviour of concrete made with fine
recycled concrete aggregates, Cem. Concr. Compos. 29 (5) (May 2007)
397 401.

S.-C. Kou, C.-S. Poon, M. Etxeberria, Influence of recycled aggregates on long
term mechanical properties and pore size distribution of concrete, Cem.
Concr. Compos. 33 (2) (Feb. 2011) 286 291.

C. Thomas, J. Setién, J.A. Polanco, P. Alaejos, M. Sanchez de Juan, Durability of
recycled aggregate concrete, Constr. Build. Mater. 40 (Mar. 2013)
1054 1065.

J. Xiao, W. Li, Y. Fan, X. Huang, An overview of study on recycled aggregate
concrete in China (1996 2011), Constr. Build. Mater. 31 (Jun. 2012)
364 383.

R.V. Silva, J. de Brito, RK. Dhir, Tensile strength behaviour of recycled
aggregate concrete, Constr. Build. Mater. 83 (May 2015) 108 118.

A. Domingo-Cabo, C. Lazaro, F. Ldpez-Gayarre, M.A. Serrano-Lépez, P. Serna,
J.0. Castano-Tabares, Creep and shrinkage of recycled aggregate concrete,
Constr. Build. Mater. 23 (7) (Jul. 2009) 2545 2553.

14

[32]

[33]

(34

[35]

[36]

(371

(38]

(39]

[40]

[41]

[42]

[43]

[44

[45]

[46]

[47]

(48]

[49]

[50]

R.V. Silva, J. de Brito, R.K. Dhir, Prediction of the shrinkage behavior of
recycled aggregate concrete: a review, Constr. Build. Mater. 77 (Feb. 2015)
327 339.

A.Z. Bendimerad, E. Roziere, A. Loukili, Plastic shrinkage and cracking risk of
recycled aggregates concrete, Constr. Build. Mater. 121 (2016) 733 745.

S. Granger, a. Loukili, G. Pijaudier-Cabot, G. Chanvillard, Experimental char-
acterization of the self-healing of cracks in an ultra high performance
cementitious material: mechanical tests and acoustic emission analysis, Cem.
Concr. Res. 37 (4) (Apr. 2007) 519 527.

B. Hilloulin, D. Hilloulin, F. Grondin, A. Loukili, N. De Belie, Mechanical
regains due to self-healing in cementitious materials: experimental mea-
surements and micro-mechanical model, Cem. Concr. Res. 80 (Feb. 2016)
21 32.

K. Van Tittelboom, N. De Belie, Self-healing in cementitious materials a
review, Mater. (Basel) 6 (6) (May 2013) 2182 2217.

H. Huang, G. Ye, C. Qian, E. Schlangen, Self-healing in cementitious materials:
materials, methods and service conditions, Mater. Des. 92 (Feb. 2016)
499 511.

Y. Yang, E.H. Yang, V.C. Li, Autogenous healing of engineered cementitious
composites at early age, Cem. Concr. Res. 41 (2011) 176 183.

M. Sahmaran, S.B. Keskin, G. Ozerkan, 1.O. Yaman, Self-healing of
mechanically-loaded self consolidating concretes with high volumes of fly
ash, Cem. Concr. Compos. 30 (10) (2008) 872 879.

H.-W. Reinhardt, M. Jooss, Permeability and self-healing of cracked concrete
as a function of temperature and crack width, Cem. Concr. Res. 33 (7) (Jul.
2003) 981 985.

NF EN 206/CN, Concrete. Specification, Performance, Production and Con-
formity, National supplement to EN 206, 2014.

S. Braymand, S. Roux, H. Fares, K. Déodonne, F. Feugeas, Separation and
quantification of attached mortar in recycled concrete aggregates, Waste
Biomass Valorization 8 (5) (2017) 1393 1407.

NF EN 12390 12392, Testing Hardened Concrete. Making and Curing
Specimens for Strength Tests, 2009.

NF EN 12390 12393, Testing Hardened Concrete
Strength of Test Specimens, 2012.

NF EN 12390 12396, Testing Hardened Concrete
Strength of Test Specimens, 2012.

E. Spinner, W. Teft, A method for determining mechanical resonance fre-
quencies and for calculating elastic modulus from these frequencies, in:
Proceedings of the ASTM, 1961.

E. Roziere, S. Granger, P. Turcry, A. Loukili, Influence of paste volume on
shrinkage cracking and fracture properties of self-compacting concrete, Cem.
Concr. Compos. 29 (8) (Sep. 2007) 626 636.

H. Samoubh, A. Soive, E. Roziére, A. Loukili, Experimental and numerical study
of size effect on long-term drying behavior of concrete: influence of drying
depth, Mater. Struct. (2016) 1 20.

“CPC-18 Measurement of hardened concrete carbonation depth,” Mater.
Struct., vol. 21, no. 6, pp. 453 455.

NF P18-459, Béton - Essai pour béton durci - Essai de porosité et de masse
volumique, 2009.

Part 3: Compressive

Part 6: Tensile Splitting

[51] ].]. Kollek, “The determination of the permeability of concrete to oxygen by

[52]
[53]
[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

the Cembureau method -a recommendation,” Mater. Struct., vol. 22, no. 3,
pp. 225 230.

V. Picandet, A. Khelidj, H. Bellegou, Crack effects on gas and water perme-
ability of concretes, Cem. Concr. Res. 39 (6) (Jun. 2009) 537 547.

LJ. Klinkenberg, The Permeability of Porous Media to Liquids and Gases,
1941, pp. 200 213.

R. Gettu, B. Mobasher, S. Carmona, D.C. Jansen, Esting of concrete under
closed-loop control, Adv. Cem. Based Mater. 3 (2) (Mar. 1996) 54 71.

S. Omary, E. Ghorbel, G. Wardeh, Relationships between recycled concrete
aggregates characteristics and recycled aggregates concretes properties,
Constr. Build. Mater. 108 (Apr. 2016) 163 174.

R.S. Ravindrarajah, C.T. Tam, Properties of concrete made with crushed
concrete as coarse aggregate, Mag. Concr. Res. 37 (1985) 29 38.

S.W. Tabsh, A.S. Abdelfatah, Influence of recycled concrete aggregates on
strength properties of concrete, Constr. Build. Mater. 23 (2) (Feb. 2009)
1163 1167.

T. Yamato, Y. Emoto, M. Soeda, Mechanical properties, drying shrinkage and
resistance to freezing and thawing of concrete using recycled aggregate, Am.
Concr. Inst. (1998) 105 121.

C.S. Poon, Z.H. Shui, L. Lam, H. Fok, S.C. Kou, Influence of moisture states of
natural and recycled aggregates on the slump and compressive strength of
concrete, Cem. Concr. Res. 34 (1) (Jan. 2004) 31 36.

M. Alexander, B. Magee, Durability performance of concrete containing
condensed silica fume, Cem. Concr. Res. 29 (6) (1999) 917 922.

L. Basheer, J. Kropp, D.J. Cleland, Assessment of the durability of concrete
from its permeation properties: a review, Constr. Build. Mater. 15 (2) (2001)
93 103.

V. Baroghel-Bouny, M. Thiéry, X. Wang, Performance-based assessment of
durability and prediction of RC structure service life: transport properties as
input data for physical models, Mater. Struct. 47 (10) (2014) 1669 1691.

[63] J.M. Gomez-Soberdn, Porosity of recycled concrete with substitution of

[64]

recycled concrete aggregate, Cem. Concr. Res. 32 (8) (Aug. 2002) 1301 1311.
F. Buyle-Bodin, R. Hadjieva-Zaharieva, Influence of industrially produced
recycled aggregates on flow properties of concrete, Mater. Struct. 35 (8)



[65]

[66]

(67]

[68]

[69]

[70]
(711

[72]

(73]

(74]

[75]

[76]

[77]

[78]

[79]

[80]

(81]
[82]

(83]

(2002) 504 509.

LF. Jiménez, E.I. Moreno, Durability indicators in high absorption recycled
aggregate concrete, Adv. Mater. Sci. Eng. 2015 (2015) 8.

F. Cartuxo, J. de Brito, L. Evangelista, . Jiménez, E. Ledesma, Increased
durability of concrete made with fine recycled concrete aggregates using
superplasticizers, Mater. (Basel) 9 (2) (Feb. 2016) 98.

R. Zaharieva, F. Buyle-Bodin, F. Skoczylas, E. Wirquin, Assessment of the
surface permeation properties of recycled aggregate concrete, Cem. Concr.
Compos. 25 (2) (Feb. 2003) 223 232.

F. Olorunsogo, N. Padayachee, Performance of recycled aggregate concrete
monitored by durability indexes, Cem. Concr. Res. 32 (2) (Feb. 2002)
179 185.

A. Gongalves, A. Esteves, M. Vieira, Influence of recycled concrete aggregates
on concrete durability, in: Proc. RILEM, PRO 40: Use of Recycled Materials in
Buildings and Structures, 2004.

EN 1992, Design of Concrete Structures, 1992.

M. Ippei, S. Ryoichi, A trial of reducing autogenous shrinkage by recycled
aggregate, in: Proceedings 4th International Seminar on Self-desiccation and
its Importance in Concrete Technology, 2005, pp. 264 270.

K. Kohno, T. Okamoto, Y. Isikawa, T. Sibata, H. Mori, Effects of Artificial
Lightweight Aggregate on Autogenous Shrinkage of Concrete, 1999.

S. Zhutovsky, K. Kovler, A. Bentur, Efficiency of lightweight aggregates for
internal curing of high strength concrete to eliminate autogenous shrinkage,
Mater. Struct. 35 (2) (2002) 97 101.

R. Henkensiefken, D. Bentz, T. Nantung, ]J. Weiss, Volume change and
cracking in internally cured mixtures made with saturated lightweight
aggregate under sealed and unsealed conditions, Cem. Concr. Compos. 31 (7)
(2009) 427 437.

C.S. Poon, S.C. Kou, L. Lam, Use of recycled aggregates in molded concrete
bricks and blocks, Constr. Build. Mater. 16 (5) (2002) 281 289.

A.S. Brand, J.R. Roesler, A. Salas, Initial moisture and mixing effects on higher
quality recycled coarse aggregate concrete, Constr. Build. Mater. 79 (2015)
83 89.

S. Kou, C. Poon, Effect of the quality of parent concrete on the properties of
high performance recycled aggregate concrete, Constr. Build. Mater. 77
(2015) 501 508.

A. Domingo, C. Lazaro, F.L. Gayarre, M.A. Serrano, C. Lépez-Colina, Long term
deformations by creep and shrinkage in recycled aggregate concrete, Mater.
Struct. 43 (8) (2010) 1147 1160.

M.A. Salau, E.E.LA.O. Adeyemo, Shrinkage deformation of concrete contain-
ing recycled coarse aggregate, Br. J. Appl. Sci. Technol. 4 (2014) 1791 1807.
A. Gonzalez-Corominas, M. Etxeberria, Effects of using recycled concrete
aggregates on the shrinkage of high performance concrete, Constr. Build.
Mater. 115 (2016) 32 41.

T. C. Hansen and A. H. Mattock, “Influence of size and shape of member on
the shrinkage and creep of concrete,” ]. Proc., vol. 63, no. 2.

Z.P. Bazant, Creep and shrinkage prediction model for analysis and design of
concrete structures - model B3, Mater. Struct. 28 (6) (1995) 357 365.

F. Benboudjema, F. Meftah, ]J.M. Torrenti, Interaction between drying,
shrinkage, creep and cracking phenomena in concrete, Eng. Struct. 27 (2)

(2005) 239 250.

[84] ]J. Xiao, B. Lei, C. Zhang, On carbonation behavior of recycled aggregate

[85]
[86]
[87]

[88]

[89]

[90]

[91]
[92]
[93]

[94]

[95]

(96]

[97]

[98]

[99]

[100]

[101]

[102]

15

concrete, Sci. China Technol. Sci. 55 (9) (2012) 2609 2616.

R.V. Silva, R. Neves, ]. de Brito, R.K. Dhir, Carbonation behaviour of recycled
aggregate concrete, Cem. Concr. Compos. 62 (Sep. 2015) 22 32.

L. Evangelista, ]. de Brito, Durability performance of concrete made with fine
recycled concrete aggregates, Cem. Concr. Compos. 32 (1) (Jan. 2010) 9 14.
C. G. V. Vagelis G. Papadakis and Michael N. Fardis, “Physical and chemical
characteristics affecting the durability of concrete,” Mater. ]., vol. 88, no. 2.

N. Otsuki, S. Miyazato, W. Yodsudjai, Influence of recycled aggregate on
interfacial transition zone, strength, chloride penetration and carbonation of
concrete, J. Mater. Civ. Eng. 15 (5) (Sep. 2003) 443 451.

A. Neville, Consideration of durability of concrete structures: past, present,
and future, Mater. Struct. 34 (March) (2001) 114 118.

A. P. Werle, M. P. Kulakowski, C. de S. S. Kazmierczak, and ]. A. Alves,
“Carbonation in concrete with recycled concrete aggregates,” in Interna-
tional Conference on Durability of Building Materials and Components.

A. Neville, Autogenous healing - a concrete miracle? Concr. Int. 24 (11)
(2002) 76 82.

C. Edvardsen, “Water permeability and autogenous healing of cracks in
concrete,” Mater. ]., vol. 96, no. 4.

N. Hearn, Self-sealing, autogenous healing and continued hydration: what is
the difference? Mater. Struct. 31 (8) (1998) 563 567.

V.C. Li, E.-H. Yang, Self healing in concrete materials, in: S. van der Zwaag
(Ed.), Self Healing Materials: an Alternative Approach to 20 Centuries of
Materials Science, Springer Netherlands, Dordrecht, 2007, pp. 161 193.

H. Huang, G. Ye, D. Damidot, Characterization and quantification of self-
healing behaviors of microcracks due to further hydration in cement paste,
Cem. Concr. Res. 52 (2013) 71 81.

K. R. L. and F. 0 Slate, “Autogenous healing of cement paste,” J. Proc., vol. 52,
no. 6.

G. Yildirim, K.O. Keskin, S.B. Keskin, M. Sahmaran, M. Lachemi, A review of
intrinsic self-healing capability of engineered cementitious composites: re-
covery of transport and mechanical properties, Constr. Build. Mater. 101
(2015) 10 21.

M. Sahmaran, G. Yildirim, K.T. Erdem, Self-healing capability of cementitious
composites incorporating different supplementary cementitious materials,
Cem. Concr. Compos. 35 (2013) 89 101.

M. Sahmaran, G. Yildirim, R. Noori, E. Ozbay, M. Lachemi, Repeatability and
pervasiveness of self-healing in engineered cementitious composites, ACI
Mater. J. (2015) 513 522.

A. Alyousif, M. Lachemi, G. Yildirim, M. Sahmaran, Effect of self-healing on
the different transport properties of cementitious composites, J. Adv. Concr.
Technol. 13 (2015) 112 123.

R. Gagné, M. Argouges, A study of the natural self-healing of mortars using
air-flow measurements, Mater. Struct. 45 (11) (2012) 1625 1638.

V. Picandet, A. Khelidj, G. Bastian, Effect of axial compressive damage on gas
permeability of ordinary and high-performance concrete, Cem. Concr. Res.
31 (11) (Nov. 2001) 1525 1532.



	How do recycled concrete aggregates modify the shrinkage and self-healing properties?
	1. Introduction
	2. Experimental program
	2.1. Materials and mixtures
	2.2. Testing procedure
	2.2.1. Mechanical properties
	2.2.2. Shrinkage
	2.2.3. Carbonation
	2.2.4. Porosity, air permeability and self-healing evaluations
	2.2.4.1. Pre-cracking of specimens
	2.2.4.2. Self-healing



	3. Results and discussion
	3.1. Strength, porosity and permeability
	3.2. Long term shrinkage
	3.3. Carbonation
	3.4. Autogenous healing of recycled aggregates concretes

	4. Conclusions
	Acknowledgments
	Appendix 1. Repeatability of the open porosity and the intrinsic permeability measurement
	References


