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Plastic shrinkage and cracking risk of recycled aggregates concrete

Ahmed Z. Bendimerad, Emmanuel Roziére, Ahmed Loukili *

Civil Engineering and Mechanics Research Institute (GeM) — UMR CNRS 6183, Ecole Centrale de Nantes, 44321 Nantes, France

This paper presents the results of experimental research on recycled concrete at early age. The influence of recycled gravel and sand (RG and RS) and initial
water saturation of RG on plastic shrinkage and crack ing sensitivity was investigated. Four initial water saturations were studied: 30%, 70%, 100% and
120% of saturated surface dried (SSD). The total water was kept constant for all the mixtures, so the added water was adjusted to take into account the
absorption of the aggregates during the mixing process. Other con crete mixtures were designed using 30% and 100% of recycled gravel, and 30% of
recycled sand. The gravel/sand ratios were adjusted to keep the maximum paste thickness (MPT) constant. To understand the evolution of early age
parameters, a timeline was established and the analyses showed correlations between the evolution of plastic shrinkage and other properties at early age.
The initial water saturation did not significantly affect the evolution of plastic shrinkage. Recycled aggregates actually show a rela tively high rate of
absorption during the first hour after mixing, i.e. before the development of plastic shrinkage. A stress/strength approach based on experimentally
assessed parameters was used to compare the cracking sensitivity of different concretes with recycled aggregates. A high rate of substitution of recycled
gravel or sand affected the early age properties of the recycled concrete and the cracking sensi tivity especially when natural sand was replaced by

recycled concrete sand.

1. Introduction

The extraction of construction materials grew by a factor of 34
during the twentieth century [1]. The global material extraction of
construction minerals now represents more than 10 billion tons
per year [2], which means approximately 1.5 t/cap/yr. Sustainable
development has become a strategic issue and affects construction
materials in terms of CO, emission, energy consumption and the
use of natural raw materials. The changes towards a more sustain
able economy require a reduction in resource use at a global level.
Most of the environmental impacts of extraction and use of con
struction minerals occur at a regional level. All extraction activities
of these materials cause damages to land, air and water
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ecosystems. Furthermore, energy use for extraction and transport
needs to be considered. Similarly, a large part of the processing
involves the production of concrete, which involves cement that
is a major source of CO, emissions. Extractive operations often gen
erate large volumes of waste; similarly, at the end of the life cycle
high volumes of waste require disposal [3]. Therefore, many Euro
pean countries have introduced new charges and taxes to reduce
the demand for primary materials and encourage recycling [4]. In
many urban areas, a critical shortage of natural aggregates is
detected. At the same time, increasing quantities of demolished
concrete from old structures are generated as waste material in
these same areas.

The use of construction and demolition waste obtained from
building demolition as recycled aggregates for the production of
new concrete has become more common for the last decade. How
ever, the influence of aggregates on short term and long term



behaviour of concrete is significant [5 6]. Particle size distribution,
shape, porosity (measured as water absorption), and initial water
saturation affects workability, plastic stage properties, setting
and hardening, strength, durability and time dependent behaviour
shrinkage and creep. Generally, the absorption at 24 h [7] is taken
as a reference to assess effective water and added water contents.
However, setting of cement paste may occur before the full absorp
tion of water by aggregates. Thus, the actual water content of
cement paste is not the theoretical content and the water/cement
ratio is modified. Therefore, the behaviour of concrete is influenced
by the properties and the initial water saturation of aggregates.

According to Powers 8] plastic shrinkage may occur when the
evaporation rate exceeds the bleeding rate. Early age cracking of
horizontal concrete elements is likely to appear a few hours after
it is cast, during setting and early hardening of concrete. The con
crete cracking phenomena depend on several parameters, such as
the magnitude and kinetics of shrinkage, the evolution of tensile
strength or tensile strain capacity [9], the stiffness and the relax
ation of the material. Two methods can be found in literature for
analyzing the cracking sensitivity. The first one is based on the
strain capacity [10 11] and the second on stress criteria [12 13].
On the other hand, the ACI [14] and other researchers [15 16] indi
cate a higher cracking risk when the deformation at early age
exceeds the threshold of 1000 pm/m. According to Hammer [12],
crack risk assessment from stress/strength is more reliable than
using strain/strain capacity. If the tensile strength is lower than
the stress level caused by restrained shrinkage, plastic shrinkage
cracking occurs [12 13].

Many studies regarding the recycled concrete aggregates can be
found in literature. These focus mostly on the effect of replacing
natural aggregates by the recycled aggregates on long term prop
erties (strength, creep and drying shrinkage) [17 19| while the
studies related to the plastic shrinkage concern concrete with nat
ural or lightweight aggregates. The plastic shrinkage is actually
influenced by the initial water saturation of natural aggregates
[20 21]. The effect of lightweight aggregate saturation on autoge
nous shrinkage has already been investigated in literature [22]. The
use of saturated lightweight aggregates is suggested to provide
“internal” curing of the concrete. There is few published data on

Table 1
Details of the investigated concrete mixtures.
RS(%)-RG(%) WS (%)
30 70 100 120
0-0 v
0-30 v
0-100 v v v v
30-0 v

Note: RS: recycled sand, RG: recycled gravel, WS: water saturation.

Table 2
Properties of aggregates.

the influence of the recycled concrete on early age behaviour and
plastic shrinkage.

The aim of the present experimental study is to quantify the
cracking sensitivity of recycled concrete at early age, based on
the monitoring of plastic shrinkage and mechanical properties.
The experimental approach described in this paper is applied to
concrete mixtures with different initial water saturation of recy
cled aggregates and different rates of substitution of natural aggre
gates by recycled gravel and sand. The water absorption and the
saturation rates of the recycled aggregates used in this study were
determined by combining experimental methods [23]. Plastic
shrinkage measurements are associated with other experimental
techniques to understand the evolution of plastic shrinkage and
the influence of recycled aggregates. An approach based on direct
tensile testing and calculated elastic stresses is then used to assess
the cracking sensitivity. When the initial water saturation of recy
cled aggregates varied, the added water content was adjusted to
keep the total water content (W) constant. The results obtained
for all the concrete mixtures with different rate of saturation and
substitution of recycled aggregates are presented, analyzed and
discussed.

2. Materials and methods
2.1. Experimental program and mixtures

The experimental program focuses on two parameters. The first parameter of
the study is the initial water saturation of coarse aggregates. The concrete mixture
was made with 0% of recycled sand (RS) at saturated surface dry condition (SSD)
and 100% of recycled gravel (RG) at different initial water saturations: 30%, 70%,
100% and 120% of SSD state. The second parameter is the substitution of natural
aggregates with recycled aggregates, all (gravel and sand) being at the SSD state.
Seven mixtures were designed in this study. Table 1 summarizes the details of
the investigated concrete mixtures.

Two types of aggregates were chosen for this study: natural and recycled aggre-
gates. Natural aggregates (NA) were crushed dark limestone aggregates. Recycled
aggregates (RA) were obtained by crushing unknown waste concrete from the recy-
cling plant of DLB Gonesse (Paris region, France). The RA used in this study are clas-
sified as aggregates type I, Rcygs [24] with Reygs: 95% of products contained in a
recycled aggregate are: concrete, concrete products, mortar, concrete masonry
units, natural stone. These aggregates can be considered as good quality RA. Higher
proportion of other materials, such as coatings or wood, would result in higher
absorption thus lower strength of new concrete. Higher sulfate content due to gyp-
sum could cause reactions with water and hydration products and possible damage
in new cement paste. The water absorption coefficient (as % of dried mass after 24-h
immersion) of each type of aggregate was defined according to the pycnometer and
hydrostatic weighing [23]. The properties of aggregates used in the experimental
study and the fines from sieve analysis are summed up in Table 2. The waste con-
crete source influences the content and properties of residual paste of RA [25]. The
RA used in this study showed relatively fast absorption, which is typical of high W/C
ratio of initial concrete and weak paste aggregate interface. Thus the residual paste
volume is relatively low and this type of RA allows reaching adequate properties of
hardened concrete. The packing density of each aggregate was determined experi-
mentally according to the method LPC N°61 [26]. The determination of the specific
surface was made according to the BET method, based on the adsorption of nitrogen
gas on a surface. The amount of gas adsorbed at a given pressure allows the deter-
mination of the surface area [27]. The chemical analysis of the recycled aggregate is
given in the Table 3.

Natural aggregates

Recycled aggregates

Sand 0/4 mm Gravel Gravel Fines Sand Gravel 4/10 mm Gravel 10/20 mm

4/10 mm 6,3/2 0Omm <63 um 0/4 mm

Mineralogy Sandrancourt Dark Dark limestone Unknown waste Unknown waste
. Unknown waste concrete
limestone concrete concrete

Water absorption WAz, (%) 1.2 0.56 0.53 - 10.7 5.3 49

Density 2.6 2.73 2.73 - 2.1 234 2.32

Fines <63 um (%) 0.6 0.4 03 - 2 0.9 0.7

Fines <125 um (%) 3 - - - 7 - -

BET (m?/g) 1.03 - - 9.9 53 - -

Packing density of 0.693 0.588 0.586 - 0.755 0.580 0.561

aggregates g*




Table 3
Chemical analysis of recycled aggregates [3].

Table 4
Properties of cement CEM II/A-L 42.5.

Recycled aggregates

Sand Gravel Gravel

0/4mm 4/10 mm 10/20 mm
Total sulfur (%) EN 1744-1 (S) 0.20 0.13 0.30
Soluble sulfates in acid (%) EN 1744-1 (AS) - 0.30 0.78
Soluble sulfates in water (%) EN 1744-1 (SS) 0.21 0.14 0.47
Soluble chlorides in water (%) EN 1744-1 (C) 0.0015 <0.0003 0.0004
Soluble chlorides in acid (%) EN 1744-5 (Ca) 0.02 <0.001 <0.001
Na,O equivalent soluble (%) LPC 37 0.0305 0.0121 0.0151

(Na,0 equi)

The cement CEM II/A-L 42.5 (Table 4) from Rochefort (France) was made of clin-
ker (87%), limestone (11%). Superplasticizer (SP) MC PowerFlow 3140 was also used.
Table 5 summarizes the mixture proportions, the fresh concrete properties and the
materials used in the seven mixtures. All the mixtures were established and opti-
mized by the Compressive packing model (CPM) and the software BETONLAB
[28]. The target slump referred to the workability class S4 [29]. The initial water sat-
uration of sand was kept constant for all the mixtures at SSD value. The concrete
designation ORS-30RG-100SSD means that 0% (in mass) of recycled sand (i.e. there
is only natural sand) and 30% (in mass) of gravel used is recycled, 100SSD means
that the gravel it at SSD state. The Effective water to Equivalent Binder ratio is less
than 0.65 (Wef/Beq < 0.65) for all the mixtures [30]. The Equivalent Binder content
is determined according to European standard EN 206-1:

B, Cement + k x Limestone 1)

k is the activity coefficient of limestone filler given by the standard (k = 0.25).

The water saturation of gravel is assessed from the gravel water content to
water absorption in percent (Wgave/ WA24). All the mixtures were designed keeping
the total water (W) constant [21] and the additional water (W,qdeqa) Was calcu-
lated from the following equation:

WtDt

Wadded + Waggregates + WS[’ Weff + Wahs <2>

Chemical analysis (%)

Si0o, 18.7
AlL,O3 4.9
Fe,05 37
Cao 62
MgO 13
SO, 2.7
K;0 0.68
Na,0s3 0.17
S 0.05
Cl 0.04
CO, 4.7
Free lime 1.5
Na,0 equivalent 0.59
Loss on ignition 5.1
Compound composition of clinker (%)

CsS 61
CS -
CsA 7.9
C4AF 12
Physical properties

Blaine finesse (cm?/g) 3700

Normal compressive strength (MPa) 53
Density (kg/m?) 3.09

where: Wy, water added in mixture containing dry aggregates; Wjqged, Water
actually added in the mixture; Weg, the effective water content; W,,s, the water
theoretically absorbed by dry aggregates; Wggragates, the aggregates water content;
Wsp, the water part of superplaticizer.

The packing density of aggregates (g*) was calculated according to the proce-
dure given by the software BETONLAB to allow the calculation of the maximum
paste thickness (MPT) (Table 5). The MPT was given by the following equation:

MPT  Dux ({/‘% 1) 3)

with: Dyax, Maximum size of aggregates; g*: Packing density of aggregates; g, Aggre-
gates volume.

Table 5
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 30SSD 70SSD 100SSD 120SSD
Dry Wet Dry Wet Dry Wet Dry Wet Wet Wet Wet
NG 6,3/20 (kg/m?) 820 824.3 462 464.4 829 8334
RG 10/20 (kg/m>) 296 310.5 701 711.3 725.0 735.3 7421
NG 4/10 (kg/m?) 267 268.5 228 229.3 190 191.1
RG 4/10 (kg/m?) 163 165.6 169.0 171.6 1734
NS 0/4 (kg/m?) 780 789.4 813 822.8 549 555.6 806 815.7 815.7 815.7 815.7
RS 0/4 (kg/m?) 235 260.0
Cement, C (kg/m>) 270 276 276 282
Limestone, L (kg/m>) 45 31 31 31
Superplasticizer SP (kg/m?) 0.747 0.861 0.798 0.798
Worr (kg/m3) 180 185 185 189
Wior (kg/m3) 194.6 2123 2214 241.0
Wsp (kg/m?) 0.6 0.7 0.6 0.6
Wiana (kg/m?) 0.0 9.4 0 9.8 0 31.6 0 9.7 9.7 9.7 9.7
Weravel (kg/m?) 0.0 5.8 0 18.2 0 5.5 0 12.9 30.0 429 51.5
Woabsorbed (kg/m?) 15.2 28.0 371 52.6
Wadded (l(g/m3) 194.6 179.4 2123 184.3 2214 184.4 241.0 218.4 201.2 188.4 179.8
Wegt/Beq 0.64 0.65 0.65 0.65
Paste volume (L/m?) 285 287 287 293
Gravel/Sand 1.39 1.21 1.30 1.07
Slump (mm) 195 193 204 222 215 195 193
Packing density of concrete g* 0.785 0.781 0.790 0.777
MPT (mm) 0.80 0.82 0.86 0.89
Compressive strength
fc. 1a (MPa) 6.4 5.8 4.2 43 4.6 4.1 5.4
fe, 24 (MPa) 103 11.7 10.0 7.8 8.9 9.5 9.6
fe, 74 (MPa) 23.0 221 19.4 12.2 19.9 18.7 -
fe, 284 (MPa) 314 28.5 29.0 24.0 26.6 27.6 28.8

Note: NG: natural gravel, NS: natural sand.



This parameter represents the mean distance between two coarse aggregates,
assuming that each aggregate is surrounded by a paste layer [31]. The thickness
is proportional to the aggregate diameter. The compressive strength has been found
to decrease with an increase in the MPT [31]. In this study, the concrete mixtures
have been designed to keep the MPT approximately constant (Table 5), in order
to show the influence of the type of aggregates. The 30RS-ORG concrete mixture
has slightly higher MPT because the packing density of recycled sand (Table 2),
and thus the packing density of concrete, is higher than the packing density of nat-
ural sand. The MPT of ORS-100RG is higher than ORS-ORG because its paste volume
is slightly higher (Table 5).

2.2. Testing procedures

2.2.1. Plastic shrinkage

The tests were performed in an air-conditioned room with a temperature of
20+ 1 °C and relative humidity (RH) of 50 + 5% and started about 30-40 min after
the first contact between water and cement. The plastic shrinkage development
was measured using two identical steel moulds (70 x 70 x 280)mm? covered on
the inside by Teflon, limiting friction between concrete and the mould [32]. The
concrete was cast in a plastic sheet between two PVC plates. Their displacement
is measured without contact by two laser sensors. Both ends of the steel mould
are drilled in the center. The circular opening allows monitoring the movement
of the reflecting plates anchored to the edges of the specimen (Fig. 1). The temper-
ature of concrete sample was kept at 20 °C by water circulating along the sides and
the bottom of the steel mould. The uncertainty on the plastic deformation was
+50 pm/m.

Several properties were monitored in parallel of plastic shrinkage to understand
the evolution of plastic shrinkage: weight loss, setting time, capillary pressure, and
evolution of elastic properties at early age, and hydration using an isothermal
calorimeter. All data were logged on a computer every 10 min during a period of
24 h.

2.2.2. Weight loss

The water loss was monitored for all the mixtures using a data recording scale.
The concrete was poured in cylindrical moulds @11 x 7 cm? in order to have the
same environmental conditions as the plastic shrinkage measurement. Only the
upper surface was subjected to drying conditions. From mass loss, the rate of evap-
oration in kg/m? was determined by dividing water loss by the surface of the
cylinder.

2.2.3. Capillary pressure

The main driving force of plastic shrinkage is the capillary pressure. In dry and/
or hot weather the water covering the surface may evaporate. If this takes place, a
complicated system of menisci is formed by the water between the particles near
the surface of concrete (due to desiccation) or inside the material (due to self-
desiccation) [33-35]. The capillary pressure was measured by the test setup
described in (Fig. 2), using a porous ceramic cup placed horizontally in the middle
of a cylinder [36]. The mould has the same depth and drying conditions as the spec-
imens used to measure the mass loss and the plastic shrinkage. The ceramic cup
was connected to a pressure sensor using a thin tube. The uncertainty on the cap-
illary pressure was +2% of the average value.

2.2.4. Setting time

According to the European standard EN 196-3 [37], the Vicat test was used to
monitor initial and final setting time for all the mixtures. The concrete was poured
in a 5 mm sieve to obtain mortars for the test. The samples were placed in temper-
ature controlled water (at 20 °C) to prevent mortar from drying. The setting time is
indicated by rapidly increasing penetration resistance. The monitoring of the set-
ting time was done by using an automatic device. The uncertainty on the setting
time was 0.5 h.

Laser RerLecTon

Pressure
Sensor

Porous Ceramic Cue

70 mm | 35 mm

Fig. 2. Schematic section of capillary pressure device.

2.2.5. Elastic properties of concrete at early age

The evolution of elastic properties of concrete at early age was monitored by the
FreshCon system which measures the velocity of ultrasonic pressure (p) and shear
(s) waves [38] (Fig. 3). This device was originally developed at the University of
Stuttgart to analyze the setting and hardening of any kind of material (especially
fresh cement paste and fresh mortar). The testing device consists of a mould consti-
tuted of two polymethacrylate (PMMA) walls and held by four screws. It is
equipped with an ultrasonic emitter and transducer (transmitter and receiver).
The U-shaped mould is made of foam with high damping properties to absorb
the waves through the mould and travelling around the concrete specimen (con-
crete volume of 450 cm®). A pulse signal is generated (800 V with a pulse width
of 2.5us) at selected regular intervals during this test and the amplitude is
enhanced by an amplifier. The ultrasonic longitudinal compression waves are then
transmitted through the concrete sample and then the signal is received by an
ultrasonic receiver after travelling through the sample and sent back to the data
acquisition card (DAQ card). The software automatically calculates the time it takes
for the wave to travel from the transmitter to the receiver and deduces the velocity.
The uncertainty on the velocity was +5% of the average value. The concrete sample
was protected by a plastic sheet to avoid drying and the temperature was measured
in the middle of the specimen using a thermocouple. The test was performed in an
air-conditioned-room at 20 °C and 50% RH. The evolution of dynamic properties
(Poisson’s ratio vgyn, shear modulus Ggy, and elastic modulus Egy, in MPa) was
obtained as a function of the velocity of the compression waves and the shear
waves using the following equations:

12 2
2% s
Vdyn w (4)
14 0gn)- (1 20
By 27 p L onl oL 20n) )
dyn
Gayn vsz X Pconcrete (6)

Where p. is the density (kg/m?), V,, is the P-wave velocity (m/s) and Vs the
S-wave velocity (m/s).

TerLon

TerFLon

Circutating Water

Fig. 1. Plastic shrinkage testing device with temperature control.
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Fig. 3. Test container for ultrasonic monitoring device, (a) Piezoelectric sensor, (b)
P-wave mould, (c¢) S-wave mould.

2.2.6. Tensile strength

Tensile strength of concrete was determined from direct tensile tests. The
device (Figs. 4 and 5) and the experimental procedure were designed to study the
early-age behaviour of concrete [9]. The load is applied horizontally by an electric
displacement-controlled actuator. The load cell is placed between the actuator
and the mobile part of the mould. The dogbone shaped mould actually comprises

Fig. 4. Direct tensile testing machine: 1: Steel mould, 2: Concrete specimen, 3:
Spherical pin connection, 4: Electric actuator, 5: Load cell, 6: LVDT2.

two halves with curved transitions to a central part with reduced constant section,
100 mm high, 100 mm long, and 105 mm wide. The inner face of the mould is cov-
ered with PTFE and protected with thin polyethylene sheets during the test. The
two parts of the mould are linked to the frame and the load cell by spherical pin
connections. The stress was deduced from the measured load and the cross section
(100 x 105 mm?). The concrete specimen was cast in the steel mould just after mix-
ing then vibrated in one layer. An external frame was placed on the plate to avoid
displacements of the two halves of the mould due to the vibration and pressure of
fresh concrete. The specimen was covered until testing with a polyethylene sheet to
avoid drying. The ambient temperature was 20 °C. The loading rate of the actuator
was 5 pm per second. The tests have been done twice for each concrete mixture.
The average difference between two strength values at the same age was 6%.

2.2.7. Isothermal calorimetry

An isothermal calorimeter TAM air was used to measure the heat flow of con-
crete, in order to understand better the influence of hydration on the properties
of concrete at early age. It is designed for sensitive and stable heat flow measure-
ment with an operating temperature range between 5 °C and 90 °C. In this study,
a temperature of 20 °C was used for all the concrete mixtures to have the same con-
ditions as the other tests. The isothermal calorimeter contains three separate chan-
nels; all calorimetric channels are of the twin type, consisting of sample and
reference chamber. A polished glass ampoule with a 125 ml volume was used.
The sensitivity of the heat detectors is in the tW-mW range. The thermostat stabil-
ity is #0.02 °C, the limit of detection 4 pW, and the precision +20 pW.

The principle of the calorimetric measurement derives from to the general heat
balance equation (Eq. (7)). The details of a calorimetric unit are shown in (Fig. 6).
When a sample is placed in the unit, the heat produced by hydration will flow
rapidly to its surroundings. The main route for heat exchange between the sample
and the surroundings is through the heat flow detector, consisting of small plates
with thermopiles. The heat flow, caused by the temperature difference across the
sensor, creates a voltage signal proportional to the heat flow. This voltage signal
is corrected by the reference and converted to the rate of heat evolution by applying
the calibration factor. After calibration, the rate of heat production (dQ/dt) is equal
to the heat flow monitored by TAM air.

dqQ dT
a D+c- (E) (7)
where (dQ/dt) is the rate of heat production (J-s '), @ the rate of heat exchange (the
measured property (J-s ')), C heat capacity (J/°) and C(dT/dt) the rate of heat accumu-
lation (J-s 1).

In order to control the test condition, the isothermal calorimeter was placed in a

temperature- controlled-room at 20 °C and the test was started 30 min after adding
water in the mixer.

3. Experimental results and discussion
3.1. Analysis of early age behaviour and correlations

The results of plastic shrinkage showed a good repeatability, as
the maximum difference between the total deformations of two
samples was lower than 5% (Fig. 7). Other monitored properties
(early age hydration, setting time, capillary pressure, weight loss

LVDT 2

Fig. 5. Mould used for direct tensile tests.
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Fig. 6. Isothermal calorimeter TAM air (calorimetric unit [39]).
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Fig. 8. Heat flow evolution and its derivative, concrete OR-100R-70SSS.

and evolution of elastic properties) are shown in (Figs. 8 11 and
14) respectively, to understand the phenomena occurring during
the plastic shrinkage development. The curves presented in
(Figs. 7 11 and 14) relates to concrete ORS 100RG 70SSS. For each
curve, several interesting time points were defined. The same data
processing was made for all concrete presented in Table 1. The cor
relations between these points are shown on Figs. 12 and 13.

The derivative of the deformation actually gives two minima
(Fig. 7). The first minimum generally occurs during the first two
hours. Before this point, the plastic shrinkage rate is high and decli
nes rapidly. It corresponds to the thermal deformation, as the tem
perature of fresh concrete after mixing is different from the
temperature in the plastic shrinkage moulds (20 °C). All the follow

40
35 90% of 38,5mm of penetration
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Penetrat on depth (mm)

2 4 6 8 10 12 14 16

Fig. 9. Initial and final setting time, concrete OR-100R-70SSS.

Time (hour)
0 orody | ]
2 4

q
10
Pressure
20 | development
30
40

50 -

Cap ary pressure (kPa)

60

70

Fig. 10. Capillary pressure development vs. time, concrete OR-100R-70SSS.

Root of time (h*1/2)
0 6

0 0

e

0.4 e
< 08 E
S 12 o4 2
£ 3
o 16 8
o 2 3 08 =
£ 24 o
S 2 | H
2 28 ol 5
; 1 1 ’1,2 o
3,2 b 2

3 | * Weightloss H : 2

4 Derived of weight loss : : 1 ,6 4

Fig. 11. Weight loss vs. Square root of time, concrete ORS-100RG-70SSS.



16
14
Final setting Vs. 1%'max heat flow
12 \
A <& N QO
. O O0RS-0RG - R A A
5 10 | A oRs-30RG
8 < 0Rs-100RG
= 8 1 U 30Rrs-0RG
[0)
£ A
= 6 S Initial setting Vs. Pressure
4 A development
2 2" min derived deformation Vs. Initial heat flow
0 1
0 2 4 6 8 10 12 14 16
Time (hour)

Fig. 12. Correlation between different parameters, concrete summarized in Table 1.
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Fig. 14. Evolution of elastic properties at early age, concrete ORS-100RG-70SSS.

ing curves of plastic shrinkage are initialized at the first minimum
of derived deformation, noted (Initial def). It has no consequence of
stress development as the Young modulus is still relatively low
(Fig. 14). The second point is noted as (2nd min derived def). The
third point corresponds to 95% of the maximum deformation.

Between (Initial def) and (2nd min derived def) the rate of plastic
shrinkage increases then decreases until a minimum. At the end
of this stage, initial setting has not occurred, the capillary pressure
has not diminished, and the elastic modulus is still relatively low.
Thus shrinkage observed during this stage is likely to be caused by
chemical shrinkage of cement paste.

The hydration process is also characterized by several stages
[40]. To describe these stages, the derivative of heat flow was
drawn. Three times, corresponding to the points where this deriva
tive equals zero, were defined as initial heat flow, 1st max heat
flow and 2nd max heat flow (Fig. 8). The initial heat flow corre
sponds to the dormant period and concurs quite well with the time
of (2nd min derived def). Also, the period before 1st max heat flow
is related to the acceleration period and this time has a good cor
relation with time of final setting (Fig. 9). The result is presented
in Fig. 12. The characteristic time corresponding to (2nd min
derived def) coincided well with the point corresponding to the
start of the heat flow (Fig. 8). These two points showed good cor
relation (Fig. 12). The acceleration phase of the plastic shrinkage
is controlled by the onset of hydration.

Then Initial setting occurs (Fig. 9), which corresponds to the
beginning of capillary pressure development (Fig. 10). At this time
the value of shear modulus was 0.3 GPa. As long as cement paste
remains fluid, autogenous deformation is equal to chemical shrink
age. Then, as the stiffness of the paste increases, the hydration of
cement causes cavitations and the creation of voids in the cement
matrix. The time characterized by capillary pressure development
(Pressure development), shown in Fig. 10, matches the appearance
of menisci in the pores and between the cement matrix and the
ceramic porous sensor [33 35]. Capillary pores were initially filled
with water. As water is consumed by the hydration of cement,
voids appear and liquid vapour menisci are created in the pores.
The maximum plastic shrinkage rate was observed between (2nd
min derived def) and time noted (Final def). During this stage cap
illary pressure significantly decreases. Shrinkage is actually caused
by capillary depression, by self desiccation shrinkage and external
drying. But in the same time elastic and shear modulus signifi
cantly progress, which finally prevents concrete from shrinking.

The exploitation of data of weight loss at the early age can be
considered as an analytical tool to explain phenomena due to dry
ing. In order to perform this, the weight loss and it derivative was
plotted as function of the square root of time. Three stages can be
distinguished (Fig. 11). The first stage is characterized by a high
drying rate due to the water lost from surface (bleeding water).
During the same stage the decrease of drying rate was observed
around 5 h; it could correspond to the drying of concrete with cre
ation of menisci that generates capillary depression (see Fig. 10)
and accelerates shrinkage. During the second stage a constant dry
ing rate was observed (with the square root of time scale). The final
stage was characterized by a decrease of the rate and finally a sta
bilization of the weight loss curve.

The characteristic time defined as the point C (time from the
middle of the 2nd phase) correlates well with the time correspond
ing to the 1st maximum heat flow. The plastic deformation evolu
tion is actually caused by hydration and drying. As hydration
accelerates, capillary pores are created and begin to empty because
of drying, thus the drying rate change. This behaviour was the
same for all the mixtures (Fig. 11). Moreover, the time in point C
can be associated with the final setting.

For all the mixtures, the shear modulus G starts to develop
when the first hydration products are formed, filling up the pore
space and creating a denser structure. Thus, an increase in shear
modulus will cause a growth in the S wave velocity but not in pen
etration resistance (G = 0.05 GPa). During the first hours, when the
cement particles are connected, the shear modulus and thus the
penetration resistance start to develop [41]. This time corresponds



to pressure development and the initial setting (G = 0.33 GPa). For
most mixtures, the final setting determined with Vicat test relates
quite well with the time of 1st max heat flow and it corresponds to
G =2.7 GPa.

Therefore, from all the time points defined previously, a time
line was established to understand early age parameters develop
ment (Fig. 15). In addition, the thresholds G = 0.33 GPa and 2.7 GPa
are proposed to easily determine initial and final setting respec
tively based on the ultrasonic measurements.

3.2. Effect of the water saturation of recycled aggregates

The plastic shrinkage measurements on the concrete ORS
100RG with different initial water saturation of gravel showed
minor differences. The magnitude at 24 h was between 870 and
1055 pm/m (Fig. 16a). The value of 1000 pum/m at 24 h has been
proposed in the literature [15] to characterize high risk of cracking
of concrete at early age. Only one concrete mixture (100SSD)
showed a 24 h shrinkage higher than this critical value.

The mixture with saturated gravel (100SSD) actually showed
the highest plastic shrinkage and those with gravel at 30% initial
saturation and oversaturated (30SSD and 120SSD respectively)
showed the lowest values. The influence of added water content
was confirmed by the variations of compressive strength at
28 days (Table 5). The extra water content which is theoretically
absorbed by partially saturated aggregates was actually not fully
absorbed, resulting in higher effective water than the theoretical
effective water content. The concrete with 30SSD has the higher
added water (Wydgea =218.4Kkg/m>,  Waggregates = 22.6 kg/m?),
which implies a higher bleeding rate [42]. As a result, the bleeding
rate played an important part in minimizing the plastic shrinkage
of concrete at 30SSD state. The concrete with oversaturated gravel
(120SSD) has a low shrinkage as well. This mixture was
characterized by the same total water as concrete 30SSD
(Wadded = 179.8 kg/m>,  Waggregates = 61.2 kg/m?).  Oversaturated
gravel actually releases water in cement paste and provides
self curing in concrete [22].

Absorption measurements on different aggregates showed a
relatively high water saturation rate of recycled aggregates during
the first hour [23]. After two hours, the water saturation actually
reached 90% (Fig. 16b). Therefore, when the development of plastic
deformation begins, the major part of water saturation has already
occurred, which explains that the weak effect of initial water
saturation.
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Fig. 16. Correlation between plastic shrinkage and rate of water absorption.

3.3. Effect of the recycled aggregates substitution

The measurement of plastic shrinkage began 30 60 min after
cement water contact. In this study, all the curves were initialized
at the age of Initial def defined previously (Fig. 7). The graphs
(Fig. 17) showed the influence of the percentage of substitution
of recycled aggregate (gravel or sand) on plastic deformation. A
higher deformation was observed when the recycled sand was
used compared to conventional concrete with a difference of 47%
after a period of 8 h.

The most significant plastic shrinkage concerned concrete with
recycled sand (Fig. 17). Recycled sand had the highest coefficient of
absorption and percentage of fines. The recycled sand and fines
with a size lower than 63 um develop a surface area of 5.3 m?/g
and 9.9 m?/g respectively (Table 2). As a consequence, the effective
water intended for the cement paste is attracted and kept in the
menisci created by the recycled fines. Therefore, the bleeding
water is lower than in the control mix and the risk of plastic
shrinkage related to insufficient curing increases.
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Fig. 15. Schematic timeline of early age parameters.
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Fig. 17. Effect of substitution rate on plastic shrinkage.

The plastic shrinkage in recycled concretes with substitutions of
30% and 100% of recycled gravel were close. When they are com
pared with the concrete ORS 0SG_100SSD (red curve), the differ
ence is significant but lower than 10%. The values of Maximal
Paste Thickness (MPT) of the three concrete mixtures were actually
very close. The MPT corresponds to the distance between two
coarse aggregates. It is the distance between two particles, in a uni
form dilation process corresponding to the injection of cement
paste in the aggregates mix [31,43]. By using the software BETON
LAB [28], the MPT was calculated for the four mixtures and the
results found show a quasi constant MPT (Fig. 18), knowing that
the shrinkage of concrete mainly comes from free shrinkage of
cement paste in MPT. The recycled concrete ORS 100RG_100SSD
has a higher value of MPT (0.89 mm) than ORS 30RG_100SSD
(0.82 mm) but it showed lower plastic shrinkage. Several phenom
ena could explain this variation. The ORS 30RG concrete mixture
had lower total water content (Table 5), thus lower potential
self curing provided by porous recycled aggregates. However, the
restraining effect can be expected to be lower when recycled
aggregates are used in substitution of natural aggregates, thus
the shrinkage of ORS 100RG concrete should be higher. Recycled
aggregates are made of residual cement paste and initial natural
aggregates. Cement paste generally shows lower elastic modulus
than natural aggregates and the crushing process is likely to induce
micro cracks in residual paste, thus recycled aggregates show
lower elastic modulus than natural aggregates. The elastic modu
lus of aggregates used in this study was determined by the authors
[44]. The values of recycled aggregates were lower compared to the
natural aggregates (Erecycled sand =24.6 GPa, Enatural sand =
42.3 GPa, Erecycled gravel =54.2 GPa and Enatural gravel =78.3
GPa). Finally, in spite of higher MPT and lower restraining effect
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Fig. 18. Effect of substitution rate on MPT.

of recycled aggregates, ORS 100RG concrete showed lower plastic
shrinkage than ORS 30RG concrete. This result suggests that inter
nal curing provided by initially saturated recycled aggregates cur
ing had a significant effect on shrinkage.

The experimental result of the study allows investigating the
correlation between the hydration degree and the modulus Egyp.
The degree of hydration «(t) is often estimated by using experi
mental methods based on the exothermic character of the hydra
tion process:

o(t)  Q(t)/Qumax )

where Q(t) is the cumulated heat developed at a time ¢, in J/g and
Qmax is the maximum total heat corresponding to complete hydra
tion, in J/g. Qmax is determined by extrapolating the heat flow vs.
1/y/t curves. The cumulated heat Q(t) can be calculated as follows:

o [aw-a ©

where q(t) represents the heat flow assessed by isothermal
calorimetry, expressed in mW/g/s.

The analytical model of Eurocode 2 based on a function of time
is not adapted to assess the mechanical properties of early age
concrete when comparing the predicted and experimental values
[45]. The reason is probably related to the model parameters.
Therefore, several researchers [45 47| have proposed models
based on the hydration degree in order to predict the evolution
of the mechanical properties. The development of hydration
strongly affects the evolution of the Young modulus. The Eq. (9)
is used in this study to model the evolution of dynamic Young
modulus as a function of the hydration degree. The modulus Egy,
was measured by using non destructive methods: FreshCon system
between 0 and 48 h then dynamic method based on natural fre
quencies between 2 and 28 days. The parameter E,g4 is determined
from the experimental results, the coefficients a and b are fitted
from experimental data (Table 6).

Egn(e)  ax Exq(1  exp Dx*0) (10)
Table 6
Parameters of Eq (10) for the four mixtures.
Ezsq (GPa) a b
ORS-0RG_100SSD 39 1.44 1.33
30RS-0RG_100SSD 35.6 1.50 1.34
ORS-30RG_100SSD 38.7 1.10 2.84
ORS-100RG_100SSD 34 1.33 1.62
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Fig. 19. Young's modulus vs. hydration degree.
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A good correlation between this model and experimental data
was found, as shown in Fig. 19. The four concrete mixtures showed
a similar behaviour at early age (0 24 h) with the exception of the
concrete with 30% of RG. The concrete ORS 30RG_100SSD did actu
ally not show an intermediate behaviour between the concrete
mixtures with 0% and 100% recycled gravel. At the same hydration
degree, the concrete ORS 30RG developed a higher modulus at
early age. This concrete also showed higher magnitude of plastic
shrinkage than expected from the magnitudes of ORS ORG and
ORS 100RG. ORS 30RG concrete also showed relatively high value
of Ezgq (Table 6). The substitution of 30% recycled sand and 100%

recycled gravel resulted in lower elastic modulus at 28 days, but
the evolution at early age were similar to conventional concrete,
thus mainly governed by cement paste. Additional tests would be
necessary to generalize the Eq. (10) for concretes with different
rates of substitution and Effective water/Cement ratios.

3.4. Early age cracking risk of recycled concrete

In the present experimental study, the objective is to compare
the shrinkage induced cracking sensitivity of different conven
tional and recycled concretes at early age, based on monitoring
of the evolution of stress and strength. Previous works actually
showed that failure occurs when the restraining stress exceeds
the tensile strength [12], [13]. Plastic shrinkage is likely to generate
such restraining stress. The evolution of plastic shrinkage and ten
sile strength has been experimentally assessed using specific tests
[9]. However, an elastic uncoupled approach was used to assess the
evolution of stresses due to restrained shrinkage (Eq. (11)):

ot)  &(t) x E(t) 1)

where: &(t) is plastic shrinkage deformation, E(t) is Young modulus
evolution and o(t) is the estimated stress produced by total
restraint. The value of o(t) at 24 h is noted S.

The concrete tensile strength, noted R, was experimentally
assessed 24 h after casting using direct tensile test. The experimen
tal approach is first applied to the reference concrete and concrete
mixtures with different rates of saturation by keeping sand at sat
urated state then different rates of substitution (recycled gravel
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and recycled sand). Saturated sand was used is all mixtures. Thus,
the study aims at quantifying the cracking sensitivity of recycled
concrete at early age, based on comparing the S/R ratio of the dif
ferent mixtures. The cracking sensitivity is assumed to increase
with the S/R ratio.

The values of plastic shrinkage and mechanical properties (elas
tic modulus and tensile strength) at 24 h show that the effect of
initial water saturation of RG was negligible (Fig. 20).

Nevertheless, the S/R ratio of the concretes 70SSD and 100SSD is
higher than concrete 30SSD (Fig. 21), thus, their cracking sensitiv
ity is relatively high. This behaviour is confirmed in other study
[21]. The plastic shrinkage magnitude of concrete 100 SSD actually
exceeded the threshold of 1000 um/m [14 16]. The effects of
relaxation are not taken into account in this analysis. However
the four concrete mixtures with different initial water saturation
of aggregates can be expected to show the same relaxation, as they
have the same paste volume and Wef/Beq ratio. In literature, creep
is reported to increase with Water/Beq ratio [48]. The increasing of
water added/Beq ratio is accompanied by a decrease in compressive
strength (Table 5) which implies an increase of the creep deforma
tion according to the Eurocode 2 model [49]. As a consequence, the
concrete 30SSD would have the highest benefit from relaxation
and the lowest cracking sensitivity, as it has the highest Water
added/Beq ratio.

The percentage of substitution of recycled gravel or sand signif
icantly affected the plastic shrinkage magnitude and the mechani
cal properties, such as elastic modulus and tensile strength, and
early age deformation (Figs. 22 and 23), resulting in a higher crack
ing sensitivity of concrete mixtures with recycled aggregates. The
concrete ORS 30RG and 30RS ORG are characterized by a higher
stress development due of the fast growth of elastic modulus
(Fig. 22b) and plastic deformation (Fig. 23a) respectively which
implies higher S/R ratios.

Consequently, the sensitivity of both concretes is higher than
the other concretes with 0% or 100% recycled gravel (Figs. 24 and
25). The effect of relaxation is not taken into account here. Creep
or relaxation phenomena take place en cement paste. Thus increas
ing paste volume results in higher relaxation. The concrete mix
tures of the study were designed keeping the paste volume and
the MPT approximately constant. However recycled aggregates
are made of natural aggregates and old paste. As a consequence
concrete with recycled aggregates can be expected to show higher
relaxation, thus lower actual stresses. The proportion of recycled
gravel (and consequently old paste) in ORS 30RG concrete is rela
tively low, whereas it is significant in ORS 100RG concrete. Finally,
in this study, concrete with 100% recycled gravel is likely to show
lower cracking sensitivity than concrete with 30% recycled gravel.
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4. Conclusions

The study presented in this paper focused on the plastic shrink
age and cracking sensitivity of concrete at early age. Experimental
results, related to the effect of the rate of water saturation and sub
stitution of recycled aggregates, were presented. Moreover, an esti
mation of a potential early age cracking sensitivity based on a
stress/strength elastic approach was also developed, focusing on
the evolution of elastic properties and plastic shrinkage. A model
allowing the prediction of the elastic parameters based on the



evolution of the hydration degree was established. Based on the
results presented in this paper the following conclusions can be
drawn:

e A timeline was established for a better understanding of the
evolution of plastic shrinkage by showing correlations with
the evolution of other properties at early age. For instance, the
shear modulus G allows deducing the influence of other early
age parameters. The thresholds G = 0.33 GPa and 2.7 GPa were
actually proposed to easily determine initial and final setting
respectively, based on the ultrasonic measurements.

The initial water saturation of recycled aggregates varied but

the added water content was adjusted in order to keep the the

oretical effective water content (Weg) constant. Four concrete
mixtures were deduced by varying only the initial water satura
tion of gravel, expressed as a percentage of saturated surface
dried (SSD) state: at natural moisture (30SSD), partially satu
rated (70SSD), totally saturated (100SSD) and over saturated

(120SSD). This resulted in minor changes in concrete behaviour.

Only two hours after casting the concrete, the water saturation

of the recycled gravel had actually reached 90%. As a conse

quence, the initial water saturation had a relatively weak effect
on plastic shrinkage of recycled aggregates concrete.

e The rate of substitution of recycled gravel had a relatively low
influence on plastic shrinkage. The concrete mixtures were
actually designed keeping the maximum paste thickness
(MPT) constant.

o The concrete with 30% recycled sand showed the highest plastic
shrinkage. Recycled sand actually develops a significant surface
area, especially at the level of fines. The effective water
intended for the cement paste is attracted and kept by the recy
cled fines, which results in higher plastic shrinkage related to
insufficient curing.
A model was proposed to represent the evolution of the Young
modulus as a function of the hydration degree. A good correla
tion was found for all the mixtures studied in this study. Addi
tional tests would be necessary to generalize this simple
equation for concrete with different rates of substitution and
Wegr/Cement ratios.
The cracking sensitivity at early age was assessed according to
an experimental approach. This was based on experimentally
assessed tensile strength and stresses calculated from plastic
shrinkage and elastic modulus. The proportion of recycled
aggregates was a more influencing parameter than initial water
saturation.

e The cracking sensitivity is not proportional to the recycled
aggregate content. The concrete mixtures with 30% recycled
gravel and sand were characterized by a higher stress develop
ment due to the fast increase of elastic modulus and early age
deformation respectively which implied higher cracking
sensitivity.

From the experimental analyses performed in this study, it
seems possible to design concrete mixtures with significant pro
portions of recycled coarse aggregates while keeping the cracking
sensitivity at the level of conventional concrete. It is recommended
to over saturate aggregate and to avoid using the finest particles.
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