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Estimating the shrinkage of structural concrete is essential to calculate, at the design stage, the stresses that a
structure may experience due to this phenomenon. Nevertheless, changes in composition, as well as the use of
wastes as raw materials, alter the shrinkage behaviour of concrete and render invalid shrinkage-prediction
models from the standards. This paper shows a procedure to estimate the shrinkage of recycled aggregate
concrete made with alternative binders. This procedure is based on modifying the shrinkage estimated through
the Eurocode 2 or ACI 209.2R models by multiplying it by a partial correction coefficient for every change in
concrete composition. The application of this procedure to high-performance and self-compacting concretes
made with various contents of recycled aggregate of different maturity, reactive magnesium oxide and ground
granulated blast furnace slag showed that it is suitable for estimating long-term shrinkage with maximum de-
viations of +10%. However, to obtain an adequate accuracy, it is necessary to bear in mind some tips, such as the
need to consider the prediction interactions between the factors, the usefulness of the natural logarithm of the
concrete age to improve the estimation accuracy or the convenience of introducing a concrete-age-dependent
coefficient to reach accurate shrinkage estimations at early ages. Finally, the partial correction coefficients are
found to be of a simpler nature for the ACI 209.2R model, so this model is recommended for predicting the
shrinkage of recycled aggregate concrete.

pressure that water evaporation causes after mixing (plastic shrinkage)
[6]. Plastic shrinkage, in turn, often leads to concrete cracking, and
shrinkage compensation design is therefore sometimes necessary to
reduce it [7].

Dimensional variations play a key role on the failure design of con-
crete structures, as they cause the appearance of important stresses,

1. Introduction

Apparently, any structural concrete element has constant dimensions
over time. However, those elements undergo notable dimensional var-

iations during all its service life, which are mainly due to two aspects. On
the one hand, the temperature variations to which they are exposed.
Thermal oscillations between day and night or between the different
seasons of the year cause concrete to expand (positive temperature in-
crease) or contract (negative temperature increase) [1]. On the other
hand, concrete always experiences shrinkage [2,3]. This phenomenon
can be defined as the contraction of the cementitious matrix of concrete
due to the delayed loss of water [4], either by deferred hydration of the
cement (autogenous shrinkage) or by water evaporation (drying
shrinkage) [5]. Although shrinkage occurs throughout the entire life of
concrete, it is more pronounced at early ages due to the tensile capillary

especially in hyperstatic structures, which need to be accurately evalu-
ated [8,9]. The magnitude of these stresses will be estimated according
to the design values of the thermal and shrinkage strains [2,3]. Thus, the
thermal strain is usually estimated assuming that it is directly propor-
tional to the temperature [1], the constant of proportionality being the
linear thermal expansion coefficient [10]. The estimation of shrinkage
strain is not so simple since the shrinkage behaviour of concrete is
closely linked to its composition [11]. The different US and European
standards include a relatively easy specific formulation for the calcula-
tion of these magnitudes [2,12], but with the limitation that the concrete
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Acronyms

GGBFS  ground granulated blast furnace slag
HPC high-performance concrete

MgO magnesium oxide

NA natural aggregate

OPC ordinary Portland cement

RA recycled aggregate

SCC self-compacting concrete

considered in the development of those models was vibrated and made
with conventional materials such as ordinary Portland cement (OPC)
and natural aggregate (NA) [13,14].

In recent years, high-performance concrete (HPC) or self-compacting
concrete (SCC) are increasingly common due to the advantages of their
use [15,16]. However, their shrinkage performance is very different
from that of conventional vibrated concrete. On the one hand, HPC is
characterized by a higher cement content than usual, which results in
very high strength [17], but at the same time increases the hydration
heat [18], which in turn leads to higher shrinkage [19,20]. On the other
hand, SCC is a type of concrete that requires no vibration during
placement due to its high flowability, which means that it can be
effectively adapted to formworks of any shape [21]. However, its high
proportion of fine aggregate, necessary to obtain such high flowability,
also means that in this type of concrete there are less coarse aggregate
particles that oppose the cementitious-matrix contraction [22], which
results in increased shrinkage levels [23].

The search for greater sustainability in construction materials is
leading to the fact that different wastes or industrial by-products are
being revalued as raw materials for the production of concrete, either as
aggregate or as binder [24,25]. These sustainable raw materials are even
being used in the manufacture of HPC and SCC [16,18], whose shrinkage
patterns are modified when adding those raw materials [26,27]. Among
the raw materials that can be considered, there are three that, according
to existing studies, have a notable effect on concrete shrinkage:

e Recycled aggregate (RA) normally consists of sized crushed concrete,
eventually from precast concrete elements [28]. The larger particles
of this aggregate are NA with adhered cementitious matrix, while
unhydrated cement and mortar can be found in the finest fractions
[29], which allow RA powder to be used as a partial replacement for
OPC [30]. Generally, these aspects cause the strength of concrete to
decrease when RA is added, although correct mix design allows
reaching strengths higher than 50 MPa [31]. On the other hand, RA
composition also causes it to have greater flexibility than NA, so RA
exhibits a lower opposition when the cementitious matrix contracts
[11]. Furthermore, RA has a higher water absorption than NA, which
makes this alternative aggregate absorb a greater amount of water
during the mixing process of concrete [32] and, therefore, release a
higher amount of water in a deferred way that later evaporates [33].
Both phenomena increase concrete shrinkage [11]. Conversely, RA’s
higher water absorption reduces autogenous shrinkage, ie.
shrinkage caused by delayed cement hydration [33], since its high
water absorption levels allow replacing the water consumed in that
process in a more efficient way [34];

Ground granulated blast furnace slag (GGBFS) is a slag type pro-
duced by grinding blast furnace slag [35]. It is characterized by its
binder characteristics, as well as its lower strength and stiffness than
OPC’s [36], so its use leads to concrete with worse mechanical
behaviour [37]. However, despite its lower stiffness, its use reduces
concrete shrinkage [38]. This trend is explained by its high grinding
fineness [39], which helps to create a compact microstructure that
hinders water evaporation from concrete [40], in addition to
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guaranteeing higher water availability for delayed cement hydration
[41];

Magnesium oxide (MgO) is a commercial product that can be used as
an alternative binder. It is mainly characterized by its expansive
properties, because when it reacts with water it turns into magne-
sium hydroxide, a chemical compound with a larger volume than
MgO [42]. This expansion allows reducing concrete shrinkage [43].
However, it is essential to ensure that this expansion occurs at early
ages, when the cementitious matrix has not yet developed its full
stiffness. In other words, reactive MgO should be used [44]. In this
way, concrete does not undergo a very pronounced micro-cracking
due to MgO expansion, which could drastically worsen its mechan-
ical behaviour [45]. Thus, an adequate balance between shrinkage
reduction and mechanical-behaviour worsening is obtained [46].
Furthermore, the use of MgO also reduces the carbon footprint of
concrete because its COy emissions during manufacture are half
compared to those of OPC [42].

The use of any of these alternative raw materials changes the
shrinkage-prediction patterns of concrete [47]. Nevertheless, there are
few models in the literature for predicting the shrinkage of recycled
aggregate concrete [48,49], which are mainly based on understanding
and modelling the RA factors that modify concrete shrinkage. Models for
estimating the drying shrinkage of concrete when adding RA mainly
depend on the amount of adhered mortar, the strength of the parent
concrete, and the water absorption levels of RA [48]. On the other hand,
the estimation of autogenous shrinkage requires the introduction of a
factor that balances the lower stiffness and higher water absorption of
RA compared to NA [49]. The available models that adopt a statistical
approach are very scarce [11]. Furthermore, none of them address the
prediction of the shrinkage of concrete simultaneously made with RA
and alternative binders.

This study intends to show a simple procedure for the estimation of
shrinkage of recycled aggregate concrete produced with any sustainable
or alternative binder. This procedure, novel in the available literature,
consists of modifying the models for shrinkage prediction of Eurocode 2
[2] and ACI 209.2R [12] with a partial correction coefficient for recy-
cled aggregate and for every binder used in concrete production. These
coefficients will depend on the amount of those materials, as well as on
the prediction interactions that may exist between them. The proposed
procedure is exemplified by obtaining the partial correction coefficients
of 16 concrete mixes, both high-performance and self-compacting,
manufactured with fine and coarse RA and two alternative binders,
GGBFS and reactive MgO. It is shown that through this procedure the
shrinkage estimation of any type of recycled aggregate structural con-
crete made with any binder is precise.

2. Materials and methods
2.1. Raw materials

2.1.1. Binder, water, and admixture
The 16 concrete mixes of this study were prepared using three
binders:

e European standard ordinary Portland cement (OPC) as per EN 197-1
[50]. According to this standard, the OPC showed a density of about
3.1 Mg/m3, a specific surface area of around 360 m?/kg, and a
content of ordinary clinker of 98%;

CEM III/A 42.5 N European standard cement as per EN 197-1 [50].
This cement consisted of 55% OPC and 45% ground granulated blast
furnace slag (GGBFS). According to the supplier, the density of this
cement was 3.00 Mg/m°>, and its specific surface area 430 m?/kg,
lower than that of OPC;

Reactive magnesium oxide (MgO). The MgO content in the chemical
composition of the supplied product was 97%, while 95% of the
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particles were less than 45 pm in size. Both aspects ensured optimum
hydration and expansion of MgO when manufacturing the concrete
[46]. The specific weight of reactive MgO was 3.58 Mg/m°.

The concrete was produced with potable water obtained from the
urban water supply network. A polycarboxylate-based superplasticiser
admixture supplied by SIKA was used to provide an adequate level of
workability for both high-performance and self-compacting mixes.

2.1.2. Aggregates

The concrete mixes developed in this research work analysed the
effect of using recycled aggregate (RA) to replace natural aggregate
(NA). Therefore, both NA and RA were used in the coarse and fine
aggregate fractions, as described below:

e NA was crushed siliceous aggregate in the coarse fraction (4/22
mm), while it was rounded siliceous aggregate in the fine fraction (0/
4 mm). The coarse fraction was used exclusively to produce HPC,
while the fine fraction was used to produce both HPC and SCC, as
shown and justified in the mix-design section;

RA was produced by crushing a parent concrete with a compressive
strength of 45 MPa on cubic specimens. After crushing, RA was
sieved and separated into the fine fraction (0/4 mm) and two coarse
fractions, 4/12.5 mm and 4/22 mm, respectively. The coarse fraction
4/12.5 mm was used to produce SCC, while the coarse fraction 4/22
mm was used in HPC, thus achieving adequate overall aggregate
gradation in both concrete types [51,52]. In addition, the crushing of
the parent concrete was performed at two different ages to analyse
the effect of RA shrinkage on concrete shrinkage [34]. Therefore,
both the coarse and fine RA fractions could be early-age RA, pro-
duced by crushing the parent concrete one week after casting, and
matured RA, for which the parent concrete was crushed after six
months curing.

Finally, SCC incorporated an aggregate powder in its composition,
limestone fines 0/1 mm. The aim of this aggregate fraction was to
provide the necessary fines content to reach a high level of self-
compactability [53], as the fines content of the fine fraction of NA and
RA was insufficient for this purpose.

The particle gradation of all aggregate fractions was continuous and
suitable for concrete manufacturing (Fig. 1). On the other hand, the
density and water absorption levels of all the aggregates exhibited usual
values (Table 1) [54], the density of NA being higher than that of RA,

Coarse NA 4/22 mm

====Coarse RA 4/22 mm
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Table 1
Water absorption and density of the aggregates as per EN 1097-6 [50].

Aggregate fraction Water absorption at 24 h (%) Density (Mg/m>)

Coarse NA 4/22 mm 1.25 2.64
Coarse RA 4/22 mm * 4.89 2.43
Coarse RA 4/12.5 mm * 6.25 2.42
Fine NA 0/4 mm 0.72 2.60
Fine RA 0/4 mm * 7.07 2.38
Limestone fines 0/1 mm 2.53 2.61

@ The water absorption levels in 24 h and the density were equal for early-age
and matured RA.

and the water absorption of RA higher. All the aggregates were stored in
the indoor environment of the laboratory during the research, with the
coarse and fine RA presenting moisture contents of 0.6% and 0.9%,
respectively. These moisture values, together with the production of
trial mixes prior to the manufacture of the definitive mixes, enabled the
water content and workability of concrete to be suitably adjusted.

2.2. Mix design

The mix design was carried out by fixing a constant workability
degree for each concrete type. Therefore, the composition of concrete,
especially the amount of water, was adjusted in each case, so that the
addition of sustainable raw materials did not alter the workability. In
this way, the results were not affected by the water content [11]. On the
other hand, different ways of incorporating the sustainable raw mate-
rials were considered to evaluate the proposed shrinkage-estimation
method in various situations. So, two ways for RA incorporation were
performed: while in HPC the coarse and fine fractions of RA were
simultaneously used to replace NA, in SCC the coarse fraction of NA was
replaced first followed by the fine fraction.

2.2.1. HPC mixes

The design objective for the ten HPC mixes was to obtain in all cases
a slump class S4, i.e. a slump between 160 mm and 210 mm (EN 206
[501). The choice of such a high workability was justified by the fact that
HPC should not only have high strength, but also optimum workability
for placement in any location [34].

Firstly, the reference mix was designed, which was made with 100%
OPC and NA. The proportions of OPC, coarse aggregate 4/22 mm, fine
aggregate 0/4 mm, and water were set in accordance with Eurocode 2
[2]. Moreover, a superplasticiser (2% of cement mass) was added to

esees Coarse RA 4/12.5 mm
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Fig. 1. Particle gradation of the aggregates (the particle gradation of early-age and matured RA was the same).
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increase workability. These initial proportions were subsequently
modified empirically to achieve the required workability.

Hereafter, the HPC mixes with OPC and RA (4 mixes) were designed.
Their composition was the same as that of the reference concrete, but
both coarse and fine RA replaced NA in proportions of 25% and 100% by
volume. The incorporation of RA was carried out simultaneously in the
coarse and fine aggregate fractions. Both matured (2 mixes) and early-
age (2 mixes) RA was considered for this substitution.

Finally, the HPC mixes with MgO (5 mixes) were produced. For this
purpose, reactive MgO replaced 10% OPC by mass in mixes with the
same composition than the mixes with 100% OPC. This replacement
ratio was chosen because literature studies have shown that it allows an
adequate balance between the mechanical-behaviour loss and the
shrinkage reduction that the expansion of MgO causes [45,46].

When using both reactive MgO and RA, the amount of water was
adjusted due to the high water absorption levels of RA (Table 1), as well
as the high specific surface area of MgO and, therefore, its higher water
consumption for hydration than OPC [42]. This adjustment was made by
considering the RA moisture and preparing trial mixes.

2.2.2. SCC mixes

For the six SCC mixes, a slump-flow class SF3 was sought, i.e. a slump
flow from 750 mm to 850 mm (EN 206 [50]). The required workability
class was set as high as possible to show the feasibility of achieving the
highest SCC-flowability class with large amounts of alternative
materials.

The reference mix was also first designed in SCC. It incorporated
100% OPC, 100% fine NA 0/4 mm, 100% coarse RA 4/12.5 mm, and
limestone fines 0/1 mm. This initial coarse RA content was defined ac-
cording to the findings of another study by the authors [55], which
showed that there was no significant difference between the effect of
adding 50% or 100% coarse RA on the mechanical behaviour of an SCC
of this slump-flow class. So, it was also possible to evaluate the suit-
ability of the proposed shrinkage-estimation procedure when using
different ways for replacing NA with RA. The amounts of water and
superplasticiser (2.2% cement mass) and the proportions of the different
components were initially defined according to Eurocode 2 [2] in-
dications and subsequently adjusted empirically.

SCC mixes with OPC and fine RA (2 mixes) were then produced. For
that purpose, 50% and 100% fine NA was replaced with matured RA by
volume correction. Again, these amounts of fine RA were defined ac-
cording to the conclusions of the study mentioned above [55]. The water
content was adjusted by means of RA moisture and trial mixes to keep
the workability constant when adding fine RA.

Finally, the SCC mixes with 45% GGBFS (3 mixes) were produced
using CEM III/A instead of OPC. The higher grinding fineness of GGBFS
required the contents of coarse aggregate and cement to be adjusted, so
that the SCC in the slump-flow test did not show any segregation and all
aggregate particles were uniformly dragged.

2.2.3. Mix labelling
The concrete mixes were labelled with the code “TC/FA-B”, each
term representing the following:

o T, concrete type: HPC or SCC;

e C, percentage of coarse RA: 0, 25, or 100,

e F, percentage of fine RA: 0, 25, 50, or 100;

e A, RA’s maturity: blank (no RA added), E (early-age RA), or M
(matured RA);

e B, binder type: blank (100% OPC), M (90% OPC and 10% MgO), or G
(55% OPC and 45% GGBFS).

Thus, for example, the mix HPC25/25E-M is an HPC made with 25%
coarse and fine early-age RA and 10% reactive MgO. On the other hand,
the mix SCC100/50M is an SCC made with 100% matured coarse RA,
50% matured fine RA and 100% OPC.
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2.2.4. Composition and overall gradation

The composition of the mixes is shown in Table 2, while Fig. 2 de-
picts their overall size distributions. The replacement of NA with RA was
nor conducted size by size, but simultaneously for all the sizes of the
coarse (>4 mm) and fine (0/4 mm) aggregate fractions, as performed in
other concrete-shrinkage studies [11]. This allowed maintaining the
proportion between coarse and fine aggregate constant in all the mixes
with respect to the reference mix, and did not significantly affect the
overall gradation in the sizes corresponding to coarse aggregate. How-
ever, it did cause the overall size distribution in the fine fraction to have
a higher proportion of larger-size particles as the content of fine RA
increased. This aspect was not considered relevant, because the resis-
tance of the aggregate to the contraction of the cementitious matrix
produced by shrinkage is mainly due to the coarse aggregate [22],
whose overall gradation was not modified. In addition, it was used to
show that the proposed model allowed estimating shrinkage considering
not only the effect of the lower stiffness and higher water absorption of
RA, but also the effect of its particle gradation being different from that
of NA.

2.3. Experimental tests

After concrete mixing, which was conducted in stages to maximise
concrete workability [56], the fresh tests, slump test (EN 12350-2 [50])
for the HPC mixes and slump-flow test (EN 12350-8 [50]) for the SCC
mixes, were performed. In this way, it was controlled that all the mixes
exhibited the required workability. Subsequently, two 15 x 15 x 15-cm
cubic specimens and two 10 x 10 x 50-cm prismatic specimens were
produced for measuring compressive strength (EN 12390-3 [50]) and
shrinkage (LNEC-E398 [57]), respectively:

e The cubic specimens were kept in a humid chamber (20 + 2 °C and
relative humidity 95 + 5%) until 28 days, the standardised age at
which compressive strength was measured [58];

The prismatic specimens were stored in a dry room (20 + 2 °C and
relative humidity 40 + 5%) from 1 to 91 days, period during which
shrinkage was measured. The measurement times were defined ac-
cording to the expected shrinkage levels, like in other similar studies
[27,59]. Therefore, the length of the specimens was recorded more
frequently at the beginning of the test (once a day) than at the end
(once a week). Moreover, to obtain reliable shrinkage measurements,
the length of every specimen at every age was measured 4 times,
twice in each direction, using a digital comparator with a precision of
+1 pm.

2.4. Existing shrinkage-prediction models from standards

The partial correction coefficients for shrinkage estimation were
obtained for the two most widespread existing models: the Eurocode 2
and the ACI 209.2R models. Both models are presented in this section.

2.4.1. European standard: Eurocode 2

In general, the autogenous shrinkage of concrete, caused by delayed
hydration of cement, is very small compared to drying shrinkage, caused
by water evaporation [47]. Therefore, it can be assumed that the total
shrinkage of concrete, the sum of both types of shrinkage, is equal to the
drying shrinkage for estimation purposes. This is reflected in the pro-
posed model of the European standard (Eurocode 2 [2]), in which the
estimated autogenous shrinkage is very small, practically negligible,
compared to drying shrinkage.

Eurocode 2 estimates the drying shrinkage (¢.4, mm/m) of concrete,
and, therefore, the total shrinkage if the aspect indicated in the previous
paragraph is considered as valid, through Equation (1).
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Table 2
Mix design (kg/m®).
Mix OPC # MgO # CEM Limestone fines (0/1 Coarse NA # RA (4/22 Coarse NA # RA (4/12.5 Fine NA # RA (0/4 Water  Superplasticiser
1II/A mm) mm) mm) mm)

HPCO0/0 400 #0# 0 0 1080 # 0O 0#0 850 # 0 150 8.0

HPC25/25M 400 # 0 # 0 0 815 # 245 0#0 640 # 190 160 8.0

HPC100/100M 400 #0# 0 0 0 # 980 0#0 0 # 760 195 8.0

HPC25/25E 400 #0# 0 0 815 # 245 * 0#0 640 # 190 * 160 8.0

HPC100/100E 400 # 0 # 0 0 0 #980" 0#0 0 # 760" 195 8.0

HPCO0/0-M 360 # 40 # 0 0 1080 # 0 0#0 850 # 0 165 8.0

HPC25/25M-M 360 # 40 # 0 0 815 # 245 0#0 640 # 190 175 8.0

HPC100/100M- 360 # 40 # 0 0 0 # 980 0#0 0 # 760 210 8.0
M

HPC25/25E-M 360 # 40 # 0 0 815 # 245 ° 0#0 640 # 190 ° 175 8.0

HPC100/100E- 360 # 40 # 0 0 0 #980° 0#0 0 # 760" 210 8.0
M

SCC100/0M 300 #0#0 340 0#0 0 # 530 940 # 0 185 6.5

SCC100/50M 300 #0#0 340 0#0 0 # 530 475 # 435 210 6.5

$CC100/100M 300 # 0 # 0 340 0#0 0 # 530 0 # 865 235 6.5

SCC100/0M-G 0 # 0 # 425 340 0#0 0 # 430 940 # 0 185 6.5

SCC100/50M-G 0 # 0 # 425 340 0#0 0 # 430 475 # 435 210 6.5

$CC100/100M- 0 # 0 # 425 340 0#0 0 # 430 0 # 865 235 6.5
G

? In these mixes, early-age RA was used in both the fine (0/4 mm) and coarse (4/22 mm) aggregate fractions.
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Fig. 2. Overall size distribution: (a) HPC mixes; (b) SCC mixes (SCC with OPC had almost the same overall size distribution than SCC with CEM III/A).
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In the shrinkage-prediction formula of Eurocode 2, the involved
variables are:

X ki X €cap (€D)

e t: time elapsed since concrete casting, i.e. concrete age, in days;

e hy: average thickness of the section of the concrete element whose
shrinkage is to be estimated, in mm. It is calculated as twice the area
of the section of the concrete element divided by the atmosphere-
contact perimeter of the section;

kp: dimensionless average-thickness-dependent coefficient. It takes
the value of 1.00 for an average thickness of 100 mm; 0.85 for an
average thickness of 200 mm; 0.75 for an average thickness of 300
mm; and 0.70 for average thicknesses higher than 500 mm. For
average thicknesses between the indicated ones, a linear interpola-
tion can be performed;

€40 initial drying shrinkage of concrete, in mm/m. It depends on the
strength class of the concrete and the relative humidity to which the
concrete element is exposed. Its value can be determined interpo-
lating from Table 3.

2.4.2. US standard: ACI 209.2R

The US standard (ACI 209.2R [12]) considers as valid a
shrinkage-prediction model developed in 1971. This model, shown in
Equation (2), considers that total shrinkage (e, mm/m), sum of
autogenous and drying shrinkage, evolves hyperbolically with time.

(t—1.)"
7f + (t - tz‘)a

The variables involved in estimating shrinkage through US standard
are as follows:

g.xh(tx, te) = X Eshu (2)

e t: time elapsed since concrete casting, i.e. concrete age, in days;

t.: age of concrete at which its drying starts, in days. This instant in
time can be considered the point at which concrete shrinkage begins.
1 day is usually adopted as the standard value;

esnyt infinite-time shrinkage of concrete, in mm/m. Under a relative
humidity of 40%, a value of 0.780 mm/m is considered. To adapt to
other ambient conditions and the varying composition of concrete,
this value is corrected by multiplying it by seven correction co-
efficients y that depend on aspects such as the relative humidity, the
moist-curing time, the cement content, or the proportion of fine
aggregate (Table 4);

a: dimensionless adjustment coefficient which is usually 1;

f: adjustment coefficient that allows considering the shape and size of
the concrete element whose shrinkage is to be estimated. It is
calculated by Equation (3), in which V is the volume of the concrete
element, in mms, and S, the surface area of the concrete element in

contact with the atmosphere, in mm?.

Table 3
Initial drying shrinkage of concrete (g.q,0, mm/m) of the Eurocode 2 shrinkage-
prediction model [2].

fekcylinder/fek,cube * (MPa) Relative humidity (%)

20 40 60 80 90 100
20/25 0.62 0.58 0.49 0.30 0.17 0.00
40/50 0.48 0.46 0.38 0.24 0.13 0.00
60/75 0.38 0.36 0.30 0.19 0.10 0.00
80/95 0.30 0.28 0.24 0.15 0.08 0.00
90/105 0.27 0.25 0.21 0.13 0.07 0.00

@ To calculate the characteristic compressive strength of concrete (fx), 8 MPa
are subtracted from the average strength of the concrete, which is the one
experimentally measured; “cylinder” or “cube” refers to the considered spec-
imen shape.
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Table 4
Coefficients y of ACI 209.2R model [12].
Coefficient Formula Independent
variables

Moist-curing- Yshee = 1.202 — 0.234 x log(t.) t.: moist-curing time

time (days)
coefficient
(Vshec)
Ambient- YshRH = h: ambient relative

relative- { 1.40-1.02xh if0.40 <h<0.80 humidity
humidity 3.00-3.0xh if0.80<h<1.00 (percentage of one)
coefficient

(sh,rED)

Size-specimen V: volume of the
coeg‘icient Tohys = 1.2 exp(— 0.00472 V/S> specimen (mm?)
(Yshvs) S: surface of the

specimen (mmz)

Slump Yshee = 0.894 0.00161 x s s: slump (mm)
coefficient
(sh,s)

Fine-aggregate Yshy = ¥: ratio of fine
coefficient 0.30 +0.014 x ¥ if ¥ < 50% aggregate to total
(sn,w) { 0.90 +0.002 x ¥ if ¥ > 50% aggregate by weight

(percentage)

Cement- Yshe = 0.75+ 0.00061 x ¢ c: cement content
content (kg/m>)
coefficient
(sh,c)

Air-content Ysha = 0.954+0.008 x a > 1 a: air content
coefficient (percentage)

Vsh)
\4
f=26 x exp (0.0142 X E) 3)

3. Results and discussion: experimental results

This section presents the experimental results necessary for the
development of the proposed shrinkage-estimation model, which is
addressed in the next section.

3.1. Fresh behaviour: slump and slump-flow tests

The fresh-state behaviour of the mixes is shown in Fig. 3. All mixes
exhibited the required workability in the mix design: slump class S4
(HPC mixes) or slump-flow class SF3 (SCC mixes) as per EN 206 [50].

Concerning the HPC mixes (Fig. 3a), RA increased the internal fric-
tion of the mix, which was compensated by the water adjustment
(Table 2) [60]. This also compensated for its higher water absorption
[54], so that no outstanding negative effect of this waste on the slump
was observed. Early-age RA, possibly more rounded in shape than
matured RA, led to a slight increase in slump, around 1%. Finally, the
use of 10% MgO reduced the workability mainly due to its more irreg-
ularly shaped particles than those of OPC [61], as well as its smaller
particle size and decreased dragging capacity of the aggregate particles
[42]. The interaction between the negative effects of RA and MgO led to
a higher slump decrease the higher the RA content. For more informa-
tion, a more detailed analysis of the workability of these HPC mixes can
be found in another studies by the authors [34,46].

Unlike HPC, SCC is much more sensitive to the fines content [16],
which explains the results shown in Fig. 3b. On the one hand, the
addition of fine RA increased the slump flow, as the higher fines content
of RA than that of NA (Fig. 1) compensated the irregular shape of this
waste [55]. On the other, the lower dragging capacity of GGBFS, due to
its higher grinding fineness than OPC’s [41], was compensated by
reducing the proportion of coarse aggregate, which even allowed
increasing the slump flow. The SCC mixes also complied with the re-
quirements of passing-ability and viscosity to be considered as SCC,
according to the results in similar SCC mixes [62].
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Fig. 3. Fresh tests: (a) slump test in HPC mixes; (b) slump-flow test in SCC mixes.

3.2. 28-day compressive strength

The 28-day compressive strength was measured on cubic specimens.
The results obtained for all the mixes are shown in Fig. 4. Compressive-
strength measurement was necessary to determine the initial drying
shrinkage (e4,0) of the shrinkage-prediction model of Eurocode 2 [2].

The reference HPC mix (100% OPC and NA) had a compressive
strength of 74.1 MPa, which was affected by different factors (Table 5).
A broad analysis of the compressive strength of these HPC mixes can be
found elsewhere [34,46], the key aspects of their behaviour being the
following:

e First, the strength decreased almost linearly when adding matured
RA, so the mix HPC100/100M had a compressive strength of 61.4
MPa. This reduction in strength was due to the increase in porosity
and the decrease in adhesion in the interfacial transition zones
caused by this waste [27,55];

The strength loss when adding early-age RA was slightly higher than
that caused by RA, so that the mix HPC100/100E had a compressive
strength of 57.4 MPa. As the parent concrete had a lower strength
when producing early-age RA, HPC exhibited a lower compressive
strength when RA of that maturity was used in its manufacture
[63-651;

e Finally, the use of 10% MgO led to a 5-10 MPa decrease in
compressive strength because magnesium hydroxide, obtained after
MgO hydration, shows lower strength than calcium-silicate-
hydrates, resulting from OPC hydration [42]. The presence of mag-
nesium hydroxide also caused an expansion that could micro-crack
the concrete and reduce the strength [45]. The strength loss was
higher for greater RA content, possibly due to the greater increase in
porosity when adding both products [46].

In SCC (Fig. 4b and Table 5), the use of 100% coarse RA allowed
yielding a compressive strength higher than 50 MPa, suitable for
structural use [2,3]. This strength also decreased linearly as the content
of fine matured RA increased, so that the mix SCC100/100M had a
strength of 35.3 MPa. Increasing the binder content when GGBFS was
added enabled the compressive strength to increase by 4-10 MPa [41].
This strength gain was higher in the mixes with 100% fine RA, showing
the good interaction between GGBFS and fine RA [66].

3.3. Shrinkage

The shrinkage of all the concrete mixes was evaluated from 1 to 91
days. The temporal evolution of shrinkage is shown in Fig. 5 for HPC and
Fig. 6 for SCC.
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Fig. 4. 28-day compressive strength: (a) HPC mixes; (b) SCC mixes.

The shrinkage of HPC was affected by the same factors as the
compressive strength (Table 6): the content of RA and its maturity, and
the addition of MgO. An analysis of the shrinkage of these mixes in detail
can be found in other papers [34,46], so only the results necessary for
the adjustment of the proposed shrinkage-prediction model are reported
here. The key aspects of the shrinkage behaviour of the HPC mixes were:

e Matured RA increased shrinkage, which doubled by adding 100%
RA. Its higher water absorption, which increased the deferred water
evaporation [33], and its lower stiffness, which reduced the oppo-
sition of the aggregate when the cementitious matrix contracted
[11], explain these results;

Early-age RA slightly increased shrinkage by 0.040-0.050 mm/m at
91 days compared to matured RA. RA has a rheological nature, as it
comes from the crushing of a parent concrete [64], so it experiences
shrinkage. Crushing of the parent concrete at 7 days made the ob-
tained RA (early-age RA) experience higher shrinkage than when
crushing the parent concrete six months after its casting (matured
RA) [34]. This in turn led to a higher shrinkage in HPC;

Finally, the expansion because of MgO hydration, shown by the
length increase during the first days of the mixes made with this
binder (Fig. 5b), allowed reducing shrinkage [43]. This decrease was
40% when 100% NA was used and around 30% when 100% matured

RA was used, so the negative effects of RA explained before partially
compensated the shrinkage reduction due to MgO expansion [46].

As expected, the SCC shrinkage was higher than that of HPC because
of its higher proportion of fine aggregate [16]. The effect of each factor
on 91-day shrinkage of SCC is shown in Table 6. The effect of RA on SCC
was exactly the same as for HPC, as its lower stiffness and higher ab-
sorption of water than NA resulted in increased shrinkage (Fig. 6) [11].
GGBFS reduced shrinkage compared to OPC, as the literature shows for
vibrated concrete [38,41]. This was due to the more compact
micro-structure of the cementitious matrix that the higher grinding
fineness of GGBFS allows creating [41], and was indifferent to the
reduction of the amount of coarse aggregate required to reach a high
slump flow when using it. This shrinkage improvement due to GGBFS
was reduced when increasing the content of fine RA, like the effect of
MgO on HPC, possibly due to the lower opposition of RA when the
cementitious matrix contracted [59].

4. Model development
In this section, the proposed shrinkage-prediction model is

explained. Simultaneously, to exemplify the model, it is fitted for the 16
studied mixes through the experimental results discussed in the previous
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Table 5
Factor effect on 28-day compressive strength.
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Mix 28-day compressive
strength (MPa)

Variation due to MgO

addition (%) A addition (%)

Variation due to CEM III/

Variation due to RA’s
maturity (%)

Variation due to fine RA
addition (%)

Variation due to RA
addition (%)

HPCO0/0 74.1 0.0 0.0

HPC25/25M 70.4 0.0 0.0

HPC100/ 61.4 0.0 0.0
100M

HPC25/25E 67.5 0.0 0.0

HPC100/ 57.4 0.0 0.0
100E

HPC0/0-M 68.0 -8.2 0.0

HPC25/25M- 63.0 -10.5 0.0
M

HPC100/ 52.1 -15.1 0.0
100M-M

HPC25/25E- 60.4 —-10.6 0.0
M

HPC100/ 46.7 —18.6 0.0
100E-M

SCC100/0M 51.6 0.0 0.0

SCC100/50M 48.3 0.0 0.0

SCC100/ 35.3 0.0 0.0
100M

SCC100/0M- 57.3 0.0 +11.0
G

SCC100/ 52.6 0.0 +8.9
50M-G

SCC100/ 46.6 0.0 +32.0
100M-G

0.0 0.0 0.0
-5.0 0.0 0.0
~17.2 0.0 0.0
-9.0 0.0 —4.2
~22.6 0.0 -6.5
0.0 0.0 0.0
—7.4 0.0 0.0
—23.4 0.0 0.0
~11.8 0.0 —4.1
-31.3 0.0 ~10.4
0.0 0.0 0.0
0.0 —6.4 0.0
0.0 -31.6 0.0
0.0 0.0 0.0
0.0 -8.2 0.0
0.0 ~18.7 0.0

Variations in 28-day compressive strength calculated with respect to the mixes with exactly the same composition but without the analysed composition modification
(MgO and RA addition and use of early-age RA for the HPC mixes; and use of CEM III/A and fine RA addition for the SCC mixes).

section.

4.1. Analysis of shrinkage-prediction models from standards

Fig. 7 shows for the 16 studied concrete mixes the comparison be-
tween the experimental shrinkage values and those estimated through
the Eurocode 2 (Equation (1)) and ACI 209.2R (Equation (2)) models [2,
12]. It can be noted that the overall fit was not adequate for both, with a
deviation of +20% being exceeded in many cases. The Eurocode 2
model showed a better overall accuracy.

On the other hand, it was analysed whether the temporal evolution
of shrinkage in recycled aggregate concrete coincided with that shown
by the models. For that purpose, the Eurocode 2 and ACI 209.2R models
[2,12] were adapted with variable coefficients, introducing the correc-
tion coefficients A, B and C in each of them, as shown in Equation (4) and
Equation (5), respectively. A mix-by-mix multiple-regression adjust-
ment, disregarding the positive shrinkage values caused by MgO
expansion, allowed calculating for each mix the values of the correction
coefficients A, B and C, and the coefficient R?, higher than 95% in all
cases (Table 7). Therefore, both models were able to optimally fit and
predict the shrinkage of all recycled aggregate concrete mixes. For it, the
only modification necessary in the models was the introduction of
correction coefficients, as the temporal trend of the shrinkage shown by
the models was already valid for this type of concrete. Nevertheless, the
usefulness of these correction coefficients A, B and C is low, as they are
different for each mix, which implies that the model to be used for
shrinkage estimation is different for mixes with a different alternative
binder or RA content, and, therefore, no model generalisation can be
made.

AXx(t—1
£q(t) = — ( ) X ky X €cap @
B (1—1)+Cx004x /iy
Ax (t—1t)"
Ssh(ty t() = x ( {') X Eshu (5)

CBXfHCx(1—1)"

4.2. Analysis of concrete-age-dependent simple regression

Another possibility to estimate concrete shrinkage is to perform a
mix-by-mix simple regression as a function of concrete age, i.e. consid-
ering concrete age (t, in days) as the independent variable and shrinkage
(¢, in mm/m) as the dependent variable. A statistical analysis of maxi-
mization of the coefficient R? showed that the simple-regression model
that is best adjusted to the temporal evolution of shrinkage was the
logarithmic one, which is shown in Equation (6). The adjustment of this
model to all the mixes (calculation of coefficients D and E), which is
shown in Table 8, was adequate, obtaining in this case also coefficients
R? always higher than 95%. However, these coefficients lack practical
usefulness, since they are different for each type of mix prepared with
different binders and RA contents, so the model to be used for each mix
is also different. This situation is the same as that regarding the
adjustment of Equation (4) and Equation (5) shown in the previous
section (Table 7).

e=—DxIn(t)+E 6)

4.3. Partial correction coefficients: concept and usefulness

Partial coefficients, for example of load increase or strength reduc-
tion, are commonly used in the design of concrete structures [8]. The
partial coefficients are for correction when they are used to adapt a
property-estimation formula to the composition or characteristics of
every concrete mix [67]. Without going any further, the
shrinkage-prediction models of the standards use partial correction co-
efficients, Eurocode 2 [2] by means of the kj, coefficient (Equation (1))
and ACI 209.2R [12] through the seven coefficients y (Table 4).

As evidenced by the high coefficients R? obtained (Table 7), the use
of multiplicative correction coefficients (Equation (4), Eurocode 2; and
Equation (5), ACI 209.2R) to predict the concrete shrinkage when
adding recycled aggregate and different alternative binders is valid.
However, for generalization and simplification of the model to be
possible, the introduced coefficient has to be common to the whole
model (formula), unlike Equation (4) and Equation (5), and a different
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coefficient should not be considered for each term of the formula.
Therefore, a single partial multiplicative correction coefficient has to be
considered. This coefficient can be determined by statistically adjusting

10

the experimental shrinkage (¢exp, mm/m) to the shrinkage estimated by
those models (e.;, mm/m) assuming a single partial correction coeffi-
cient & (Equation (7)).
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Table 6
Factor effect on 91-day shrinkage.
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Mix 91-day Standard Variation due to Variation due to CEM Variation duetoRA  Variation due to fine Variation due to
shrinkage (mm/ deviation (mm/ MgO addition (%) 1II/A addition (%) addition (%) RA addition (%) RA’s maturity (%)
m) m)

HPCO0/0 —-0.271 0.022 0.0 0.0 0.0 0.0 0.0

HPC25/25M  —0.293 0.012 0.0 0.0 +8.1 0.0 0.0

HPC100/ —0.539 0.007 0.0 0.0 +98.7 0.0 0.0
100M

HPC25/25E —0.366 0.026 0.0 0.0 +34.8 0.0 +24.8

HPC100/ —0.559 0.011 0.0 0.0 +106.2 0.0 +3.8
100E

HPC0/0-M —0.160 0.033 —40.9 0.0 0.0 0.0 0.0

HPC25/ -0.229 0.018 -21.8 0.0 +43.1 0.0 0.0
25M-M

HPC100/ —0.383 0.028 —29.0 0.0 +139.0 0.0 0.0
100M-M

HPC25/25E- —0.258 0.027 —-29.3 0.0 +61.3 0.0 +12.7
M

HPC100/ —0.434 0.036 —22.4 0.0 +171.1 0.0 +13.4
100E-M

$CC100/0M —0.634 0.052 0.0 0.0 0.0 0.0 0.0

$CC100/ —0.823 0.073 0.0 0.0 0.0 +29.7 0.0
50M

$CC100/ —1.047 0.075 0.0 0.0 0.0 +65.0 0.0
100M

$CC100/ —0.472 0.018 0.0 —25.7 0.0 0.0 0.0
OM-G

$CC100/ —0.672 0.055 0.0 -18.4 0.0 +42.5 0.0
50M-G

SCC100/ -0.971 0.057 0.0 -7.3 0.0 +105.8 0.0
100M-G

Variations in 91-day shrinkage calculated with respect to the mixes with exactly the same composition but without the analysed composition modification (MgO and
RA addition and use of early-age RA for the HPC mixes; and use of CEM III/A and fine RA addition for the SCC mixes).
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Fig. 7. Comparison of experimental shrinkage and shrinkage estimated through: (a) Eurocode 2 model [2]; (b) ACI 209.2R model [12].

(7)

A partial correction coefficient has to be considered for each modi-
fication in the composition of concrete. For instance, in the mixes of this
research work, there will be a partial correction coefficient depending
on the concrete type (HPC or SCC), depending on the RA content, the
RA’s maturity, and the binder type (OPC, GGBFS, or reactive MgO). It is
also necessary to consider shrinkage-prediction interactions between
those composition features, as, for example, the effect of a binder on

Eop = C” X €y

11

concrete shrinkage can vary depending on the amount of RA [47]. These
interactions can be detected by calculating the partial correction coef-
ficient for every modification in the concrete composition without
considering the rest of modifications. If coefficients R? below 70% are
obtained in this way, according to the experience of the authors it is
likely that interactions between the different composition modifications
have to be considered. Finally, a correction coefficient should also be
introduced depending on whether the age of concrete is less or more
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Table 7
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Mix-by-mix multiple-regression fitting of Eurocode 2 and ACI 209.2R shrinkage models [2,12] expressed with variable coefficients.

Mix Eurocode 2 model ACI 209.2R model
A B c R? (%) A B c R2 (%)

HPC0/0 0.597 0.895 0.354 95.44 0.246 0.132 0.856 95.59
HPC25/25M 0.335 0.452 0.165 98.90 0.228 0.120 0.833 98.90
HPC100/100M 0.129 0.108 0.052 97.54 0.104 0.037 0.165 97.49
HPC25/25E 0.754 0.858 0.374 97.88 0.444 0.183 1.180 97.97
HPC100/100E 1.155 0.946 0.294 98.08 0.092 0.018 0.146 98.08
HPC0/0-M 0.154 0.293 0.772 98.74 0.962 4.004 3.776 98.87
HPC25/25M-M 0.116 0.167 0.355 96.79 0.656 1.499 1.920 98.21
HPC100/100M-M 0.088 0.090 0.111 97.07 0.082 0.072 0.147 97.07
HPC25/25E-M 0.091 0.128 0.211 98.68 0.262 0.459 0.709 98.68
HPC100/100E-M 0.088 0.096 0.062 98.60 0.078 0.036 0.142 98.60
SCC100/0M 0.272 0.166 0.492 99.56 0.206 0.323 0.391 99.56
SCC100/50M 0.079 0.039 0.077 99.65 0.202 0.164 0.295 99.65
SCC100/100M 0.126 0.056 0.090 98.87 0.197 0.103 0.229 98.87
SCC100/0M-G 0.181 0.161 0.270 98.67 0.216 0.286 0.608 98.67
SCC100/50M-G 0.170 0.102 0.240 98.93 0.224 0.263 0.400 98.93
SCC100/100M-G 0.112 0.048 0.109 98.97 0.215 0.162 0.256 98.97

Table 8
Mix-by-mix concrete-age-dependent
mental shrinkage.

simple-regression adjustment of experi-

Mix D E R? (%)
HPCO0/0 0.056 -0.021 97.42
HPC25/25M 0.064 —0.029 95.93
HPC100/100M 0.119 —0.009 99.40
HPC25/25E 0.078 —0.025 99.04
HPC100/100E 0.115 -0.071 95.55
HPCO0/0-M 0.053 0.083 99.24
HPC25/25M-M 0.066 0.073 97.92
HPC100/100M-M 0.118 0.114 96.55
HPC25/25E-M 0.076 0.081 98.90
HPC100/100E-M 0.106 0.022 96.48
SCC100/0M 0.158 0.120 96.75
SCC100/50M 0.219 0.131 97.74
SCC100/100M 0.282 0.144 96.66
SCC100/0M-G 0.110 0.049 97.67
SCC100/50M-G 0.162 0.095 97.30
SCC100/100M-G 0.252 0.172 96.70

than 7 days in order to get an accurate shrinkage estimation at early
ages.

It should also be noted that in the event that a low accuracy of the
model is obtained by using a single partial correction coefficient as
shown in Equation (7) and considering shrinkage-prediction in-
teractions, it is advisable to consider a combined partial correction co-
efficient in which a logarithmic dependence on concrete age (t, days) is
included, as shown in Equation (8) and Equation (9). The introduction of
the logarithmic dependence on concrete age allows a more accurate
representation of the mechanisms by which each alternative raw ma-
terial affects concrete shrinkage, and, therefore, a more precise
shrinkage prediction. The choice of one of the two options shown in
Equation (8) and Equation (9) will depend on the precision of the
adjustment. The authors’ experience suggests that the use of a combined
partial correction coefficient is recommended when the use of a partial
correction coefficient as shown in Equation (7) provides coefficients R?
below 70%. This modification significantly increases the accuracy of the
adjustment in such cases, enabling coefficients R? of up to 92-98% to be
reached, since, as shown in section 4.2, the optimal simple regression of
shrinkage as a function of time is logarithmic in nature.

Eop = (C° X In(1)) X €y

e}
Eoxp = (W) X Eest

(8)

©)]
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4.4. Model adjustment: values of partial correction coefficients

Considering the aspects discussed in section 4.3, the partial correc-
tion coefficients for estimating the shrinkage of the mixes analysed in
this study are shown below.

4.4.1. HPC mixes

The HPC mixes were prepared with different contents (0%, 25%, and
100%) of RA, simultaneously adding the coarse and fine fractions of this
waste. In addition, RA of two different maturities was used, early-age RA
(parent concrete crushed one week after casting) and matured RA
(parent concrete crushed six months after casting). Finally, 10% reactive
MgO was added as an alternative binder. According to these aspects, the

shrinkage of the HPC mixes is estimated by Equation (10).
Enpe = Eoq X CMTC x CFA x C"*4 % CM89 x (' (10)

In Equation (10), the terms involved are:

egpc: shrinkage (mm/m) of the HPC mix;

€est: estimated shrinkage (mm/m) of the HPC mix using Eurocode 2

and ACI 209.2R models [2,12];

e CPC. partial correction coefficient for adapting the shrinkage-

prediction models of the standards, developed for conventional

vibrated concrete, to HPC;

CRA; partial correction coefficient as a function of the RA amount. As

both coarse and fine RA were simultaneously added, this coefficient

reflects the effect of using both RA fractions at the same time;

C™RA: partial correction coefficient reflecting the effect of RA’s

maturity on shrinkage;

o CM80: partial correction coefficient showing the effect of adding 10%
MgO on HPC shrinkage. Positive shrinkage (expansion) values at
early ages caused by MgO were not considered for its calculation;

o C!: concrete-age-dependent partial correction coefficient to improve

the accuracy of the estimation when the age of HPC is less than 7

days.

The partial correction coefficients of the HPC mixes for both the
Eurocode 2 [2] and ACI 209.2R [12] shrinkage-prediction models are
shown in Table 9. Since the estimated shrinkage was different for both
models (Fig. 7), the partial correction coefficients were also different.
These coefficients mostly depended only on the RA content, which
shows that the prediction interactions basically depended on the amount
of RA, so that an equation of the same nature (reciprocal equation) was
always obtained. The exception was the MgO partial correction coeffi-
cient CM20 for the Eurocode 2 model, which not only depended on the
RA content, but also on its maturity, thus a double interaction existed in
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Table 9
Partial correction coefficients for HPC mixes.
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Coefficient Eurocode 2 model [2] ACI 209.2R model [12]
cHPC 0.810 1.813
/(1)
C°RA 1 1
/(0.998 — 0.433 x RA) /(0.987 — 0.496 x RA)
CcmRA 1 if matured RA 1 if matured RA
1.112 if early — age RA 1.143 if early — age RA
cMs° 1 if100% OPC 1 if 100% OPC
. 1 if 109
0.122 x In(t)  if 10% MgO and 0% RA /(6832 2110 x Ra) ¥ 10% MgO
0.605 if 10% MgO and matured RA
1/(0.941 40599 x ga) ¥ 10% MgO and early — age RA

1.512 if t <7 days and 100% OPC
1 in other cases

i {

1.512 if t <7 days and 10% MgO
1 in other cases

RA: content of RA of concrete (percentage per one); t: age of concrete (days).
this case.

4.4.2. SCC mixes

All the SCC mixes were made with 100% coarse RA. In addition,
three fine RA contents were considered (0%, 50%, and 100%) and half of
the mixes were made with CEM III/A (45% GGBFS). According to these
aspects, the shrinkage of the SCC mixes is estimated by Equation (11).

4.5. Accuracy of the model

As shown in Fig. 8, the use of the shrinkage-prediction models of

Eurocode 2 [2] and ACI 209.2R [12] modified by partial correction
coefficients allowed estimating shrinkage at all ages with a maximum
deviation of +20%. The more outstanding fitting problems were
encountered at early ages (smallest shrinkage values), which even led to

E50C = €t X CSCC,IUO x CchA x CGGBFS x Cr

the use of the coefficient C', as explained in the previous sections.
However, the accuracy of the model increased with the age of concrete,
so for shrinkages higher than 0.15 mm/m in absolute value the esti-
mation was accurate and adjusted in practically all cases to a maximum
deviation of £20%. In fact, shrinkage at 91 days could be estimated with
an accuracy of +10% in 88% of the cases regardless of the model
(Fig. 9). This shows the practical feasibility of using partial correction
coefficients to estimate shrinkage, since in design tasks it is of particular
interest to determine the shrinkage in the long-term [48].

11

The terms involved in Equation (11) are:

e eg¢c: shrinkage (mm/m) of the SCC mix;

o &, estimated shrinkage (mm/m) of the SCC mix through Eurocode 2
and ACI 209.2R shrinkage-prediction models [2,12];

o CS9G100. partial correction coefficient for adapting the shrinkage-
prediction models of the standards, developed for conventional

vibrated concrete, to SCC manufactured with 100% coarse RA;

o CYRA: partial correction coefficient as a function of the content of fine
RA;

e CYYBIS: partial correction coefficient showing the effect of using CEM
III/A (45% GGBFS) on SCC shrinkage;

e C': concrete-age-dependent partial correction coefficient to get an
accurate estimation of SCC shrinkage at ages less than 7 days.

4.6. Validation of the model

Two processes were used to check the validity of the proposed

shrinkage-prediction procedure and of the partial correction coefficients
obtained:

e On the one hand, it was checked whether the calculated partial

The partial correction coefficients for the SCC mixes are shown in
Table 10. Again, as for the HPC mixes, different coefficients were ob-
tained for both shrinkage-prediction models, and they are easier to apply
in the ACI 209.2R model [12]. This was because, when adding different
types of binders, no prediction interaction was found between the binder
and the RA content, an aspect that did occur for the Eurocode 2 model
[2]. Furthermore, in the Eurocode 2 model the type of binder also
affected the partial correction coefficient as a function of the concrete
age C'.

correction coefficients were valid for estimating the shrinkage at
ages over 90 days of similar mixes found in the literature (high-
performance or self-compacting concretes with RA and MgO or
GGBFS) [23,33,43,64,68,69]. Long-term shrinkage was considered
because it is the most relevant shrinkage value in structural design
[2,3]. As shown in Fig. 10, long-term shrinkage was estimated with
maximum deviations of +10% in 70% of the cases, while in the rest it
was fitted to a maximum deviation of +-20%;

e On the other hand, as the number of studies with similar mixes for

validation was not high, a validation based on modifying the initial

Table 10

Partial correction coefficients for SCC mixes.
Coefficient Eurocode 2 model [2] ACI 209.2R model [12]
¢sec.100 0.319 x In(t) 0.567
coRA if 0% fine RA

1 if 0% fine RA

1/0.918 + 38.448 x \/fRA/ln<f) in other cases

COGBFS 1 if 100% OPC
0.817 if 45% GGBFS and 0% fine RA
’ {

0.753 if t < 7 days and 100% OPC
1.397 if t <7 days and 45% GGBFS
1ift > 7 days

1
in other cases
{ 1/0.841 + 2.660 x \/fRA
1 if 100% OPC
0.822 if 45% GGBFS

1.512 ift <7 days
1 ift>7days

0.228 x In(t) in other cases
fRA: content of fine RA of concrete mix (percentage per one); t: age of concrete (days).
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Fig. 8. Comparison of experimental shrinkage and shrinkage estimated through the partial correction coefficients for the (a) Eurocode 2 model [2]; (b) ACI 209.2R

model [12].
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Fig. 9. Comparison of 91-day experimental shrinkage and shrinkage estimated through partial correction coefficients for: (a) Eurocode 2 model [2]; (b) ACI 209.2R

model [12].

data for the model development was performed. This validation is
commonly conducted when constructing models to predict some
properties of concrete [70]. Thus, the partial correction coefficients
were calculated with only 60% of the mixes. This calculation was
carried out several times, different mixes being considering each
time. The same partial correction coefficients were always obtained.

According to both validations performed, the proposed procedure
based on the use of partial correction coefficients was valid and reliable
for estimating the shrinkage of recycled aggregate concrete with any
binder. Furthermore, the calculated partial correction coefficients would
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be valid for recycled aggregate high-performance concrete with MgO
and recycled aggregate self-compacting concrete with GGBFS.

5. Conclusions

The shrinkage behaviour of recycled aggregate concrete has been
analysed in this article. It has been found that the addition of recycled
aggregate (RA) increases the shrinkage of both high-performance and
self-compacting concrete, the shrinkage of the latter being higher.
However, the use of alternative binders reduces shrinkage due to their
expansive properties (magnesium oxide, MgO) or their higher grinding
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@ Estimated shrinkage with partial correction coefficients
Experimental shrinkage (mm/m)

-09 -0.7 -05 -03

0.0

-0.9

Cement and Concrete Composites 129 (2022) 104506

(b) A Estimated shrinkage without partical correction coefficients
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Fig. 10. Validation through existing studies [23,33,43,64,68,69] of the shrinkage-prediction partial correction coefficients for: (a) Eurocode 2 model [2]; (b) ACI

209.2R model [12].

fineness (ground granulated blast furnace slag, GGBFS). Furthermore, it
has been demonstrated that the shrinkage of concrete when adding
recycled aggregate can be estimated by partial correction coefficients.
The following conclusions can be drawn from the proposed procedure
for shrinkage estimation:

Partial correction coefficients allow estimating the shrinkage of
concrete with recycled aggregate using either Eurocode 2 [2] or ACI
209.2R [12] shrinkage-prediction model. Maximum deviations of
+10% for 91-day shrinkage were obtained for the mixes from both
this study and the bibliography;

A partial correction coefficient should be used for every change in
concrete composition: type of concrete (vibrated, high-performance,
or self-compacting), RA content, RA’s maturity, and added alterna-
tive binder. Prediction interactions between these aspects should
also be considered in these coefficients, as well as a concrete-age-
dependent coefficient to get accurate estimates at early ages;

The partial correction coefficients are numbers by which to multiply
the shrinkage estimated through the standards [2,12]. However,
when the estimation accuracy in this way is low, multiplying or
dividing by the natural logarithm of concrete age leads to more
precise estimations;

The initially estimated shrinkage, as well as the prediction in-
teractions between the factors affecting shrinkage, are different for
each shrinkage-prediction model, Eurocode 2 [2] or ACI 209.2R
[12]. Thus, the value and the conditions of use of the partial
correction coefficients are also different for each model. The use of
partial correction coefficients in the ACI 209.2R [12]
shrinkage-prediction model is easier, as it has fewer relevant pre-
diction interactions, so this model is recommended for predicting the
shrinkage of recycled aggregate concrete.

The shrinkage-prediction procedure described is useful for a precise
estimation of the shrinkage of concrete when adding recycled aggregate,
although in this paper only the partial correction coefficients for high-
performance and self-compacting concrete made with RA of different
maturity, MgO, and GGBFS are provided (Tables 9 and 10). The next
step in the research could be to obtain the partial correction coefficients
for RA of different quality or with different amount of adhered mortar,

15

as well as for the many alternative binders that can be used in recycled
aggregate concrete. In this way, a database of partial correction co-
efficients could be created to standardise the shrinkage calculation in
this type of concrete.
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