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Abstract

Alkali-activated slag is an alternative to ordinary Portland cement that has been

studied for the past 20 years. One of the main challenges for its practical use is

understanding and controlling its shrinkage behavior. In this study, new experi-

mental results for two alkali-activated slag concrete mixes are presented under

both sealed and unsealed conditions. The results show that basic shrinkage

increases with increased sodium silicate ratio. Under unsealed conditions, the

age to exposure to drying has a most significant impact on the final drying

shrinkage. Finally, the mechanisms explaining shrinkage of such materials are

discussed and thefib Model Code 2010 is extended for alkali-activated slag con-

crete using the new experimental results. The extended model consists of four

parameters influencing the final values and the speed of both basic shrinkage

and drying shrinkage. It is extensively compared with experimental datasets from

the literature and improves significantly predictions compared with the original

models for both basic and drying shrinkage. This demonstrates clearly the feasi-

bility to extend it for predicting shrinkage of alkali-activated slag concrete.
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1 | INTRODUCTION

Alkali-activated materials (AAMs) are alternatives to
ordinary Portland cement (OPC) as binders for concrete.
Slag is a by-product from the steel industry and is consid-
ered as one of the most promising precursors for AAMs.

It hardens and gains reasonable compressive strength
when it is mixed with alkali solutions, in particular
sodium silicate (waterglass).1 Alkali-activated slag (AAS)
concrete presents a low permeability and a good resis-
tance to chloride ingress.2,3 The key challenges hindering
the use of AAS include a quicker setting,4,5 a faster
carbonation,6,7 and a higher shrinkage in comparison to
OPC systems.8 Nevertheless, both AAS and OPC systems
can be regarded as poro-visco-elastic materials, with simi-
lar mechanical properties9 and a comparable pore struc-
ture, the matrix of AAS though being denser.10 The main
reaction product of AAS is Calcium-Alumino-Silicate-
Hydrate (C-A-S-H), which has similar properties as
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Calcium-Silicate-Hydrate (C-S-H) with more aluminum
incorporation in the nano-structure. C-A-S-H is consid-
ered to be the key reaction product while considering
shrinkage of AAS concrete.11

In the context of dimensional stability of concrete,
creep and drying shrinkage are two important factors to
be considered. Creep refers to deformations under
sustained load, while drying shrinkage occurs due to the
removal of moisture from concrete. The removal of mois-
ture can occur under sealed conditions due to consump-
tion of moisture during the reaction. Induced strain from
this phenomenon is referred to as basic shrinkage. Both
creep and drying shrinkage can build up complex stress
states that can lead to cracking under restrained condi-
tions.8,12,13 This causes a reduction of mechanical perfor-
mances and durability of the concrete. In practice, for
OPC-cement-based concrete, creep- and shrinkage-
induced strains are often predicted using engineering
models such as ACI 209R-92,14 the model of Bazant-
Baweja B3,15,16 the model from Gardner and Lockman
GL2000,17 CEB FIP models,18–21 and the Fédération inter-
nationale du béton (fib) Model Code 2010.22 The Bazant-
Baweja B3 model has been further updated and extended
for blended cements with fly ash and slag in the B4
model.23,24 Both fib MC 2010 and B4 model propose creep
and shrinkage predictions from the compressive strength.
The advantage of the fib Model Code 2010 is that all
input parameters are related to the compressive strength
f cm, the type of cement, and the curing conditions, which
are readily available to engineers. It has been recently
extended for recycled aggregate concrete.25 Chen et al.
adapted also the Eurocode 2, a modified model from
CEB/FIP model, for Supplementary Cementitious Mate-
rials (SCM).26

Three main theories have been developed for OPC sys-
tems to explain shrinkage resulting from the removal of
moisture in terms of physical mechanisms. The first one is
the capillary pressure theory wherein concrete is regarded
as a poro-elastic material. Shrinkage is due to the capillary
pressure developing in its pores after the consumption of
water from the chemical reaction of hydration.27–31 The
second one is the surface tension theory which focuses on
the mechanical equilibrium of water molecules in a porous
material.32–35 The third one is the disjoining pressure the-
ory. It is based on the idea of adsorbed water removal from
the surfaces of the pore walls of the porous material.36,37

More recently, a creep theory has emerged in which
shrinkage is considered as the deformation due to the vis-
coelastic behavior of concrete caused by the load induced
by the capillary pressure.11,38

The shrinkage mechanisms for AAS concrete remain
still unclear. According to some authors,10,39 higher
shrinkage observed for AAS in comparison to OPC would

be explained through the capillary pressure theory. The
denser pore structure of AAS leads to a higher capillary
pressure and correspondingly a higher shrinkage.10 It
was also stated that drying shrinkage and water loss were
not directly correlated.10,29 For Song et al.,40 keeping a
high internal relative humidity in the AAS matrix
reduces the basic shrinkage, in accordance with the capil-
lary pressure theory. Ye et al.29 showed that when sam-
ples are dried at different relative humidity steps, the
correlation between the imposed external relative humid-
ity and the final shrinkage at each relative humidity is
different for AAS than for OPC. For them, further mecha-
nisms should occur like creep effects at high relative
humidity or pore-collapse in the case of step-wise drying.
As reported by Li et al.,31 the capillary theory should not
be the only mechanism explaining shrinkage: the reduc-
tion of the steric-hydration force and creep effects should
be considered to predict basic shrinkage of AAS paste.

In the context of AAS concrete, only few studies mea-
suring both basic and drying shrinkage are available.41 Sec-
ond, very few engineering model extensions exist and can
be applied to AAS concrete. This contribution addresses
both issues and presents new experimental results for two
new AAS concrete mixes for both basic shrinkage and dry-
ing shrinkage. Using these experimental data, the applica-
bility of the existing fib MC 2010 for AAS is evaluated and
an approach to extend the fib MC 2010 for AAS concrete
for both basic and drying shrinkage is presented. The
model extension is rigorously tested against 23 different
datasets available in the literature, many of which only
provide information on total shrinkage.

2 | MATERIALS AND METHODS

In this section, details on the material and the mixes used
for new experiments reported in this study are presented.
This is followed by the experimental methods and used
protocols.

2.1 | Materials

Two AAS concrete mixes were tested using the slag pro-
vided by Ecocem (Netherlands). The chemical composi-
tion of the slag was measured using energy dispersive x-
ray fluorescence (XRF) M4 Tornado spectrometer

TABLE 1 Chemical composition of the anhydrous slag

Oxide CaO SiO2 Al2O3 MgO Others

Mass (%) 38.8 36.3 12.8 8.0 4.1

2 CARON ET AL.
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(Bruker GmbH Karlsruhe, Germany) and is given in
Table 1. This composition is in the range of CaO, SiO2,
Al2O3, and MgO content in comparison to what can be
found in the literature.42–46 The slag coefficient CaOþMgO

SiO2
,

considered as the main parameter for slag oxide composi-
tion47,48 is in the lower range in comparison to other
mixes. Two sodium silicate solutions were used for acti-
vation of slag to obtain two different mixes. Both mixes
had the same water-to-slag ratio w/s equal to 0.45 and
the same alkalinity coefficient n = 5.0 [Na2O g/100 g slag]
but different sodium silicate ratios MS [SiO2/Na2Omol/
mol]. The mix with MS equal to 0.5 was designated mix
lS, while the mix with molar ratio 2.2 was designated mix
hS. The concrete was cast with the same precursor con-
tent of 450 kg/m3 of concrete.

The flow spread, the density, and the air content of
the fresh concrete were tested following the norms DIN
EN 12350-5,49 DIN EN 12350-6,50 and DIN EN 12350-7,51

respectively. Characteristic compressive strength after
28 days was measured following the norms DIN EN
12390-352 with three cubes of nominal size 100 mm while
the Young's modulus after 28 days was determined fol-
lowing the norm DIN EN 12390-1353 (method B) on six
cylinders of diameter 100 mm and height 285 mm. Both
mix designs and their characteristics are summarized in
Table 2. For these tests, the samples were covered with
plastic foil until testing in a chamber at 20 �C.

2.2 | Methods

2.2.1 | Casting of samples

The alkali solutions were prepared 24 h before their first
contact with the slag and the aggregates, so that the

temperature of the solution was stabilized at the ambient
temperature (20 �C). The casting procedure was the follow-
ing: the slag, the sand, and the aggregates were first mixed
together during half a minute. Then, the solution was
added and the whole was mixed for a minute. After 30 s of
resting, the concrete was mixed for 2 min. Cylinders of
diameter 100 mm and height 285 mm were then filled.
The specimens were demolded after 1 day and covered
with plastic foils when the storage conditions required
it. All the samples were stored at a temperature of 20 �C.

2.2.2 | Evolution of mechanical properties
with time

The development of compressive strength and Young's
modulus with time were determined with cylinders of
diameter 100 mm and height 285 mm after 2, 7, 14, 28,
and 56 days. The cylinders were covered with plastic foil
and stored at 20�C until the test day. The norm DIN EN
12390-1353 (method B) was followed for the determina-
tion of the Young's modulus. For each test day, three cyl-
inders were used to first determine the compressive
strength. Then, the Young's modulus was determined by
loading three other cylinders at a loading equal to one-
third of the compressive strength. These cylinders were
then loaded until failure. Overall, the presented compres-
sive strength was thus an average of six values for each
test day. The shrinkage of the concrete was measured fol-
lowing the norm DIN EN 12390-16 [DIN EN 12390-16]54

with the same sample geometry. Measurements were car-
ried out at least for 100 d. For both mixes, different stor-
age conditions were investigated. Basic shrinkage was
measured with covered specimens. Drying shrinkage was
studied at a relative humidity of 65% with different

TABLE 2 Fresh concrete

characteristics, compressive strength,

and Young's modulus of the concretes

Mix Mix lS Mix hS

w/s [kg/kg] 0.45 0.45

n [Na2O g/100 g slag] 5.0 5.0

MS [SiO2/Na2O mol/mol] 0.5 2.2

Precursor content [kg/m3 of concrete] 450

Sand (0–2 mm) [vol-%] 40

Agg. (2–8 mm) [vol-%] 30

Agg. (8–16 mm) [vol-%] 30

Flow diameter [cm] 50 65

Density [kg/m3] 2.25 2.32

Air content [%] 1.60 1.60

f cm [MPa] 56 76

Eci [GPa] 32 30

CARON ET AL. 3
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exposure ages to drying (1, 7 and 28 days). The following
nomenclature was assigned to each test: XX-YY(�Zd)
with XX the name of the mix (XX = lS or XX = hS), YY
the curing condition (YY = BS for sealed conditions,
YY = DS for drying conditions), and Z the exposure age,
if applicable (Z = 1, 7, or 28). For the mix lS, two other
sets of specimens were sealed during 7 d and then
unsealed and stored in curing chambers, respectively, at
RH of 43% and 85%. For these experiments, the assigned
nomenclature was lS-DS-RH-43% and lS-DS-RH-85%,
respectively. All the shrinkage tests are summarized in
Table 3. Three specimens were used for replication of test
results for each condition. The standard deviation of
shrinkage measurements for each condition varied
between 0.5% and 1.5%, except for the specimens exposed
to drying after 1 day, for which the standard deviation
was equal to 4% for the mix lS and 6% for the mix hS.

3 | EXISTING MODELS FOR
STRENGTH DEVELOPMENT AND
SHRINKAGE IN THE FIB MC 2010
AND ITS ADAPTATION TO AAS

In this section, the original models as proposed in the fib
MC 2010 for both strength development and shrinkage
are recalled. Then, the proposed extensions for these
models are presented.

3.1 | Strength development with the fib
MC 2010

The strength development of concrete as a function of
time (t [days]) in the fib MC 2010 is modeled using the
28 days compressive strength f cm:

f cm tð Þ¼ βcc tð Þ � f cm t¼ 28ð Þ ð1Þ

with,

βcc ¼ exp s 1� 28
t

� �0:5
 !" #

ð2Þ

where s is the coefficient characteristic to the strength
class of the binder (given in Table 4). Similarly, the devel-
opment of the Young's modulus (Eci tð Þ) with time is
predicted from the value of the Young's modulus at
28 days Eci t¼ 28ð Þ:

Eci tð Þ¼ βE tð Þ �Eci t¼ 28ð Þ ð3Þ

where,

βE ¼ βcc tð Þ½ �0:5 ð4Þ

3.2 | Shrinkage modeling with the fib
MC 2010

The total shrinkage εcs tð Þ is the sum of both basic shrink-
age εcbs tð Þ and drying shrinkage εcds t, tsð Þ:

εcs tð Þ¼ εcbs tð Þþ εcds t, tsð Þ ð5Þ

where t is the concrete age in days and ts is the concrete
age in days at the beginning of drying. The basic shrink-
age is calculated with:

εcbs tð Þ¼ εcbs0 f cmð Þ �βbs tð Þ ð6Þ

where,

εcbs0 f cmð Þ¼�αbs
0:1 � f cm

6þ0:1 � f cm

� �2:5

�10�6 ð7Þ

and

TABLE 3 Experimental plan for shrinkage tests

Name Mix tS [d] RH [%]

lS-BS lS n.a. n.a.

lS-DS-1d lS 1 65

lS-DS-7d lS 7 65

lS-DS-28d lS 28 65

lS-DS-RH-43% lS 7 43

lS-DS-RH-85% lS 7 85

hS-BS hS n.a. n.a.

hS-DS-1d hS 1 65

hS-DS-7d hS 7 65

hS-DS-28d hS 28 65

Note: n.a. stands for not applicable.

TABLE 4 Coefficient s for different types of precursor to

determine the strength development

f cm [MPa] Strength class of cement s

≤ 60 MPa 32.5 N 0.38

≤60 MPa 32.5 R, 42.5 N 0.25

≤60 MPa 42.5 R, 52.5 N, 52.5 R 0.20

60 All classes 0.20

4 CARON ET AL.
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βbs tð Þ¼ 1� exp �0:2 � ffiffi
t

p� � ð8Þ

where f cm is the mean compressive strength at the age of
28 days, αbs is a coefficient dependent on the type of
cement (see Table 5).

The drying shrinkage can be predicted with:

εcds tð Þ¼ εcds0 f cmð Þ �βRHðRHÞ �βds t� tsð Þ ð9Þ

where

εcds0 f cmð Þ¼ 220þ110 �αds1ð Þ � exp �αds2 � f cmð Þ½ � �10�6

ð10Þ

βRHðRHÞ¼ �1:55 � 1� RH
100

� �3h i
for 40 ≤RH ≤ 99% �βs1

0:25 for RH ≥ 99% �βs1

(

ð11Þ

βds t� tsð Þ¼ t� tsð Þ
0:035 �h2þ t� tsð Þ

� �0:5

ð12Þ

βs1 ¼
35
fcm

� �0:1

≤ 1:0 ð13Þ

RH is the relative humidity of the ambient atmosphere,
h is the notional size of the specimen, and αds1, αds2 are
dependent on the type of cement (see Table 5).

3.3 | Adaptation of the fib MC 2010 to
alkali-activated slag concrete

The fib MC 2010 models described above are applicable for
OPC-cement-based concrete. In order to extend it to AAS
concrete, the same approach as that proposed by Tosic
et al.25 for the shrinkage of recycled aggregate concrete is
applied. The Equations (5), (8), and (12) are adapted with
four new coefficients, ξcbs1, ξcbs2, ξcds1, and ξcds2:

εcs t, tsð Þ¼ ξcbs1 � εcbs tð Þþξcds1 � εcds t, tsð Þ ð14Þ

βbs tð Þ¼ 1� exp �0:2 �ξcbs2 �
ffiffi
t

p� � ð15Þ

βds t� tsð Þ¼ t� tsð Þ
0:035 �ξcds2 �h2þ t� tsð Þ

� �0:5

ð16Þ

If the four introduced coefficients are equal to 1, Equa-
tions (14), (15), and (16) correspond to Equation (5), (8),
and (12) from the original fib MC 2010. The term
ξcbs1εcbs0 f cmð Þ can be seen as the final basic shrinkage of
the material. This implies that a higher ξcbs1 results in a
larger final basic shrinkage. Likewise,
ξcds1εcds0 f cmð Þ �βRHðRHÞ can be regarded as the final dry-
ing shrinkage of the material and thus an increase in
ξcds1 leads to an increase in the final drying shrinkage.

ξcbs2 and ξcds2 are related to the speed of basic and dry-
ing shrinkage, respectively. If ξcbs2 is greater than 1, the
basic shrinkage is faster than the one predicted by the fib
MC 2010 for OPC concrete. If ξcds2 is lower than 1, the
drying shrinkage is faster than the one predicted by the
fib MC 2010 for OPC concrete.

In literature, higher shrinkage has been reported for
AAS with waterglass when compared with OPC for paste,
mortar, and concrete samples. For paste with n = 4.7 g
Na2O/100 g slag and MS = 1.5 mol/mol, Li et al.55 found
that the basic shrinkage of the activated slag was around
14 times higher after 7 days than the one for cement. For
mortar, the basic shrinkage was found to be four to six
times higher after 6 months than cement.30,40,56,57 The
results from Ballekere Kumarappa et al.30 suggested that
a higher n or a higher MS result in a higher basic shrink-
age. Still for mortars, the total shrinkage after 6 months
of AAS was measured between 1.5 and 7 times higher
than for cement for different ambient relative humidity
conditions.56–60 The results from Atis et al.58 also indi-
cated that a higher n resulted in more shrinkage, and that
an increase of MS also drastically increased the shrink-
age. Ye et al.61 showed that the total shrinkage of AAS
was between 1.5 and 2 times higher after 25 days for mor-
tars with a drying exposure age equal to 7 days. For con-
crete samples, drying and total shrinkage were found to
be between 1.5 and 3 times higher after 2 months for
AAS with waterglass than for OPC.10,62,63 Shrinkage as a
function of n and MS was studied by Taghvayi et al.63 on
the concrete level. Their conclusions were in line with
that of Ballekere Kumarappa et al.30 and Atis et al.58 that
MS had a much larger effect on shrinkage than n. Note
that Taghvayi et al.63 did not distinguish basic shrinkage
and drying shrinkage with the convention from the fib
MC 2010. For this reason, the relative importance of both
types of shrinkage could not be assessed from their
results.

The Equations (14), (15), and (16) were calibrated on
experimental results obtained in this study. The

TABLE 5 Coefficient αbs, αds1 and αds2 for different types of

cement

Strength class of cement αbs αds1 αds2

32.5 N 800 3 0.013

32.5 R, 42.5 N 700 4 0.012

42.5 R, 52.5 N, 52.5 R 600 6 0.012

CARON ET AL. 5
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parameters ξcbs1 and ξcbs2 were calibrated with the results
of basic shrinkage, while ξcds1 and ξcds2 were calibrated
with the results of drying shrinkage. The calibration was
done with the least squares method on the average values
of the measured shrinkage. The optimization for the
basic (resp. drying) shrinkage was done with the follow-
ing objective function:

F obj ξ1,ξ2, t0ð Þ¼ω1 � Fmodel ξ1,ξ2, t≤ t0ð Þ�F exp t≤ t0ð Þ� �2
þω2 � Fmodel ξ1,ξ2, t> t0ð Þ�F exp t> t0ð Þ� �2

ð17Þ

for which Fmodel is the model function for basic (resp.
drying) shrinkage, F exp is the corresponding experimen-
tal data, ξ1 ¼ ξcbs1 (resp. ξcds1) and ξ2 ¼ ξcbs2 (resp. ξcds2).
ω1 is the weight affected to the early-age part of the
curve, ω2 the weight affected to the late-age part of the
curve, and t0 the shifting time chosen arbitrarily between
early-age and late-age. By definition, ω1þω2 ¼ 1. Study-
ing the optimization with different objective func-
tions, that is, different weights and shifting times
allows the evaluation of the sensitivity of the obtained
results with potential biases due to the difference of
amount of data for early and late age. The optimiza-
tion done with the same dataset but with different
values of weights and shifting times showed that the
obtained model parameters varied at most by 15% for
ω1 in range of [0.15, 0.6], ω2 in range of [0.4,0.85], and t0
in range of [10 d, 50 d]. Based on this sensitivity analysis,
the model parameters reported in this study are that
obtained when the function ξcbs1 � εcbs t≤ t0,ξcbs2ð Þ (resp.
ξcds1 � εcds t≤ t0,ξcds2ð Þ) is directly optimized on the experi-
mental results using the simplified objective function
with ω1 equal to 1, ω2 equal to 0, and t0 !∞ in
Equation (17). In order to ensure that the optimized
parameters correspond to the global minimum and not to
a local minimum, the optimization was carried out with
different initial guesses that always resulted in the same
model parameters.

It should be noted that the comparison between
shrinkage values and the adapted fib MC 2010 model
for AAS concrete should be made with caution. Indeed,
for this model the role of final shrinkage value (both
basic and drying) is primordial. Nevertheless, shrinkage
rates of the experiments led in this study seem to be sta-
bilized, and the extrapolated final values should be in
the good range of the final true values. For AAS con-
crete, only few results are available for long term. The
results from Collins et al.10 indicated that the speed of
shrinkage was not very affected by the used precursor
and thus the results can be compared directly in terms
of amplitude.

4 | RESULTS

In this section, the experimental results are presented
and discussed. This is followed by comparing them to
existing models from the fib MC 2010. The evaluation of
the parameters for the model extensions are also pres-
ented in Sections 4.2.2 and 4.2.3.

4.1 | Experimental results

4.1.1 | Strength development

The evolution of measured compressive strength and
Young's modulus on sealed cylinders are given in
Figure 1. After 7 days, the mixes lS and hS attained 76%
and 75%, respectively, of the compressive strength after
28 days. The Young's modulus development is faster than
the compressive strength development with values at
7 days equal to 91% and 93% of that at 28 days for the
mixes lS and hS, respectively.

4.1.2 | Basic shrinkage

The experimental results for the basic shrinkage of the
two mixes are shown in Figure 2. The basic shrinkage of
the mix hS is around two times higher than the one of
the mix lS. Thus, the increased amount of silicon in the
alkali solution induces a higher shrinkage. Such a result
is in accordance with study done by Ballekere
Kumarappa et al.30 for mortars. After 50 days, the further
shrinkage evolution of the mix hS is very low (99% of
final shrinkage achieved within 50 days) when compared
with the mix lS.

In comparison to OPC, AAS has a finer pore struc-
ture.10 This leads to a larger capillary pressure and thus to
a larger shrinkage due to the self-desiccation, as postulated
previously by different researchers.10,27,28 Chemical shrink-
age also contributes significantly to explain basic shrink-
age. It refers to the fact that, as reaction products are
smaller than the reactants, internal voids are generated in
the matrix. These voids are the primary cause of the forma-
tion of the meniscus in the pore structure that lead to the
development of the capillary pressure. Cartwright et al.64

showed that the chemical shrinkage of AAS is lower than
for cement. For Li et al.,31 the measured chemical shrink-
age of AAS is equal to the one of OPC. Models from Ye
et al.65 and Thomas et al.66 predict that the chemical
shrinkage is above 12 mL/100 g slag, two times higher than
the chemical shrinkage of Portland cement.67 In all, there
is no consensus on the relative influence of chemical
shrinkage on the higher basic shrinkage observed for AAS.

6 CARON ET AL.
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The influence of the bulk modulus and the degree of
saturation were discussed on one hand by Di Bella et al.68

for cementitious systems and on the other hand by Ye
et al. for AAS systems.61 They all agree on the secondary
influence of the bulk modulus. However, Di Bella et al.68

consider that the degree of saturation plays a crucial role
on the shrinkage performance, while Ye et al.61 consider
that its influence is quite low.

Basic shrinkage also depends on the drop in internal rel-
ative humidity RHi due to consumption of water during
the reaction. For AAS, RHi is measured at 82%–83%40,69

or even at 80%8 and 75%.31 In comparison, Jensen &
Hensen70 obtained RHi higher than 80% after 1 year for
different water-to-cement ratio for OPC systems with sil-
ica fume addition from 0% to 30%. Lura et al.27 measured
a RHi of 92% after 7 days for OPC. Higher drop in RHi for
AAS can be attributed to more consumption of water during
the activation and to the increased presence of alkali ions in
pore solution resulting in lower RH in accordance to
Raoult's law. The higher drop of relative humidity for
AAS systems increases the capillary pressure and can
explain the higher shrinkage observed.31,40,69

4.1.3 | Drying shrinkage

The Figure 3 shows the experimental results from the
present study for drying shrinkage at RH = 65%. The

results indicate the predominance of the exposure age.
For the mix lS, the total shrinkage is 1289, 975, and
940 μm/m for the samples lS-DS-1d, ls-DS-7d, and ls-DS-
28d, respectively, at age 100 days, that is, at drying age of
99, 93, and 72 days, respectively. Correspondingly, the
drying shrinkage is 410, 96, and 61 μm/m for the samples
lS-DS-1d, ls-DS-7d, and ls-DS-28d, respectively. For the
mix hS, after 100 days, the total shrinkage is 3019, 1873,
and 1756 μm/m for the samples hS-DS-1d, hS-DS-7d, and
hS-DS-28d. This corresponds to a drying shrinkage of
1319, 173, and 56 μm/m for the samples hS-DS-1d, hs-
DS-7d, and hs-DS-28d, respectively. Thus, covering the
specimens during the first day is necessary for practical
applications to reduce drying shrinkage.

The contribution of drying shrinkage to that of overall
shrinkage is found to be relatively low for experiments
on AAS concretes. For the mix lS, the drying shrinkage is
responsible for 31.8%, 9.8%, and 6.4% of the total shrink-
age at 100 days for exposure ages of 1, 7, and 28 days,
respectively. For the mix hS, the drying shrinkage is
responsible for 43.7%, 9.2%, and 3.2% of the total shrink-
age at 100 days for exposure ages of 1, 7, and 28 days,
respectively.

The results of shrinkage measurements and mass
change depending on the ambient relative humidity (43%
RH, 65% RH, and 85% RH) for the mix lS with an expo-
sure age of 7 days are given in Figure 4. The mass change
is defined as:

ΔM tð Þ¼ M tð Þ
M t¼ tsð Þ�100 ð18Þ

The specimen lS-DS-RH-43% induces a shrinkage as high
as for the specimen ls-DS-7d, despite a higher mass loss.
As for waterglass-activated slag mortars,29 lower ambient
relative humidity implies higher drying shrinkage. There
is the same threshold at relative humidity (between
RH = 43% and RH = 65%) as reported by Ye et al.29

The specimen lS-DS-RH-85% shrinks less than the
specimen under sealed conditions and its mass grows

FIGURE 1 Strength development of

both mixes. Compressive strength (a);

Young's modulus (b). The error bars

correspond to the standard deviation

done on six samples

FIGURE 2 Basic shrinkage of both mixes lS and hS

CARON ET AL. 7
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with time. As discussed above for the basic shrinkage, the
drop of relative humidity in AAS concrete is higher than
for cement-based concrete. Thus, when the specimens
are exposed to drying, after 7 or 28 days, the imposed RH
gradient is low in comparison to OPC-based concrete.
The increase in mass after exposure for the specimens lS-
DS-RH-85% indicates that the internal relative humidity
of the mix lS after 7 days is below 85%, in accordance
with Li et al.8 or Li et al.31

4.2 | Calibration of the fib MC 2010 for
strength and shrinkage on experimental
results of AAS

4.2.1 | Type of concrete

As explained in Section 3, shrinkage models in the fib
MC 2010 distinguish three types of concrete depending
on the strength class of cement. Hence it is essential to
first define the equivalent strength classes for the two
AAS concrete mixes studied experimentally. This equiva-
lent class is obtained by calibrating the model for
strength development with experimental data on the
coefficient s in Equations (2) and (4). The optimized
values of s for both mixes tested are given in Table 6.
Based on this calibration and on the compressive

strength given in Table 2, the equivalent strength class
for both mixes is the class of cements 42.5 R, 52.5 N,
52.5 R, or superior. Thus, the AAS concrete is considered
to be equivalent to these types of concrete as defined in
the fib MC 2010.

4.2.2 | Calibration of basic shrinkage
experiments

The Figure 5 shows the comparison between the results
from this study, the experimental results for three differ-
ent studies obtained from the literature55,62,71 and the
predictions with the models from the fib MC 2010, which
are applicable for OPC concrete. The shrinkage results
are expressed in terms of the normalized shrinkage εcbs

εcbs0
to

have a consistent comparison between different mixes,
independently from the compressive strength f cm.
Indeed, for the fib MC 2010, the ratio εcbs

εcbs0
¼ βbs tð Þ ranges

from 0 to 1. However, as mentioned above and shown in

FIGURE 3 Total shrinkage of

(a) mix lS and (b) mix hS with different

age of exposure to drying. Total

shrinkage is defined as the sum of basic

shrinkage (under sealed condition) and

drying shrinkage

FIGURE 4 Drying shrinkage:

Influence of the relative humidity on the

mix lS. (a): Shrinkage, (b) mass

TABLE 6 Optimization of the coefficient s for alkali activated

slag with waterglass

Mix s following (2) s following (4)

Mix lS 0.21 0.13

Mix hS 0.26 0.23

8 CARON ET AL.
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Figure 5 the final shrinkage for AAS is much more than
that for OPC concrete. The obtained results for both lS
and hS mixes with the extension of the fib MC 2010 given
by Equation (14) are also shown in Figure 5 and corre-
spondingly, the calibrated parameters are given in
Table 7. The obtained values for ξcbs,2 indicate that the
speed of shrinkage of AAS systems is comparable to the
one from the fib MC 2010. In accordance to what can be
found in the literature,55,62,71 the final basic shrinkage of
AAS concrete, characterized by the value ξcbs,1, is much
higher than the final basic shrinkage of OPC-based
concrete. In terms of mechanisms, this could be due
to the lower relative humidity measured in AAS
systems.8,31,40,69

4.2.3 | Calibration of drying shrinkage
experiments

For drying shrinkage, the predictions using the model
from the fib MC 2010 and the extension proposed in this
study as given by Equation (16) are shown in Figure 6.
The calibrated coefficients corresponding to the model
extension are provided in Table 8.

As explained in Section 4.1.3, the age of exposure to
drying plays an important role on final drying shrinkage
for AAS concrete. However, it is not captured by the orig-
inal fib MC 2010. For the strength class f cm (chosen
between 56 and 76MPa) and for exposure ages between

1 and 28 days, the drying shrinkage after 100 days εcds as
predicted by the model from the fib MC 2010 is in the
range of 248 and 352 μm/m. The specimen lS-DS-1d is
the only one with this order of magnitude, whereas hS-
DS-1d is largely underestimated. On the other hand, the
specimens with later exposure (7 or 28 days) are largely
overestimated. This explains why the obtained coeffi-
cients ξcds,1 for the proposed model extension decrease
with exposure age for each mix. It can also be noted that
ξcds,1 is higher than 1, only for the specimen hS-DS-1d,
which implies that the absolute value of drying shrinkage
of AAS concrete is quite overestimated in the fib
MC 2010.

Moreover, the relative importance of drying shrinkage
when compared with basic shrinkage is overestimated by
models from the fib MC 2010. These models predict that
the drying shrinkage is responsible for more than 70% of
the total shrinkage, which is much higher than that
reported in this study for AAS concrete (see Section 4.1.3).
In addition, the optimized values of ξcds,2 are lower than

FIGURE 5 Comparison of basic shrinkage results with

literature results and the fib MC 2010 prediction. Comparison

performed on the ratio ξcbs=ξcbs0. Calibration of the curve following

the equations (14) and (15)

TABLE 7 Obtained parameters for basic shrinkage extension

of the fib MC 2010

Specimens ξcbs,1 ξcbs,2

lS-BS 9.90 0.80

hS-BS 13.0 1.51

FIGURE 6 Experimental results of drying shrinkage for

(a) mix lS (b) mix hS. Dashed lines correspond to the prediction

from the fib MC 2010. Plain lines correspond to the adapted model

TABLE 8 Obtained parameters for drying shrinkage extension

of the fib MC 2010

Specimens ξcds,1 ξcds,2

lS-DS-1d 8.5 � 10�1 4.1 � 10�2

lS-DS-7d 3.6 � 10�1 2.6

lS-DS-28d 8.3 � 10�2 1.7 � 10�1

hS-DS-1d 3.5 2.0 � 10�3

hS-DS-7d 4.4 � 10�1 3.3 � 10�3

hS-DS-28d 1.6 � 10�1 3.2 � 10�1

CARON ET AL. 9
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1, indicating that the drying shrinkage occurs faster for
AAS concrete than OPC concrete. This is especially true
for specimens exposed at early age, namely, lS-DS-1d,
and hS-DS-1d. This result is in agreement with what can
be found in literature.62,71

For the specimen lS-DS-RH-85%, the shrinkage is
lower than the one of lS-BS (under sealed conditions).
This is due to the fact that the RHi of the samples is less
than ambient RH under exposure at 85%. In this last
environment condition, there is even an increase in RHi

of the sample and it results consequently expansive
strains. This indicates that the bounds of applicability in
Equation (11) must be adjusted for AAS concrete from
40%–99% βs1 to at least 40%–85% βs1.

5 | APPLICATION OF THE
EXTENSION AND VALIDATION

To evaluate the potential relevance of the model extension
given by Equations (14), (15), and (16), the four coefficients
ξcbs,1, ξcbs,2, ξcds,1, and ξcds,2 are obtained using the results
from the present study. Finally, using these defined
parameters, the model for total shrinkage is compared
with experimental results from the literature to validate it.

5.1 | Calibrated parameters for model
extension

Basic shrinkage results of the calibration, given in
Table 7, show the importance of the parameter MS,

which is in accordance with Ballekere Kumarappa et al.
and Atis et al.30,58 To account for this, a linear correlation
is proposed between ξcbs,1 and MS. Results on mortars30

indicate that the alkalinity coefficient n has an equivalent
influence on the basic shrinkage. However, due to lack of
data on concrete level, for the present study this parame-
ter is not taken into account. The speed of shrinkage,
characterized by the coefficient ξcbs,2, is also modeled
with a linear curve, from both results lS-BS and hS-BS.
Since both calibrations are derived from only two data
points, future results of basic shrinkage of AAS with dif-
ferent MS should help to refine these correlations. Thus
the parameters for the extended fib model for basic
shrinkage can be taken as follows:

ξcbs,1 MSð Þ ¼ 1:83 �MSþ8:98

ξcbs,2 MSð Þ ¼ 0:41 �MSþ0:59

�
ð19Þ

For drying shrinkage, the exposure age to drying (ts)
influences greatly the final drying shrinkage. The

influence at early-age (1 to 7 days) seems to be greater
than that at later ages. Indeed, the activation of slag with
sodium-silicate is slower than the hydration of cement
and the second acceleration period can occur up to
48 h.46 Thus, the material behavior is more sensitive to
any water loss at early age. For this reason, the calibra-
tion of the coefficients in the extended model split into
two domains [1, 7] days and [7, 28] days. Between 1 and
7 days, a decreasing exponential model is used, while a
linear curve is used between 7 and 28 days. For ξcds,2, the
experimental results indicate that lower the ts, the faster
is the drying shrinkage. However, there was a large range
of variation of the obtained ξcds,2 up to third order of mag-
nitude (10‑3–100). In comparison with the range of data
available from the literature, it was found that fixing
ξcds,2 to 0.25 is a good approximation. The value 0.25 also
corresponds to the average value of ξcds,2 for the drying
shrinkage with exposure after 28 days for mixes lS and
hS. Thus, the key parameters for extended fib model for
drying shrinkage are as below:

ξcds,1 1≤ ts ≤ 7ð Þ ¼ 7:9 �exp � tS
1:6

� �2:5� 	
þ0:40

ξcds,1 ts >7ð Þ ¼ �1:3 �10�2 � tSþ4:91 �10�1

ξcds,2 tsð Þ ¼ 0:25

8>><
>>: ð20Þ

Finally, it is emphasized that the parameters and correla-
tions provided above are based on the limited dataset of
the present study. Thus, a future recalibration will be
needed on a larger dataset before using the model for
practical engineering purposes. In particular, the influ-
ence of slag composition on shrinkage should be investi-
gated with the use of either the ratio CaO

SiO2þAl2O3
proposed

by Chen et al.26 for SCM or the ratio CaOþMgO
SiO2

that has

been used for correlations on degree of reaction of
AAS.47,48

5.2 | Validation on results from the
literature

The proposed extension is validated against the shrinkage
results from Ma et al.,62 Taghvayi et al.,63 and Humad
et al.71 For the results from Ma et al. and Humad et al.,
as both total shrinkage and basic shrinkage are distin-
guished, the model results are also plotted in a distin-
guished manner. For each mix, all the necessary
parameters for the extended model were taken from the
papers. The input parameters for models comprises of
compressive strength, drying age, notional thickness, rel-
ative humidity, and silicate ratio (MS). The equivalent
binder type was determined using the compressive

10 CARON ET AL.
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strength development as shown in Section 4.2.1. The
obtained s was approximated to the closest coefficient
from Table 4. These inputs are provided in Supporting
Information.

The results for shrinkage predictions are given in
Figure 7. Since the results from Taghvayi et al.63 comprise
of 20 experiments, only three results are presented here as
examples. Additional results can be found in Supporting
Information. The basic shrinkage from Ma et al.62 is over-
estimated, but the drying shrinkage for both radius 75 and
150 mm are well predicted. In the study done by Humad
et al.,71 the prediction underestimates both basic shrinkage
and drying shrinkage but provides significantly better results
than models from the fib MC 2010. This dataset comes from
the blending of a slag with 30.4% CaO, 35% SiO2, 14.3%
Al2O3, and 16.1% MgO, with an alkali solution of water/
binder ratio equal to 0.36, a sodium silicate content of 5% of
mass, and MS equal to 1. One can note that the MgO con-
tent is quite high in comparison with the slags from Li
et al.31 and Taghvayi et al.63 or from the present study.
Taghvayi et al.63 do not distinguish basic shrinkage and dry-
ing shrinkage. Thus, only the total shrinkage is analyzed. In

all the tested mixes, the prediction using the extended
models significantly improves the predictions when com-
pared with the models from fibMC 2010.

6 | CONCLUSION

In this study, new experimental results of both basic and
drying shrinkage have been presented for AAS concrete.
Basic shrinkage is much higher for AAS concrete than
for OPC concrete. Furthermore, the basic shrinkage
increases with higher MS. The drying shrinkage is very
dependent on the exposure age to drying ts.

The extended models of the fib MC 2010 proposed in
this study have been calibrated based on the performed
experiments. The four parameters ξcbs1, ξcds1, ξcbs2, and
ξcds2 in the model extension influence the final values of
basic shrinkage and drying shrinkage and the speed of
basic shrinkage and drying shrinkage, respectively. ξcbs1
increases with MS and is found to be higher than 1, indi-
cating a higher final basic shrinkage when compared
with OPC concrete. Higher MS leads to faster basic

FIGURE 7 Prediction of total shrinkage for dataset extracted from literature (a) Ma et al. (2018) (ø 150 mm), (b) Ma et al. (2018)

(ø 150 mm), (c) Humad et al. (2019), (d) Taghvayi et al. (2018) (with n = 5.5 and Ms = 0.45), (e) Taghvayi et al. (2018) (with n = 6.5 and

Ms = 0.45), and (f) Taghvayi et al. (2018) (with n = 4.5 and Ms = 1.05)

CARON ET AL. 11
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shrinkage. The drying shrinkage is very high for an expo-
sure to drying in early ages and ξcds1 is modeled as a
decreasing exponential function during first 7 days. ξcds2
is found to be lower than 1 indicating that the speed of dry-
ing shrinkage is faster than the one predicted in the original
models from fib MC 2010. The calibrated extended model
on experimental data presented in this study significantly
improves the prediction when compared with the original
fib MC 2010 for both basic and drying shrinkage on valida-
tion datasets taken from the literature. Further calibration is
needed on larger datasets to improve the model predictions
varying different parameters affecting AAS concrete mixes
such as n or the MgO content of the slag.
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