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Abstract

Slag is a by-product of the steel industry that can be activated using alkali solu-

tions to form concrete. This study presents new experimental results of basic

and drying creep behavior of alkali-activated slag (AAS) concrete. Different

parameters affecting creep such as loading age, sample size and creep stress-

strength ratio were varied for experimental studies. The results show that the

basic creep of AAS concrete is higher than that of ordinary Portland cement

(OPC) concrete. The drying creep of AAS is lower than for OPC and this could

be explained by a higher internal drying during the activation of slag. The

experimental results were used to check the applicability of two existing engi-

neering models, the fib MC 2010 and the B4s model, for AAS concrete. It was

found that both models could be extended to predict the basic creep of AAS

concrete. For drying creep, the B4s could better capture the creep behavior.

For the fib MC 2010, a new formulation for drying creep would be required.
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1 | INTRODUCTION

In the past decades, new types of binders have been
extensively studied in order to propose alternatives to
ordinary Portland cement (OPC). Among them, the acti-
vation of slag, fly ash and metakaolin using alkali solu-
tions to form a hardening matrix seems to be a promising
approach. Such binder systems are termed as alkali-
activated materials (AAMs).1 In comparison to OPC,
alkali-activated slag (AAS) contains higher amounts of
silicon and aluminum oxides and less calcium oxide.2

This difference in oxide content induces different reac-
tion products. However, several studies showed that the
compressive strength of this material is comparable to

cement-based systems.3–5 In addition, AAS was proven to
have a better resistance to chloride ingress and a lower
permeability than cement-based systems.6,7 Thus, the use
of AAS for producing concrete could be a key to increas-
ing the durability and lifespan of structures for certain
exposure conditions.

Both OPC and AAS concrete structures experience
deformations. If they are excessive, these deformations
endanger the safety of the structures and thus reduce
their service life. They can occur in loading-free condi-
tions or under sustained load applied on the concrete. In
the latter case, the associated deformations are referred
to as creep. For bridge structures, surfaces can become
non-planar and affect their use8 or show excessive
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deflections.9 Reactor containments are other examples of
structures that undergo high strains under loading. These
deformations must be predicted and controlled to reduce
the formation of cracks.10,11 It was also shown that creep
can lead to an increase in carbonation12 and chloride
ingress.13

Basic creep is defined as the creep that takes place in
sealed conditions, i.e. without moisture exchange with
the surrounding environment. Drying creep is defined as
the additional creep occurring with moisture exchange.
Under constant load σ tð Þ¼bσ (MPa) applied on the mate-
rial at the age t0 (d), the compliance function J t, t0ð Þ (1/
MPa) is defined as:

ε tð Þ¼bσJ t, t0ð Þ, ð1Þ

where ε tð Þ (�) is the strain at time t (d). To predict the
strain evolution of cement-based concrete, the compli-
ance function of Equation (1) has been modeled in the
B3 model by Bazant and coworkers.14,15 The B4 model
extends and improves the B3 model.16 It is a semi-
empirical creep model based on the solidification theory
for aging viscoelasticity and solidifying material.16 It was
first developed to predict the creep strain as a function of
the mix design. However, a simplified model, the B4s
model, has been developed in which the creep strain is
expressed as a function of the characteristic compressive
strength.

Another way to define creep strains is to use the
experimental creep coefficient ϕ t, t0ð Þ defined as the nor-
malized creep strain by the strain at loading:

ϕ t, t0ð Þ¼ εcc t, t0ð Þ
εci t0ð Þ ¼Ec t0ð Þ � J t, t0ð Þ�1, ð2Þ

where Ec t0ð Þ is the modulus of elasticity of concrete at
loading age. The fib MC 2010 is an empirical model that
also predicts the creep strain from the characteristic com-
pressive strength of concrete. This model is based on a
modified definition of the creep coefficient:

ϕMC t, t0ð Þ¼ϕ t, t0ð Þ � Eci

Ec t0ð Þ , ð3Þ

where ϕMC is the creep coefficient of the fib MC 2010 and
Eci is the modulus of elasticity of concrete at 28 days. This
model was calibrated experimentally and is valid for
creep loading lower than or equal to 40% of the compres-
sive strength at loading age. For both fib MC 2010, B4
and B4s models, the basic creep and the drying creep are
regarded as additive and independent.

Creep was also studied and compared with the previ-
ous engineering models for other binder types as recycled

aggregate concretes17 or alkali-activated fly ash.18–20 Few
studies have been made on the creep of AAS.21–24 Humad
et al.24 proposed that the relative high creep could come
from the increased presence of micro-cracks in the AAS
matrix. Zhou et al. proposed an extension of the GL2000
model for AAS with sodium silicate.21 However, no com-
parison with both fib MC 2010 and B4s models have been
formulated so far.

In this study, new results of the creep behavior of
AAS concrete are presented. Experiments on both sealed
and unsealed conditions were performed. The influences
of loading age, specimen diameter and creep stress-
strength ratio on the creep behavior of this material were
investigated. Two engineering models, namely the fib MC
2010 and the B4s model, were calibrated from the experi-
mental results. These two models were originally devel-
oped for OPC concretes but they have been extended for
other types of concrete. This study aims at examining
whether they can be adapted to predict creep behavior of
the AAS concrete.

2 | MATERIALS AND METHODS

2.1 | Materials

The slag used in this study was provided by the company
Ecocem (Netherlands). Its oxide composition was deter-
mined with energy dispersive X-ray fluorescence (XRF)
spectrometry with an M4 Tornado (Brucker GmbH Karls-
ruhe, Germany) (see Table 1). The activator used to make
the slag react was a blend of commercial waterglass solu-
tion, commercial NaOH solution and tap water. The
water glass was Betol 39 T, provided by Wöllner GmbH
(Germany). It consists of 64%—mass of water, 8.2%—
mass of Na2O and 27.8%—mass of SiO2. The NaOH solu-
tion had a 50% mass concentration of solid NaOH. The
used alkali solution had an alkali dosage (n) equal to 5 (g
Na2O/100 g slag), a silicate ratio (MS) equal to 0.5 (mol
SiO2/mol Na2O) and a water/slag ratio w=s equal to 0.45
(kg/kg). This mix design is close to the mix design of the
mix S3a of the RILEM round-robin test for alkali-
activated concretes.5,25 The generated concrete had a den-
sity of 2.25 kg/m3. The mix design is summed up in
Table 2.

2.2 | Methods

2.2.1 | Mixing procedure, casting and storage

The alkali solution was prepared 24 h in advance so
that it reaches the temperature of the surrounding
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environment before being mixed with the slag. The
dry ingredients were mixed for 30 s. The alkali solu-
tion was then added and the mixture was mixed for
1 min. After a resting time of 30 s, the mixture was
mixed for 2 min. Cylindrical samples of 100 or
150 mm diameter and 300 mm height were cast. Addi-
tionally, cubes of characteristic size equal to 150 mm
were cast. All the samples were de-molded after 24 h
and covered with aluminum-butyl foil to prevent water
loss. When needed, the sealing was removed at the
corresponding age for exposure to drying ts. The sur-
faces subjected to loading for concrete samples used for
Young's modulus and creep tests were ground at an age
of at least 6 days to have uniform contact with the
loading plates.

2.2.2 | Mechanical tests on concrete samples

The compressive strength of concrete specimens was
measured after 28 days with three cubes of characteristic
size 150 mm, following the standard DIN EN 12390-326

where the samples were covered with plastic foil for the
first 7 days and uncovered until the test day. The com-
pressive strength measured with these cubes is given in
Table 2 and is regarded as an intrinsic value of the mix
design for this study. The ambient conditions were 20�C
and 65% relative humidity. The Young's modulus and the
compressive strength of cylinders were determined
according to EN 12390-1327 (method B) on six samples
with the same geometry and the same curing conditions
as the one used for creep tests before each creep
measurement.

The deformations of concrete were measured with lin-
ear variable differential transformers (LVDTs) provided
by the company Hottinger Brüel & Kjaer GmbH
(Germany). Three LVDTs were placed at the center of
each specimen and spaced at an angle of 120� on the sam-
ple. The gauge length for the measurement was 150 mm.

The creep setup is described in Figure 1. It consists
of a hollow steel spring filled with hydraulic oil, a
loading frame and a pressure pipe with the loading
device. The hollow steel was connected to a pressure
tank through a pipe filled with oil and nitrogen. After
that the specimens equipped with the LVDTs were
mounted on the loading frame, the above transverse
was put on the spherical cap and fixed with a screw-
nut system. Oil was then released from the pressure
tank to reach the wanted value of pressure. Through-
out the test, the pressure changes were recorded by an
absolute pressure transducer P8AP (Hottlinger Baldwin
Messtechnik GmbH).

Basic creep was studied for cylinders of 100 mm and
150 mm diameters for the same height of 300 mm with a
loading age equal to either 7 or 28 days. Drying creep
was always investigated with samples subjected to drying
after 7 days. Three loading ages were investigated with
specimens of 100 mm diameter: 7, 28 and 100 days. For
the loading ages 7 and 28 days, the drying creep of speci-
mens of 150 mm diameter was also measured. The sus-
tained loads during creep experiments were always taken
as a percentage of the compressive strength at loading
age. For most of the experiments, the creep stress-

strength ratio Rcr ¼ f cr
f cm t0ð Þ

(%) was kept equal to 33%. Here,

f cm t0ð Þ is the compressive strength at the loading age and
f cr is the sustained load during the creep test. With
100mm diameter specimens, additional studies for Rcr

equal to 20% and 60% were conducted for unsealed sam-
ples at a loading age of 28 days to understand the influ-
ence of Rcr. The experimental plan for creep tests is
summarized in Table 3.

Parallel specimens were used to determine both basic
shrinkage and drying shrinkage of the material with the
same measuring tool as for creep, i.e., three LVDTs per
specimen, without loading. Two replicates were used for
each geometry (100 or 150 mm diameter) and each cur-
ing condition (always sealed, or sealed for 7 days and
then unsealed). Shrinkage contribution was subtracted
from the measurements on loaded specimens to obtain
creep strains.

TABLE 1 Chemical composition of

the anhydrous slag.
Oxide CaO SiO2 Al2O3 MgO Fe2O3 Na2O K2O H2S Oth.

Mass (%) 38.8 36.3 12.8 8.0 0.6 0.3 0.6 1.0 1.6

TABLE 2 Mix design of the concrete.

Parameter Unit Value

w=s (kg/kg) 0.45

n (Na2O g/100 g slag) 5.0

MS (SiO2/Na2O mol/mol) 0.5

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

Density (kg/m3) 2.25

Compressive strength (MPa) 56

CARON ET AL. 3
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3 | MODELING OF THE CREEP
BEHAVIOR OF CONCRETE

3.1 | Creep model based on the fib
MC 2010

In the fib MC 2010, the total strain εc (μm/m) at a given
time t (d) can be predicted by using:

εc tð Þ¼ εci t0ð Þþ εcc tð Þþ εcs tð Þþ εcT tð Þ, ð4Þ

where εci t0ð Þ (μm/m) is the initial strain at loading at t0
(d), εcc tð Þ (μm/m) is the creep strain for t> t0, εcs tð Þ (μm/
m) is the shrinkage strain and εcT tð Þ (μm/m) is the ther-
mal strain.

Under the assumption that the applied stress σc
(MPa) at time t0 is below 40% of the compressive strength
at t¼ t0, the creep strain is expressed using the creep
coefficient ϕcc t, t0ð Þ (�):

εcc t, t0ð Þ¼ σc t0ð Þ
Eci

ϕcc t, t0ð Þ ð5Þ

Eci (MPa) is the modulus of elasticity at the age of
28 days.

The creep coefficient is additively decomposed into
the basic creep coefficient ϕbc (�) and the drying creep
coefficient ϕdc (�):

ϕcc t, t0ð Þ¼ϕbc t, t0ð Þþϕdc t, t0ð Þ, ð6Þ

ϕbc is predicted using the following function:

ϕbc t, t0ð Þ¼ βbc f cmð Þ �βbc t, t0ð Þ, ð7Þ

where

FIGURE 1 Experimental

creep setup used in this study.

TABLE 3 Experimental plan for creep experiments.

Name ts t0 Rcr d

Unit days days % mm

BC-7d-Ø100 n.a. 7 33 100

BC-28d-Ø100 n.a. 28 33 100

BC-7d-Ø150 n.a. 7 33 150

BC-28d-Ø150 n.a. 28 33 150

DC-7d-Ø100 7 7 33 100

DC-28d-Ø100 7 28 33 100

DC-7d-Ø150 7 7 33 150

DC-28d-Ø150 7 28 33 150

DC-100d-Ø100 7 100 33 100

DC-28d-Ø100-20% 7 28 20 100

DC-28d-Ø100-60% 7 28 60 100

Note: n.a stands for not applicable.

4 CARON ET AL.
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βbc f cmð Þ ¼ 1:8

f cmð Þ0:7

βbc t, t0ð Þ ¼ ln 30
t0,adj

þ0:035
� �2

� t� t0ð Þþ1

� �
t0,adj ¼ t0,T � 9

2þt1:20,T
þ1

h iα
≥ 0:5 days

8>>>>>><>>>>>>:
, ð8Þ

f cm (MPa) is the mean compressive strength at
28 days. t0,T (d) is the age of concrete at loading (constant
in isothermal conditions). t0,adj (d) is the adjusted age at
loading accounting for the type and maturity of concrete.
α is a coefficient that depends on the strength class of
cement: α¼�1 for strength class 32.5N; α¼ 0 for
strength classes 32.5 R and 42.5N; α¼ 1 for strength clas-
ses 42.5 R, 52.5N and 52.5 R.

ϕdc t, t0ð Þ is estimated using the following function:

ϕdc t, t0ð Þ¼ βdc f cmð Þ �β RHð Þ �βdc t0ð Þ �βdc t, t0ð Þ, ð9Þ

with

βdc f cmð Þ ¼ 412

f cmð Þ1:4

β RHð Þ ¼
1�RH

100ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:1 � h

100
3

r
βdc t0ð Þ ¼ 1

0:1þ t0:20,adj

βdc t, t0ð Þ ¼ t�t0ð Þ
βhþ t�t0ð Þ
h iγ t0ð Þ

,

8>>>>>>>>>>>>>>>><>>>>>>>>>>>>>>>>:

ð10Þ

where

γ t0ð Þ ¼ 1

2:3þ 3:5ffiffiffiffiffiffiffiffiffi
t0,adj

p
βh ¼ 1:5 �hþ250 �αf cm ≤ 1500 �αf cm
αf cm ¼ 35

f cm

� �0:5

8>>>>>><>>>>>>:
, ð11Þ

RH (%) is the relative humidity of the ambient envi-
ronment. h (mm) is the notional size of the sample and cor-
responds to twice the ratio between the cross-section and the
perimeter of the sample in contact with the atmosphere.

These functions were derived from experiments with
OPC-based concrete. To extend this model to other types
of concrete, four parameters were introduced in the revi-
sion of Eurocode 228: ξbc1 and ξbc2 corresponding to basic
creep, and ξdc1 and ξdc2 corresponding to drying creep.
This approach was already used by Tosic et al.17 to model
the creep behavior of recycled aggregate concretes. The
extended model is described as:

ϕ t, t0ð Þ¼ ξbc1 �ϕbc t, t0ð Þþξdc1 �ϕdc t, t0ð Þ, ð12Þ

and the additional parameters are introduced in:

eβbc t, t0ð Þ ¼ ln 30
t0,adj

þ0:035
� �2

� t� t0ð Þ
ξbc2

þ1

� �
eβdc t, t0ð Þ ¼ t�t0ð Þ

βh � ξdc2þ t�t0ð Þ
h iγ t0ð Þ

,

8>><>>: ð13Þ

If the values of the four parameters are taken equal to
one, the original form is recovered. Comparing the above
extension with that proposed in Tosic et al.29 for basic
shrinkage, the role of parameters ξcbs1 and ξcbs2 should
correspond to the adaptation of the vertical scaling and
the horizontal scaling, respectively. Vertical scaling refers
to adapting the asymptotic behavior whereas horizontal
scaling refers to controlling the rate of the creep. How-
ever, when using Equations (12) and (13), both parame-
ters ξbc1 and ξbc2 have an influence on the asymptotic
behavior of basic creep in Equation (13). Indeed,

when 30
t0,adjþ0:035

� �2
� t�t0ð Þ

ξbc2
> > 1:

ϕ t, t0ð Þ �������������!
30

t0,adj
þ0:035

� �2

� t�t0ð Þ
ξbc2

> > 1

ξbc1 �βbc f cmð Þ

� ln 30
t0,adj

þ0:035

� �2

� t� t0ð Þ
 !

� ξbc1 �βbc f cmð Þ � ln ξbc2ð Þ:

ð14Þ

This causes difficulty in distinguishing the
contributions arising from vertical and horizontal scaling
for different types of concretes and different testing con-
ditions. To avoid the above-mentioned inconsistency, the
following extension is proposed for basic creep in this
study:

eeβbc t, t0ð Þ¼ ln
30
t0,adj

þ0:035

� �2

� t� t0ð Þþ1 � ξbc2
 !

: ð15Þ

In that case, the vertical scaling is only parameterized
by ξbc1 and the horizontal scaling is only parameterized
by ξbc2. The inconvenient of the use of Equation (15)
comes from the fact that the value at loading age (t¼ t0)

is not zero since eeβbc t0, t0ð Þ¼ ln 1 �ξbc2ð Þ.

3.2 | Creep model based on the B4s
model

The B4s model predicts also the creep behavior of con-
crete taking the characteristic compressive strength of

CARON ET AL. 5
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concrete as an input. It is described by use of the compli-
ance function J (μm/m/MPa), which can be estimated
using the following equation:

J t, t0ð Þ¼ q1þ Jb t, t0ð Þþ Jd t, t0ð Þ, ð16Þ

in which q1 (μm/m/MPa) is the asymptotic compliance at
loading, Jb (μm/m/MPa) is the basic creep compliance
and Jd (μm/m/MPa) is the additional creep compliance
due to drying. q1 is given by:

q1 ¼
p1
Ecm

, ð17Þ

where p1 is given in Table 4 and Ecm is Young's modulus
at 28 days, which can be estimated with:

Ecm ¼ 4734 �
ffiffiffiffiffiffiffi
f cm

p
ð18Þ

Jb is decomposed in three terms accounting respec-
tively the aging viscoelastic compliance, the non-aging
viscoelastic compliance and the flow compliance:

Jb t, t0ð Þ¼ q2 �Q t, t0ð Þþq3 � ln 1þ t� t0ð Þn½ �þq4 � ln
t
t0

� �
,

ð19Þ

with:

q2 ¼ s2 � f cm
f 0

� ��1:58

q3 ¼ 0:976 � s2 � f cm
f 0

� ��3:19

q4 ¼ 4�10�3 � f cm
f 0

� ��1:16

8>>>>><>>>>>:
, ð20Þ

where f 0 = 40MPa.

The additional creep compliance due to drying Jd is
predicted by using:

Jd t, t0ð Þ¼ q5 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j e�g t,tsð Þ � e�g t0�tsð Þ j

q
, ð21Þ

where

q5 ¼ s5 � f cm
f 0

� ��0:45

� khε∞sh
�� ���0:85

, ð22Þ

and

kh ¼ 1�h3

ε∞sh ¼ ε∞s �0:57514

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
14

t0þ τsh
þ3

r
τsh ¼ τ0 �kτa � ksDð Þ2

ε∞s ¼ εs,cem � f cm
f 0

� �sεf
τ0 ¼ τs,cem � f cm

f 0

� �sτf

8>>>>>>>>>>><>>>>>>>>>>>:
: ð23Þ

D (mm) is the equivalent thickness of the concrete
member. The different parameters s5, εs,cem, sεf , τs,cem and
sτf are given in Table 4. kta is the aggregate factor, given

TABLE 4 Parameters of the B4s

model for the different cement types:

R = normal, RS = rapid hardening,

SL = slow hardening.

Parameter R RS SL

p1 0.70 0.60 0.80

p5H 8.00 1.00 8.00

s2 14.2 � 10�3 29.9 � 10�3 11.2 � 10�3

s5 1.54 � 10�6 41.8 � 10�6 150 � 10�6

εs,cem 590 � 10�6 830 � 10�6 640� 10�6

sεf �0.51 �0.84 �0.69

τs,cem 0.027 0.027 0.032

sτf 0.21 1.55 �1.84

TABLE 5 Values of the aggregate-dependent factor kτa for the

B4s model.

Aggregate type kτa

Diabase 0.06

Quartzite 0.59

Limestone 1.80

Sandstone 2.30

Granite 4.00

Quartz Diorite 15.0

6 CARON ET AL.
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in Table 5 and ks is the shape factor given in Table 6. h
(�) is the relative humidity.

g t� tsð Þ determines the speed of drying creep and is
given by

g t� tsð Þ¼ p5H � 1� 1�hð Þ � tanh
ffiffiffiffiffiffiffiffiffiffi
t� ts
τsh

r� �	 

, ð24Þ

where p5H is a parameter given in Table 4.
In this study, the adaptation of the B4s model is done

using the same approach in the past to extend the B4
model to account for various types of admixtures and
aggregates.30 This approach takes parameters correspond-
ing to normal hardening cement as reference (R) and
introduces new scaling factors to account for the material
differences. When they are set equal to one, the original
B4s model is recovered.

For basic creep, three scaling factors ζ1, ζ2 and ζ4 are
introduced in the definitions of q1, q2, q3 and q4:

q1 ¼ p1 �ζ1
Ecm

q2 ¼ s2 �ζ2 � f cm
f 0

� ��1:58

q3 ¼ 0:976 � s2 �ζ2 � f cm
f 0

� ��3:19

q4 ¼ 4�10�3 �ζ4 � f cm
f 0

� ��1:16

8>>>>>>>>>><>>>>>>>>>>:
, ð25Þ

ζ1 adjusts Equation (17) for estimating the initial
strain due to the loading. ζ2 and ζ4 are scaling parameters
for the basic creep model corresponding to early age and
late age creep, respectively.

For the drying creep, the optimization was done on Jd
against the experimental drying creep compliance Jexpd ,
defined as the difference between the compliance in
unsealed conditions Jexp and the compliance in sealed
conditions Jexpb , for samples loaded at the same age. Due
to the change in Young's modulus between sealed and
unsealed samples, the experimental drying creep compli-
ances do not start at zero but show an offset in the range

of 2–5 μm/m/MPa. This offset had a non-negligible
impact on the calibration of the parameters of the model.
For this reason, it was removed for each experiment for
the optimization process and the model for drying creep
compliance was compared to:

Jexpd ¼ Jexp t, t0, tsð Þ� Jexpb t, t0ð Þ� Jexp t0, t0, tsð Þ� Jexpb t0, t0, tsð Þ� �
:

ð26Þ

For drying creep the scaling factor ζ5 is introduced in
Equation (22):

q5 ¼ s5 �ζ5 �
f cm
f 0

� ��0:45

� khε∞sh
�� ���0:85

: ð27Þ

3.3 | Calibration method

The calibration is done using the experimental results
obtained in this study. It was performed by applying the
least squares method on the average of the obtained
curves.

To avoid experimental biases at early stage,
weights were applied to early stage and late stage results.
The experimental results were split into two-time inter-
vals delimited by the transition time tw. This transition
time varied with 11 values logarithmically-spaced
between (10�3 and 50) days. For each transition time, the
weight for the early-stage result ω1 and the weight for the
late-stage result ω2 ¼ 1�ω1 varied between 20% and 80%.
For each calculation, different initial guesses were tested
to obtain the parameters that correspond to the global
minimum of the objective function written as

ℱobj params;twð Þ¼

ω1 � ℱmodel params;t≤ twð Þ
�ℱexp t≤ twð ÞÞ2þω2

� ℱmodel params;t> twð Þ
�ℱexp t> twð ÞÞ2,

ð28Þ

where ℱmodel is the tested model, ℱexp is the experimen-
tal result. params are the different parameters of the con-
sidered model to be calibrated as described in the
previous section. The values of the fitted parameters var-
ied at most by 1.5% for different values of weights and
transition times in the objective function for all the
experiments. The experimental curves were also cali-
brated without any weights. The results were always in
the range of the weighted results. Hence, the results in
the following sections correspond to the parameters
obtained by performing the calibration without any
weights.

TABLE 6 Values of the shape factor ks for the B4s model.

Specimen shape ks

Infinite slab 1.00

Infinite cylinder 1.15

Infinite square prism 1.25

Sphere 1.30

Cube 1.55

CARON ET AL. 7
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4 | RESULTS

In this part, the experimental results of the different
mechanical tests are presented. The creep results are
expressed in terms of creep compliance J (μm/m/MPa).

4.1 | Experimental Young's modulus and
compressive strength results

Table 7 provides Young's modulus and compressive
strength according to EN 12390-13.27 The specimens sub-
jected to drying showed less change in Young's modulus
with time and had a lower Young's modulus compared to
the sealed samples. As expected, specimens with larger
diameters have higher Young's modulus, when exposed
to drying. This is coherent with the fact that the drying of
samples with larger diameter takes more time.

4.2 | Experimental shrinkage results of
AAS concrete

The experimental shrinkage results in both sealed and
unsealed conditions are plotted in Figure 2. It can be seen

that autogenous shrinkage is high, as already observed in
References 23,24. As discussed in a previous study,3 this
could be because of a higher drop in relative humidity
during the first days of reaction. As measured in Refer-
ences 31–33, the internal relative humidity of AAS in
sealed conditions can drop by 80% after 7 days, while it
remains higher than 90% for cement.34,35 Thus, the capil-
lary pressure in AAS concrete is higher and causes a
higher basic shrinkage. Nevertheless, a few authors indi-
cated that the contribution of capillary pressure cannot
explain totally basic shrinkage and that other mecha-
nisms should be considered as the reduction of
steric-hydration force33 and creep effects.36 Moreover, the
contribution of drying shrinkage, defined as the differ-
ence between experimental results in unsealed conditions
and sealed conditions is relatively low in comparison to
OPC concrete. For example, in the B3 model,14,15 only
drying shrinkage is taken into account and basic shrink-
age is neglected. Thus, the relative humidity gradient
between the inside and outside at age of exposure to dry-
ing (7 days) is lower for AAS concrete and this leads to
lower drying shrinkage.

4.3 | Experimental creep results of AAS
concrete

The results of basic creep for different specimen diame-
ters and ages are shown in Figure 3. It can be seen that
for samples tested in this study, the effect of diameter is
not significant on the basic creep behavior of AAS con-
crete. This is in accordance with the model hypotheses
made in both fib MC 2010 and B4s models that do not
take the notional thickness, and thus the diameter, as a
parameter. The initial creep compliance is lower for older
samples. This can be explained by the evolution of
Young's modulus between both ages (see Table 7). The
creep behavior can be discomposed between early-age
and late-age deformations. During the first days after
applying the load, the specimens loaded at an age of

TABLE 7 Young's modulus and compressive strength results.

Testing
age (d)

Exposure
age to
drying
(d)

Diameter
(mm)

Young's
modulus
(GPa)

Compressive
strength
(MPa)

7 n.a. 100 27.7 40.9

7 n.a. 150 26.7 43.8

28 n.a. 100 30.3 50.4

28 n.a. 150 30.4 57.8

28 7 100 27.7 51.5

28 7 150 29.7 55.8

100 7 100 26.3 56.5

Note: n.a stands for not applicable.

FIGURE 2 Experimental

basic and drying shrinkage

results (a) for 100 mm diameter

(b) for 150 mm diameter.

8 CARON ET AL.
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7 days creep more than the ones loaded at an age of
28 days. This could come from the changes in the micro-
structure that take place between these ages. Indeed,
between 7 and 28 days, as the slag reaction continues, the
pore structure becomes denser with smaller pores.37,38 In
particular, at lower degree of reaction, a higher quantity of
water in the pore structure is present than after 28 days.39

This can be put into perspective with the water redistribu-
tion in cementitious materials that was observed in Refer-
ence 40. The higher water content in the pore structure
would induce a higher early-age creep. For the later-age
behavior, the rates of creep compliance L¼ dJ

dt for both 100
and 150mm diameters and for both loading ages 7 and
28 days are very similar (see Figure 3b). This would sup-
port theories that the asymptotic behavior for basic creep
depends only on the material as suggested by Vandamme
et al.41 This asymptotic behavior could come from the
slipping of C-S-H layers,42,43 or due to rearrangement of
C-S-H, which would result in a reduction of the gel
porosity44 and an increase of the packing density.41,45

The rate of creep compliance after 100 days for OPC con-
crete provided in Reference 41 is around 0.05, while it is
found to equal 0.13 for AAS in this study. At least two
mechanisms could explain the higher creep of AAS. The
first one is that the secondary reaction products of AAS
are mainly amorphous46 while portlandite and ettringite,
present in OPC concrete as crystalline phases, have a
negligible contribution to creep.47 Hence, with higher
amounts of amorphous phases, AAS would creep more.
The second explanation could be due to the microstruc-
ture of the C-A-S-H gel. Higher uptake of aluminum in
the structure, as is the case for AAS in comparison to
OPC, increases the amount of bounded water in the C-A-
S-H gel.48 Suwanmaneechot et al.49 proved that creep
increases as the water adsorption thickness increases. For
these authors, the mechanism explaining creep is the
sliding of C-A-S-H layers. Thus, the higher creep of AAS
may be because of more amorphous secondary products
and a higher amount of bounded water due to higher alu-
minum uptake.

The results of drying creep for both 100 and 150 mm
diameter specimens are shown in Figure 4. In compari-
son to basic creep, the creep compliance just after loading
for samples loaded at age 7 days is a bit higher (around
2 μm/m/MPa). This comes from the differences in
Young's modulus between dried and sealed specimens
(see Table 7). As for sealed samples (see Figure 3a), the
specimens loaded earlier (i.e., after 7 days) show a much
higher increase in compliance from 0 to 10 days (see
Figure 4). At later age though, the creep compliance
increases much more than the one from sealed samples.
The drying creep results for specimens dried after 7 days
and loaded after 7, 28 and 100 days, that is, just after dry-
ing, 21 days after the start of drying and 93 days after the
start of drying, respectively, are shown in Figure 5. It can
be seen that the different samples loaded after 7, 28 or
100 days show the same increase in compliance between
10 days and 84 days of loading. In Reference 3 it was
already pointed out that the internal drying of AAS is
much higher than the one of OPC and that the internal
relative humidity drops lower than 85% after 7 days.33

This means that the moisture gradient with the ambient
environment is lower for AAS concrete and that the dry-
ing of AAS concrete specimens should be lower than for
OPC systems. This would also explain why the difference
in drying creep between 100 mm diameter specimens
and 150 mm diameter specimens is very low (less than
5 μm/m/MPa after 100 days for loadings at either 7 or
28 days).

The influence of the ratio Rcr on creep compliance is
plotted in Figure 6 (a). The creep behavior of the sample
loaded at 20% of the compressive strength at 28 days
f cm,28 is very similar to the one loaded at 33% of f cm,28.
The sample loaded at 60% of f cm,28 tends to show higher
creep compliance. Such higher creep strains for higher
loading have already been reported in the literature for
OPC and are explained by the increased formation of
microcracks.50,51 Zhou et al.21 in past have pointed out
that Rcr is found to have little influence on the creep coef-
ficient for AAS concrete, which is also evident from

FIGURE 3 Experimental

basic creep results for sustained

loading from 7 or 28 days with

100 or 150 mm diameters.

(a) Creep compliance (b) Rate of

creep compliance. On (b) the

red line is plotted only to guide

the eye.
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experimental results from this study as shown in Figure 6
(b). This would mean that despite a higher number of
microcracks with higher loads, the creep strain remains
linear with Rcr up to 60% of the compressive strength.
This is contradictory to assumptions made for OPC-based
concrete in fib MC 201052 and B4s model,30 where the
linearity between creep strain and applied load is
assumed to be 40% and 45% of the compressive strength,
respectively.

5 | CALIBRATION OF CREEP
RESULTS FOR AAS WITH EXISTING
ENGINEERING MODELS

5.1 | Calibration of creep results for AAS
concrete with the fib MC 2010

As presented in Section 3, the creep behavior is expressed
with the creep coefficient ϕcc for the fib MC 2010. The
basic creep coefficient ϕbc is used for basic creep

(Equation 7), while the drying creep coefficient ϕdc is
used for drying creep (Equation 9).

5.1.1 | Calibration of the basic creep results
with the fib MC 2010

The basic creep model from the fib MC 2010 is
calibrated for AAS concrete from the results of the
specimens BC-7d-Ø100, BC-7d-Ø150, BC-28d-Ø100 and
BC-28d-Ø150. The results of the calibration of the fib
MC 2010 with the Equation (13) are shown in
Figure 7 and the calibrated parameters are summa-
rized in Table 8. The original fib MC 2010 underesti-
mates the value of the basic creep coefficient by at
least factor two. The calibrated extended fib MC 2010
as described in Section 3 (Equation 13) underestimates
the creep coefficient at early ages. However, at later
age, the proposed model is able to capture the basic
creep behavior of concrete. The results with the use of
the Equation (15) for the calibration for βbc are also
given in Figure 7 and Table 8. As expected, the modeled
creep coefficient does not start at 0 in comparison to
Equation (13). However, the proposed model fits cor-
rectly the experimental curves after 10 days of loading. In
this case, ξbc,1 characterizes the asymptotic behavior and
is in the range (1.7–2.3). The coefficient ξbc,2 is in the
range (1.1–1.7) and indicates that the kinetics of creep for
AAS concrete is slower than the one of cement.

5.1.2 | Calibration of the drying creep results
with the fib MC 2010

For drying creep, the calibration was done using the
creep results of the samples DC-7d-Ø100, DC-7d-Ø150,
DC-28d-Ø100 and DC-28d-Ø150. The use of the equation
(Equation 13) with the calibration method presented in
Section 3.3 did not allow the convergence of the

FIGURE 5 Experimental drying creep measured for samples

dried from 7 days and loaded at different ages (7, 28 and 100 days).

FIGURE 4 Experimental

drying creep measured for age of

exposure to drying ts equal to

7 days and loading at ages (a) 7

or (b) 28 days.
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optimization process, despite trials with several
weights and transition times between early-age and
late-age. The comparison between the drying creep
coefficients ϕdc from the experiments and the one pre-
dicted by the original fib MC 2010 are plotted in Figure 8.

At early-age, as explained in Section 4.3, the difference in
the creep evolution between sealed and unsealed samples
is quite low, resulting in a low drying creep. Up to
around 10 days, the drying creep coefficient ϕdc is overes-
timated by the fib MC 2010. However, after 10 days, the
evolution of ϕdc reaches an asymptotic behavior with a
slope higher than predicted by the fib MC 2010. These
results raise a possible issue on the adaptability of the fib
MC 2010 to describe the drying creep of AAS with the
Equation (8).

In conclusion, the basic creep model of the fib MC
2010 can be extended for AAS concrete. After 100 days,
the basic creep coefficient is around two times higher for
such concrete. For drying creep though, the fib MC 2010
could not be adapted with the method proposed in
Reference 17.

FIGURE 6 Experimental

drying creep for samples dried

after 7 days and loaded at

28 days at different sustained

loads. (a) Creep compliance

(b) Creep coefficient.

FIGURE 7 Calibration of the basic

creep model of the fib MC 2010 from

experimental results obtained in this

study. Calibration is made with both

Equations (13) and (15) independently.

The prediction intervals correspond to

changes in the calibrated parameters

from changes in the optimization

weights at early stage and late stage.

TABLE 8 Results of the calibration for basic creep with the fib

MC 2010.

Model
Equation (13) Equation (15)

Name ξbc,1 ξbc,2 ξbc,1 ξbc,2

BC-7d-Ø100 2.37 2.80 1.98 1.15

BC-7d-Ø150 1.81 1.40 1.71 1.11

BC-28d-Ø100 1.96 0.57 2.20 1.68

BC-28d-Ø150 2.39 1.12 2.33 1.28

CARON ET AL. 11

 17517648, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/suco.202300134 by K

arlsruher Inst F. T
echnologie, W

iley O
nline L

ibrary on [21/06/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



5.2 | Calibration of creep results for AAS
concrete with the B4s model

In the B4s model, the creep behavior is described mathe-
matically by the compliance function, as presented in
Section 3 (Equation 16).

5.2.1 | Calibration of the basic creep results
with the B4s model

The calibration of the basic creep behavior with the B4s
model is plotted in Figure 9 and the corresponding
obtained parameters are given in Table 9. The values of

FIGURE 8 Comparison of the

drying creep coefficient ϕdc modeled

with the fib MC 2010 with the

experimental results obtained in this

study.

FIGURE 9 Calibration of the basic

creep model of the B4s model from

experimental results obtained in this

study. The prediction interval

corresponds to changes in the calibrated

parameters from changes in the

optimization weights at early stage and

late stage.
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ζ1 are lower than 1 meaning that the elastic strain due to
the initial loading is lower than predicted by the original
B4s model. Conversely, the values of ζ2 are in the range
7–9 indicating that the strain evolution after the loading
is relatively higher than for OPC concrete. This indicates
that AAS concrete creeps much more in the first hours of
loading, in comparison with cement-based systems. The
same conclusion could be drawn with an alternative opti-
mization approach where ζ1 was fixed to 1. In this case,
ζ2 varied between 4.8 and 5.5. For the creep behavior at
later-age, ζ4 values go from 2.24 to 4.01. It means that the
creep evolution at late-age is higher than predicted by the
B4s model, as was the case for fib MC 2010 model. Simi-
lar to the fib MC 2010, the B4s model can be adapted to
describe qualitatively the basic creep behavior of AAS
concrete despite much higher values of basic creep.

5.2.2 | Calibration of the drying creep results
with the B4s model

As seen in Figure 10, the original B4s model overesti-
mates the drying creep behavior for AAS concrete at the

initial stage. However, the appropriate calibration of ζ5
from Equation (27) provides satisfactory results with the
B4s model. The low values of the calibrated parameter ζ5
(see Table 10) reflect that drying creep is lower in the
case of AAS concrete compared to OPC concrete. The
lower drying creep for AAS concrete can be attributed to
the relatively low external drying due to the relatively
low internal humidity of AAS concrete, as explained in
Section 4.3.

It should be noted that in comparison to Reference
24, the experimental results of this study did not reach
the second part of the characteristic S-curve for creep
behavior. This could influence the optimization of ζ5. For
this reason, the results of Table 10 should be referred to
with caution.

In conclusion, the B4s model can be extended for
AAS concrete for both basic creep and drying creep.
The basic creep compliance should be multiplied by a
factor between two and three after 100 days. In drying
conditions, the extended B4s model describes correctly
the creep evolution. Given that the functional forms of
the B4s model are based on the solidification theory,30

TABLE 9 Results of the calibration for basic creep with the B4s

model.

Name ζ1 ζ2 ζ4

BC-7d-Ø100 0.75 8.1 3.5

BC-7d-Ø150 0.47 9.5 2.2

BC-28d-Ø100 0.98 7.2 4.0

BC-28d-Ø150 0.53 9.7 4.1

FIGURE 10 Calibration of the additional

part of the creep compliance due to drying of the

B4s model from the experimental results

obtained in this study. The prediction interval

corresponds to changes in the calibrated

parameters from changes in the optimization

weights at early stage and late stage.

TABLE 10 Results of the calibration for drying creep with the

B4s model.

Name ζ5

DC-7d-Ø100 0.26

DC-7d-Ø150 0.54

DC-28d-Ø100 0.48

DC-28d-Ø150 0.50

CARON ET AL. 13
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this theory could be used in the future to understand
the creep behavior of AAS concrete.

6 | CONCLUSION

In this study, new experimental results are presented on
the creep of AAS for both sealed and unsealed conditions.
The following conclusions can be drawn from this study:

• In comparison to OPC concrete, basic creep is around
two times higher after 100 days of loading. The rate of
basic creep compliance at late age is also higher for
AAS concrete.

• The drying creep of AAS concrete is less significant for
AAS concrete for both diameters 100 and 150 mm. It is
notably lower than OPC concrete at early-age and this
could be explained by a higher internal drying during
the chemical reaction between the slag and the alkali
solution.

• The linearity of the creep strain with the applied load is
valid up to at least 60% of the compressive strength for
AAS, while the linearity range is limited to 45% for OPC.

• Both fib MC 2010 and B4s models were calibrated from
the experimental results presented in this study. Both
models could be extended for basic creep. The scaled
parameters indicate that AAS concrete creeps around
two times more than OPC concrete and that the basic
creep rate at late-age is higher.

• For drying creep, the fib MC 2010 fails to capture the
experimental trend by a simple adaptation of the exist-
ing model. A new form function for drying creep
would be required to extend the model to AAS con-
crete. On the contrary, the B4s model was able to cor-
rectly capture the drying creep evolution. The scaling
factor shows that the drying creep compliance is
around two times lower than for OPC concrete.

The above conclusions are subjective to the mix tested
in this study. Further studies would be required in the
future for varied mix designs and different activator solu-
tions to come up with the appropriate extension of engi-
neering models for AAS concrete.
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16. Wendner R, Hubler MH, Bažant ZP. Optimization method,
choice of form and uncertainty quantification of model B4
using laboratory and multi-decade bridge databases. Mater
Struct. 2015;48(4):771–96.
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