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This study investigates the development of elastic and creep properties of sodium hydroxide-activated blast
furnace slag mortar, utilizing three different molarities of the activator solution and two solution-to-binder ratio
and a reference OPC-based mixture, since the earliest age. The experimental phase involves a series of hourly-
repeated 5-min long creep tests on the aging material. This approach enables continuous monitoring, facili-
tating the characterization of early-age elastic stiffness and creep properties. Linear regression is employed to
calculate the tangent unloading (elastic) modulus and Poisson’s ratio. To model short-term creep behaviour, a
power-law creep function is utilized. The integration of these findings with calorimetry-derived evolutions of
cumulative heat release establishes linear correlation between (compressive) strength and heat release, along
with a power function relationship between unloading (elastic) modulus and heat release. An optimal alkali
dosage (NagO content) appears to be vital for long-term strength development. Additionally, the creep param-
eters, namely amplitude (A) and kinetic (K), demonstrate a gradual decrease, although they maintain values

higher than those of the corresponding OPC mixture, as the heat release progresses.

1. Introduction

Growing environmental concerns attributed to high carbon emis-
sions from Portland cement production have prompted researchers to
seek alternatives that mitigate carbon footprints and address global
warming (Lothenbach et al., 2011; Bijen, 1996; Li et al., 2021; Dai et al.,
2022; Naqi et al., 2023). Industrial by-products like ground granulated
blast furnace slag (GGBFS) and fly ash (FA), when activated with alka-
line components such as sodium hydroxide and water glass, have
demonstrated not only promising but even superior mechanical prop-
erties compared to Portland cement (Hardjito et al., 2004; Juenger et al.,
2011; Provis et al., 2015). Several studies have explored the utilization
of GGBFS as a sole binder to enhance the overall sustainability of con-
crete production (Bijen, 1996; Bakharev et al., 2003; Wang and Scriv-
ener, 1995; Roy, 1999).

In practical civil engineering, the durability of concrete structures is
closely connected to both chemical processes and mechanical properties
during the early stages. The rapid changes in characteristics like hy-
dration, stiffness, creep, strength, and shrinkage significantly influences
the serviceability, durability, and, most importantly, the safety of
structures (Serdar et al., 2020). Understanding the potential for concrete
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cracking demands a clear grasp of its viscoelastic behaviour, particularly
in the early stages (Delsaute et al., 2017). Concrete creep has been a
topic of study for more than a century (Brooks, 2005; Bazant and Xiang,
1997). Over the years, numerous predictive models have been proposed
to estimate long-term deformations, which serve as essential references
for the structural design of concrete structures. Various theories have
been proposed to gain a deeper understanding of creep behaviour in
concrete structures, including the seepage theory (Powers, 1968), the
interlayer theory (Feldman, 1968), the viscous shear theory (Walter,
1968), the thermal activation theory (Wittmann, 1973) and Bazant’s
et al. (Bazant et al., 1997) microprestress-solidification theory; that
appears to be an extension to author’s previous solidification theory. A
comprehensive overview of the creep mechanisms of C-S-H (calcium--
silicate-hydrate) can be found in the literature (Tamtsia and Beaudoin,
2000; Ye, 2015).

It is widely accepted that creep and relaxation result from the
viscoelastic behaviour of the reaction products (Neville, 1964; Bazant
and Prasannan, 1988). Previous research, highlighted by Brooks (2005),
Bazant (Bazant and Xiang, 1997), and Li (Bazant and Li, 2008), involved
classical creep tests on concrete that can last from days to years. These
longer tests can be affected by factors like changing humidity and
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temperature over time, making their interpretation complex. Further-
more, the coupling between the continuously evolving hydration prod-
ucts and the simultaneous development in material properties
(Irfan-Ul-Hassan et al., 2016), all while samples are under load, further
complicates the study of time-dependent deformations. Consequently,
accurately predicting the contribution of each factor in creep theories
poses a significant challenge.

The predictive models developed in the past to monitor the evolution
of concrete properties were constructed upon extensive experimental
datasets. However, they primarily focused on hardened concrete, lack-
ing the capability to forecast the viscoelastic behaviors in its very early
stages of hardening (Delsaute et al., 2016a, 2017). Given this limitation,
the significance of monitoring the developments of both elastic (Young’s
modulus) and viscoelastic properties (basic creep) from the very early
stages of concrete production becomes even more apparent, especially
for emerging concrete formulations, where traditional models may not
provide accurate predictions (Serdar et al., 2020).

To address the aforementioned problem in measuring (aging) creep,
Irfan-ul-Hassan et al. (Irfan-Ul-Hassan et al., 2016) and Delsaute et al.
(2017) introduced a novel experimental methodology. Their approach
involves conducting compressive creep tests on fresh paste/mortar
mixtures, with hourly repetitions, during the initial days of hydration,
starting from the moment of final setting. These tests were performed
with loading periods of 3 and 5-min, respectively. Furthermore, the
applied loading was 15 % and 20 %, respectively, ensuring that the
samples remained undamaged and operated within the linear creep
range (Ruiz et al., 2007). During these brief loading intervals, the
microstructure of the sample remains virtually constant, indicating
non-aging creep. However, the microstructure undergoes changes be-
tween successive tests, resulting in intrinsic aging and a continuous
evolution of creep properties over time. In each short-term creep test,
creep behaviour is characterized using either a power-law (Irfa-
n-Ul-Hassan et al., 2016; Gobel et al., 2018a) or logarithmic law-type
creep function (Delsaute et al., 2017). These short-term creep testing
protocols have proven to be highly effective, not only when applied to
cement-based binders at paste (Irfan-Ul-Hassan et al., 2016), mortar
(Irfan-ul-Hassan et al., 2017), and concrete scales (Delsaute et al., 2017;
Ausweger et al., 2019), but also to the blend cements (Gobel et al.,
2018a; Schmid et al., 2023). Although, considerable research has
investigated the early-stage creep behaviour in cement-based systems
through different techniques (Vandamme and Ulm, 2013; Jones and
Grasley, 2011; Chen et al., 2017; Wyrzykowski et al., 2019; Hu et al.,
2020; Hu et al., 2021), there has been no research conducted on the
early-age creep properties of alkali-activated systems.

This study aims to fill this gap by investigating whether short-term
creep testing methods can be used effectively for alkali-activated sys-
tems. The hydration process of GGBFS varies significantly from tradi-
tional OPC systems. Hence, this study undertakes the challenging task of
effectively defining the early-age creep behaviour and precisely pre-
dicting the (aging) viscoelastic deformation in slag-based mixtures with
varying molarities. Additionally, a range of load rates spanning from 5 s
to 300 s and different load magnitudes ranging from 5 % to 40 % of
compressive strength are employed to analyse the effects of loading rate
and loading magnitude on the viscoelastic deformations of slag mortar
samples.
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2. Experimental program
2.1. Raw materials

CEM I 52.5 N type ordinary Portland cement (OPC) and ground
granulated blast furnace slag (GGBFS) were utilized as binders in this
study. Detailed oxide compositions of both binders are provided in
Table 1. The density of OPC was 3.15 g/cm?, while GGBFS exhibited a
density of 2.92 g/cm?®. For the activation of GGBFS, a powdered form of
sodium hydroxide (NaOH), commonly referred to as caustic soda, with a
purity of 97 %, was utilized as the activator.

2.2. Mix compositions and mixing procedure

The details of the mortar mixes utilized in this study were presented
in Table 2. An alkaline activator was prepared using sodium hydroxide
(NaOH) as the alkaline compound. Sodium hydroxide anhydrous pearls
were mixed with distilled water to create different molarity concentra-
tions: 0.5, 2 and 8 M. The molarity increased by a factor of 4 for each
activation attempt. The alkaline solutions were prepared 24 h prior to
mixture preparation. For the mortar samples, oven-dried silicious sand
(0/4 mm) was used as fine aggregate. Two groups of alkali-activated
mortar (AAM) mixtures and one OPC-based reference mixture was
prepared to investigate the impact of different molarity concentrations
and solution or water-to-binder (S or W/B) ratios on the early age elastic
and viscous properties. It is noteworthy that in case of AAM mixtures,
the S/B ratio remained constant for each group of molarity concentra-
tion, resulting in varying water-to-binder ratios (W/B) due to the pres-
ence of alkalis in the systems.

In the first group, the S/B ratio remained constant at 0.5 for three
molarity concentrations. Consequently, the corresponding water-to-
binder (W/B) content and sodium oxide (NayO) content varied from
0.37 to 0.49 and from 9.76 % to 0.76 %, respectively. In the second
group, the S/B ratio was fixed at 0.8 for three molarity concentrations,
resulting in corresponding W/B content and NayO content ranging from
0.60 to 0.78 and from 15.61 % to 1.22 %, respectively. The sand-to-paste
ratio was set at 1 for all studied samples. This selection led to a corre-
sponding sand-to-slag (binder) ratio of 1.5 for the first set of mixtures,
prepared with an S/B ratio of 0.5. Meanwhile, the second set of mix-
tures, prepared with an S/B ratio of 0.8, resulted in a sand-to-slag ratio
of 1.8. The most concentrated mixture, denoted as 8 M and prepared
with an S/B ratio of 0.5 and W/B ratio of 0.37, was chosen as the
benchmark composition. Preliminary tests on this mixture revealed that
a sand-to-paste ratio exceeding 1 significantly compromised the homo-
geneity of the mixture. This means that the mixer was unable to blend a
high quantity of sand in such a high concentration mixture, ultimately
resulting in a non-homogenous and unworkable blend. Therefore, to
maintain consistency across all remaining mixtures, a sand-to-paste
ratio of 1 was adopted. It is important to note that the water content
absorbed by the sand, with a coefficient of absorption of 1.99 %, was not
considered in these mixture proportions. As a result, the effective W/B
ratio for all studied compositions remained consistently lower than the
values presented in Table 2. The designation “REF” indicated the OPC-
based reference composition, while the AAM mixtures were labelled
with their respective molarity concentration, followed by the S/B ratio.
For instance, the first mix was labelled as 8 M — 0.5SB, signifying a
molarity of 8 M and an S/B ratio of 0.5.

Fresh mortar mixtures were prepared using a 20-L capacity mixer in
the following manner: the activator solution was poured into the mixing

Table 1

Oxide composition of OPC and GGBFS (Carette and Staquet, 2016; Dai et al., 2020).
Binders CaO SiOy Al,03 MgO SO3 TiOy K20 Nay,O Fe,03 MnO
OPC (%) 60.39 21.37 5.69 2.41 3.10 0.47 0.67 0.28 3.06 0.09
GGBFS (%) 40.80 33.30 12.30 7.84 2.30 1.29 0.67 0.44 0.39 0.36
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Table 2
Mixture design for OPC and GGBFS mortar mixtures (kg/m3).
Series Mix ID NaOH (mol/L) Binder (kg) Sol. (kg) Water (kg) Sand (kg) S/B W/B NayO0® (%)
REF OPC - 0.5WB - 708 - 354 1062 - 0.50 -
AAM 8 M — 0.5SB 8 750 375 281 1125 0.5 0.37 9.76
S/B 2M — 0.5SB 2 710 355 329 1065 0.5 0.46 2.88
ratio = 0.5 0.5M — 0.5SB 0.5 700 350 343 1050 0.5 0.49 0.76
AAM 8M — 0.8SB 8 595 476 357 1071 0.8 0.60 15.61
S/B 2M — 0.8SB 2 554 443 410 997 0.8 0.74 4.61
ratio = 0.8 0.5M — 0.8SB 0.5 545 436 427 981 0.8 0.78 1.22

@ Mass percentage of GGBFS.

bowl, followed by the addition of the precursor (GGBFS). Mixing was
performed at a low speed of 300 + 10 rpm for 60 s, and then the mixing
speed was increased to high speed (500 + 10 rpm) for an additional 30 s.
Subsequently, the sand was added to the paste mixture within 30 s while
the mixer was still at low speed, and then the mixing speed was switched
to high speed for an additional 30 s. The mixer was then rested for 90 s,
the bowl was scraped, and the mixing process concluded with 60 s of
high-speed mixing.

2.3. Experimental techniques

2.3.1. Isothermal calorimetry

The heat flow from the paste mixture was recorded using an eight-
channel TAM Air isothermal conduction calorimeter at 20 °C for a
duration of 7 days after mixing. This allowed for the measurement of
both the direct heat flow and the cumulative heat release Q(t). Paste
samples were prepared externally and immediately filled into glass vials.
The vials were then sealed and loaded into the calorimeter for testing. To
ensure accurate measurements, the initial 1-h data was excluded from
the cumulative heat release data. This exclusion was necessary because
the sample preparation time took approximately 15 min, and an addi-
tional 45 min was required for the calorimeter to reach thermal stability
due to the thermal disturbance caused by the insertion of the sample (Hu
et al., 2014). However, it is suggested that the total heat released during
this initial period is relatively insignificant compared to the total heat
release by the paste, as also documented in the literature (Lenormand
et al., 2015).

2.3.2. Compressive strength

The compressive strength of slag mortar samples was determined on
50 mm cubes that were cured in sealed condition. After casting, the
samples were stored in a temperature-controlled chamber at 20 °C.
Demoulding was conducted after 24 h, and the samples were then
wrapped in plastic sheets and placed back in the climatic chamber until
testing. For each testing age, an average of three samples was taken to
obtain the strength value.

2.3.3. Short-term creep testing

2.3.3.1. Test setup. Uniaxial compressive creep measurements were
conducted on cylindrical samples with a diameter of 97 mm and a height
of 550 mm. In order to monitor the free strains (thermal and autoge-
nous), a companion cylindrical sample, referred to as a dummy sample,
was also prepared with the same dimensions as the loaded specimen.
After casting, the mortar mixture was poured into a Polyvinyl chloride
(PVC) mould and stored in a temperature-controlled chamber at 20 °C
The samples were demoulded a few hours after the final setting and then
ground on both faces to ensure flat surfaces. Subsequently, they were
wrapped in two self-adhesive aluminium sheets to maintain full sealing
and prevent drying.

The creep test was conducted using a Walter + Bai LFMZ 100 kN
electromechanical testing machine, which was located in a climatic
room maintained at a constant temperature of 20 °C. An Invar© exten-
someter, consisting of two rings, was attached to the sample using three

anchorages with elastic blades per ring (refer to Fig. 1). The initial
length, also referred to as the base length or measurement length, be-
tween the two rings was set to 350 mm. To ensure accurate measure-
ments, the length changes were recorded in the central part of the
sample, which is a zone practically free of shear stresses. This was done
to eliminate any edge effects resulting from friction at the interface
between the sample and the load platens (Karte et al., 2015). or
displacement measurement, three longitudinal displacement sensors
were placed at 120° intervals around the specimen. These sensors had a
maximum stroke of 0.5 mm and were used to measure the displacement
between the two rings. Additionally, three transversal displacement
sensors, also placed at 120° intervals around the sample, measured the
transversal length change between the lower ring and the sample.

2.3.3.2. Test protocol. The short-term creep testing protocol involved
subjecting the sample to hourly-repeated minute-long compressive
loadings. Fig. 2 illustrates a schematic diagram of one cycle of the short-
term creep test. The load applied during each test was set at 20 % of the
sample’s compressive strength at the time of testing. The loading was
force-controlled and applied within 10 s, maintaining a constant force.
Once the desired stress level was reached, the load was kept constant for
5 min (300 s). Subsequently, the load was removed within 10 s. It is
important to note that at this load level, the samples remained undam-
aged and remained within the elastic range (Ruiz et al., 2007). To
validate this assumption, the dummy specimen was loaded for a few
cycles at the end of the test. This validation process demonstrated that
the creep strains induced during the short-term creep test, which con-
sisted of a 300-s force plateau, were fully recoverable., see Fig. 18 of Ref
(Irfan-Ul-Hassan et al., 2016). To ensure proper contact between the
load cell and the specimen, a constant compressive load of 0.3 kN was
applied to the sample during the 1-h recovery time between two
consecutive creep tests. Since the recovery time between tests was
significantly longer than the duration of the creep test itself, subsequent

hinged fixed steel Longitudinal

displacement sensor

Air-conditioned
room at 20°C 24

Sample temperature

Lateral displacement
8| recorded

sensor

Anchorages with
elastic Llades

Fig. 1. Test setup consisting of mortar cylindrical loaded and dummy sample,
two Invar rings holding longitudinal and lateral displacement sensors (spacing
120°) around the sample (Delsaute and Staquet, 2019).
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Fig. 2. Scheme of two successive repeated creep tests in the context of 5-min
long creep test.

creep test cycles were conducted on the same sample starting from a
fully recovered configuration. Furthermore, a strategy was developed to
enable the continuous monitoring of multiple mixes in the test setup.
Initially, hourly-repeated minute-long loadings were performed during
the early stages when the hardening process is most active. Subse-
quently, tests were conducted at specific ages, such as 28, 90 and 180
days, to assess the long-term evolution of viscoelastic properties. This
approach allowed for the simultaneous testing of multiple mixtures
during the same period.

2.3.3.3. Test evaluation. The evolution of uniaxial stress o(t) is defined
as

o(t) A @

where F(t) is the applied compressive force, as a function of time, and A
is the cross-sectional area of the tested sample, A = 7390mm?.

From each 5-min creep test, the total strain evolutions were
measured based on the longitudinal displacement sensor readings as
follows:

3

1 A/t
&l () = 330mm 2 3( ) 2

where A/ represents three longitudinal sensor readings, averaged, and
divided by the measurement length (350 mm) to quantify the total
longitudinal strain evolution.

The elastic modulus was estimated by performing linear regression
on the stress and strain measurements obtained during loading and
unloading events, specifically between 20 % and 80 % of the load range
(Delsaute et al., 2016b). Both the loading and unloading modulus yiel-
ded the same estimate of the elastic modulus. However, in this study,
only the unloading modulus was considered for a specific creep test. The
instantaneous elastic strains, €¢(t), can be quantified from the uniaxial
stress, o(t), and the unloading (elastic) modulus, E,,. Creep strains,
€. (t), can be derived by subtracting the total measured longitudinal
strains, €q(t), and free strains, eq(t), and the instantaneous elastic
strains, g (t):.

o(t)
Elll'l

ar(t) = €t (t) — € (t) — €a(t) = €i(t) — 3

The basic creep behaviour, of short-term creep test, is described in
terms of a compliance function "Y' (units in MPa~1), or as a ratio of elastic

deformation, known as creep coefficient "¢, . Compliance is a unit of
strain per stress as shown in (4).

Sml(t:t)zecl(t)+€cr(tvt): 1 +C(t,t’) (4)

106:0="5 o)) E.,

where J(t,t) is the compliance as a function of time (t), and loading age
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(t/), €0t 1S the total strain in the loaded specimen in m/m, ¢ is the stress
applied in MPa, ¢ is the elastic strain in m/m, e, is the creep strain in
m/m. Ey, is the unloading (elastic) modulus in MPa, and C is the specific

creep in MPa 1. The basic creep coefficient ”(pc” for which the link with
the unloading (elastic) modulus and the creep compliance is given in (5).

1+ (t,1)

eu(t, 1)
Eun :

J(t,0) = e

» Qe (t7 t’) = )

Where o, (t,t) is the creep coefficient, ratio between creep strain and
elastic strain.

Evaluation of creep experiment was carried out in the context of
linear theory of viscoelasticity (Reiss, 1961), considering that loading
phase contains both the elastic and time-dependent creep deformations
(Irfan-Ul-Hassan et al., 2016; Ausweger et al., 2019; Binder et al., 2023).
Boltzmann’s superposition principle was used to compute the strain
evolution &y(t) in terms of time convolution integral (Boltzmann,
1878).

do

~dt 6
o (6)

Eo(t) = /OlJ(t —1)

where J(t — t) represents the uniaxial creep function, ‘(’7‘[’ stands for time-
derivative of the stress history. As regard the creep function, a power-
law type creep function, first introduced in (Delsaute et al., 2012) was
used that utilizes only two fitting parameters, amplitude parameter ‘A’:
linked to the amplitude of creep coefficient after 5-min of loading, and
kinetic parameter ‘K’: linked to the kinetic evolution of the creep coef-
ficient, and reads

1 At
J(t—t):E +tg (tA> @

where ty,= 300s is the reference time.

The stress was applied within 10 s during the loading phase, in the
time interval t;g < t < tps. During the subsequent 300 s (5-min) of stress
plateau phase, in the time interval t > tpg, the stress vanishes as shown in
Fig. 2. Dividing the stress history in number of small steps and inserting
eq. (7) into eq. (6) yields following total strains €(t).

Al&
Ao_ (ﬁ) tA t— tLS K+1 t— tPS K+1
Slmmeun g, <K+ 1) {( ta ) B ( ta ) } &)

where Ao denotes the stress increase applied during the loading phase,
ts is the time for start of loading, and tps is time for start of plateau.

Creep parameters, amplitude ‘A’ and kinetic ‘K,” were identified for
each creep test by minimizing the square root of sum of squared errors
between the experimentally and modelled obtained total strain evolu-
tions as follows:

N

1
Eerror = N Z [eexp (ti) ~ €mod (ti)] ’ (9)

i=1

where ‘N’ is the number of experimental readings used for the test
evaluation, that contain both the loading and holding phase.

The test setup, as shown in Fig. 1, also enabled us to monitor the
evolutions of Poisson’s ratios from the set of recordings (longitudinal
and transversal strains) of whole loading, unloading events and defined
as

Vo =—o (10)

where €%, and €/ represents transversal and longitudinal strains,
respectively.
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3. Individual test results
3.1. Isothermal calorimetry

The normalized heat flow and accumulated normalized heat of the
OPC and sodium hydroxide activated pastes, with varying molarity
(NaOH concentration) and S/B ratios, up to 7 days, are presented in
Fig. 3 (a) and (b), respectively. The first peak in the heat flow curves is
linked to the wetting and fast dissolution of small slag grains upon
contact with the alkaline activator (Shi and Day, 1995). However, due to
thermal disturbance caused by the insertion of the sample, the data
corresponding to this peak had to be excluded from the analysis. The
heat flow curves presented in Fig. 3 (a) depict the calorimetric evolution
after the initial peak. The second exothermic peak observed in the curves
corresponds to the formation of primary reaction products (Shi and Day,
1995). Samples with higher molarity concentrations, such as 8 M,
exhibited an increase in slope during the accelerating period. Addi-
tionally, the main peak in the heat flow curves was found to be higher for
mixes with higher molarity concentrations. This can be attributed to the
higher alkali content present in these mixes, which promotes a faster and
more extensive dissolution of slag and the subsequent formation of re-
action products (Shi and Day, 1995; Huanhai et al., 1993). However, the
mixture with the lowest molarity concentration, 0.5 M, did not exhibit a
noticeable main peak. Furthermore, the reaction acceleration was lower
and more prolonged for mixtures with decreasing molarities (from 8 M
to 0.5 M) and a lower S/B ratio. The reaction rates are significantly
influenced not only by the molarity concentration of the mixtures but
also by the S/B ratios and, consequently, the corresponding W/B ratios.
For instance, 8 M mixtures with S/B ratios of 0.5 and 0.8 exhibit W/B
contents of 0.37 and 0.60, respectively. In isothermal calorimetry,
where the samples are fully sealed with no external curing,
self-desiccation occurs due to the chemical shrinkage accompanying the
slag hydration reactions. This phenomenon results in decreased ongoing
reaction rates, with a more pronounced effect in lower W/B pastes
(Bentz et al., 2009). Therefore, the 8M-0.5SB mixture, which has a lower
W/B content of 0.37, exhibited a lower reaction peak compared to its
counterpart, the 8M-0.8SB mixture, which has a higher W/B content of
0.60. A similar trend was observed for the remaining mixtures. The
reference OPC mixture showed longer induction period and an inter-
mediate magnitude of the main peak in the heat flow compared to the 8
M and 2 M slag mixtures. However, the cumulative heat release, in case
of OPC mixture, is highest compared to all other slag-based mixtures, see
Fig. 3 (b). It is noteworthy that, slag-based mixtures with the same S/B
ratio and varying W/B content, both the initial rates of the reaction and
the maximum heat release were influenced by the concentration of
NaOH in the solution. This resulted in higher degrees of reaction with
increasing NaOH concentration, as depicted in Fig. 3 (b). This trend is

8
=——8M - 0.5SB====2M - 0.5SB===0.5M - 0.5SB
==<+8M-0.85B===+2M-0.8SB===+0.5M - 0.8SB
——OPC - 0.5WB

6_ 4

Heat flow q [mW/g binder]

1
Age [d]
(a)
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different from what has been observed in cement-based systems, where
the initial rates of reaction are barely distinguishable for varying W/B
ratios (Bentz et al., 2009; Pang, 2015).

To evaluate and describe the relationship between test results at later
ages (7 days onwards), two extrapolation models were employed. The
first method involved plotting the cumulative heat Q as a function of the
inverse square root of age (ISR), considering that Q linearly increases
with decreasing the inverse square root of time. A detailed description of
the extrapolation procedure can be found in referenced works (Nagi
etal., 2023; Lenormand et al., 2015; Aboulayt et al., 2020; Lacante et al.,
2022). The second method utilized an exponential model, originally
proposed by Freisleben-Hansen and Pedersen (FHP), which was fitted to
the calorimetry curves (Pane and Hansen, 2005; Neithalath, 2008). Eq.
(11) represents the exponential function used.

Q) = Quexn(-[1]') an

where Q(t) represents the obtained total heat at time (t), and Q,,,, is the
maximum heat release. The term 7 represents the reaction time
parameter that controls the time shift in reaction curve, while p is the
reaction slope parameter that shapes the reaction curve (Neithalath,
2008). To adjust the multi-curvature calorimetry evolutions, the above
equation was adapted as:

Q(t) =a exp( - [’%1] ﬁI) +ay exp( - [T—ﬂ ﬁz) 12

Quax =a1 + 2 13)

Fig. 4 depicts the extrapolation procedures and the representative fit
to the experimentally obtained calorimetric results of the mixtures with
a S/B ratio of 0.5. The solid lines represent the experimentally obtained
cumulative heat data up to 7 days, while the dashed lines illustrate the
fitted models for later ages. The maximum heat release Q,,,, and other
model parameters for all alkali-activated paste samples and OPC mixture
listed in Table 3. A comparison of the maximum heat release provided by
the two methods revealed that the exponential method (FHP) predicted
a lower value of heat release compared to the inverse square root of age
function (ISA) for all the studied mixes. It is important to mention that
ultimate heat release obtained using exponential function are strongly
dependent on the reaction time parameter 7 and reaction slope param-
eter p. The earlier the reaction time parameter, the more rapid will be
the reaction. Furthermore, an increase in reaction slope parameter refers
to a faster reaction process. In this study, when referring to the cumu-
lative heat release, the estimation from the inverse square root of age
function (ISA) was used. It should be noted that these estimations of Q,,,
based on extrapolation models involved significant uncertainty, as the
curve fitting was not well-constrained for high cumulative heat release,
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Fig. 3. Isothermal calorimetry results of the samples: (a) heat flow curves, and (b) are the cumulative heat as a function of sample age. All values are normalized per

gram of binder (slag/cement).
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Fig. 4. Cumulative heat response of paste samples using (a) inverse square root of age function, and (b) exponential function.
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Table 3

Exponential model parameters, and models predicted ultimate heat release Q,,,,,
of all paste mixes.

Mix ID a T By a, T B, Qunax Quax (ISR)
(FHP)
(624 @ & W (d) =) /9 /g
8) 8)
8M — 201 05 0.6 84 2.4 1.9 285 338
0.5SB
2M — 123 0.7 05 63 2.9 1.4 186 214
0.5SB
0.5M — 49 27 03 14 5.2 0.2 63 77
0.5SB
8M — 219 1.9 02 110 7.0 0.6 329 380
0.8SB
2M — 139 20 02 88 10.7 0.3 227 259
0.8SB
0.5M — 68 3.4 03 5 128 0.1 73 76
0.8SB
OPC - 312 1.5 06 74 1.9 0.5 386 445
0.5WB

and the non-reactive part of the binder was not taken into account in
these extrapolation models (Snellings et al., 2021; Caron et al., 2023).
Therefore, the actual value of Q,,, at an infinite time would be
significantly higher than the values presented in Table 3. For compari-
son purpose, in this study, the extrapolation of cumulative heat releases
up to an age of 28 days was considered.

The maximum heat release , Q,,,,, obtained through extrapolation
techniques, varies for different S/B ratios and molarity concentrations of
the alkaline activator, as shown in Table 3. The concentration of the
activator plays a critical role in regulating the chemical reactions that
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occur during the reaction process, thereby influencing the formation of
specific reaction products. Since each chemical reaction has a unique
reaction enthalpy, the variations in enthalpy changes translates in
different maximum heat release for different mixtures.

3.2. Compressive strength evolution

The plot shown in Fig. 5 (a) displays the average development of
compressive strength across all the examined mixtures. Samples con-
taining NaOH concentrations of 8 M and 2 M exhibited a significant
development in compressive strength within the initial first few hours
following casting, registering 4 MPa of strength at 3.5 and 8 h, respec-
tively. The fast development in strength during early ages (within 3
days) was followed by a gradual and steady improvement in later ages.
The 8 M — 0.5SB mixture displayed superior compressive strength both
in the early and later stages, surpassing the samples with lower molarity
concentrations. This observed trend aligns with expectations, as the
molarity concentration of the activator significantly impacts the devel-
opment of strength at early stages. A higher molarity concentration
creates a more alkaline environment, characterized by an elevated Na;O
content, which facilitates greater dissolution of the slag binder and
subsequent formation of reaction products, ultimately leading to
enhanced strength development (Gebregziabiher et al., 2016; Krizan
and Zivanovic, 2002). In addition to the high molarity concentration,
which contributes to increased strength, the lower water-to-binder
(W/B) content also played a crucial role in achieving high early-age
compressive strength in the 8 M mix compared to the 2 M and 0.5 M
mixes, all with a fixed S/B ratio of 0.5. The lower W/B content resulted
in a higher solid volume fraction, enabling the rapid formation of re-
action products. This, in turn, facilitated the development of a denser
microstructure, leading to a significant and rapid increase in strength

100 T 25N 03sE ® M-03SB W 05M-03SB
= A $M-08SB O 2M-08SB O 0.5M-0.8SB
% OPC-0.5WB
g 80 R
=
en
E 60
2]
[
Z 40
2]
0
=
E- 204 @/@Z‘/;;//h
Qo
@]
0 T T .
0 100 200 300 400
Cumulative heat [J/g binder]
(b)

Fig. 5. Compressive strength development as a functions of sample age (a) and the cumulative heat release (b).



A. Nagqi et al.

over time (Nagi et al., 2023). While the 8 M and 2 M mixtures, activated
with a fixed S/B ratio of 0.5, demonstrated relatively high early strength
gain, the rate of strength development decreased at later ages, specif-
ically beyond 28 days. The 0.5 M — 0.5SB sample did not exhibit
measurable compressive strength initially after 1 day, but experienced
an approximate increase of 60-65 % in compressive strength between 7
and 28 days, and around 150 % compared to the 7-day strength, at 180
days of hydration.

The OPC mixture demonstrated the highest compressive strength
value of 24.40 MPa after 1 day of testing, surpassing both 8 M and 2 M
samples. Moreover, it maintained its strength increment over slag-based
mixtures even at later ages. In the case of mixtures featuring a 0.8 S/B
ratio, the 2 M — 0.8SB mixture exhibited higher compressive strength
than the counterpart with a higher molarity concentration (8 M). This is
noteworthy since the former had a lower molarity concentration of 2 M
and a higher W/B content of 0.74, while the latter had a molarity con-
centration of 8 M and a W/B ratio of 0.60. This observation can be
attributed to the excessive alkali content present in the 8 M mixture,
accounting for 15.61 % (NayO/slag), in contrast to 4.61 % in the 2 M
mixture. Previous reports (Wang et al., 1994) had indicated that an
optimal alkali dosage (NaO content) within the range of 2 %-5.5 % was
effective in achieving the desired material properties. However,
increasing the alkali content beyond 5.5 % did not yield a significant
effect on strength development (Dai et al., 2022; Reddy and Sub-
ramaniam, 2020). In addition, it was observed that excessive alkalinity,
denoted by a NayO content greater than 9 %, could lead to issues such as
efflorescence and brittleness. This was primarily from the presence of
free alkali within the system, which had adverse effects on the overall
performance and durability of the material (Wang et al., 1994; Saludung
et al., 2021). Therefore, it can be deduced that there exists a threshold
value for alkali content within a fixed S/B ratio, significantly influencing
the strength development of slag-based systems. This also suggests a
diminishing influence of W/B content.

In Fig. 5 (b), a linear correlation between compressive strength (f.)
and cumulative heat release (Q) is observed. The resulting linear fits
reasonably capture the observed strength development. For example, 2
M — 0.5SB sample was specifically chosen for analysis and extrapola-
tion. The process of data fitting yielded a linear equation characterized
by a slope of 0.182 MPa/(J/g binder), an intercept of —5.04 MPa, and an
R? value of 0.98. The negative intercept implies that a certain amount of
heat release was essential for the formation of reaction products and the
initiation of an interconnected network, preceding the compressive
strength development (Bentz et al., 2012). This required minimum heat
release was indicated with Q,. Additionally, mixtures with higher W/B
ratios required a greater amount of heat release to establish a connected
network of reaction products and initiate the progression of strength
development. This phenomena could be attributed to the increased
interparticle spacing resulting from the higher W/B ratio (Bentz et al.,
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2009; Ismail et al., 2011).
3.3. Evolution of elastic and creep properties

3.3.1. Unloading (elastic) modulus (E,n)

The evolution of unloading (elastic) modulus is visually presented in
Fig. 6 (a). Among the AAM samples prepared with a S/B ratio of 0.5,
there was a noticeable decrease in modulus with decreasing molarity
concentrations. Remarkably, within 10 h following the sample produc-
tion, the 8 M — 0.5SB mixture demonstrated significant modulus
development, reaching around 21 GPa. This value was approximately
60-65 % higher than the modulus of the 2 M — 0.5SB mixture at the
same age. This early high modulus was expected, as the increased
molarity concentration of the mixture facilitated higher slag dissolution
and the formation of a larger amount of dense reaction product,
resulting in rapid microstructural development (Gebregziabiher et al.,
2016; Ben Haha et al., 2011). Nevertheless, the modulus evolved slowly
after 1 day for the 8 M — 0.5SB mixture. During the interval between 1
and 7 days, there was merely 16 % increment in stiffness. The stiffness
then stabilized in later stages, showing relatively a modest 13 % incre-
ment in stiffness between 7 and 180 days. This phenomenon can be
attributed to the high reaction rate during the initial stages, character-
ized by rapid dissolution of slag. This process resulted in the formation
of a dense outer reaction product as well as a thin inner protective layer
surrounding the slag grains. The presence of this inner protective layer
posed a barrier to the diffusion process, causing the reaction products to
continually accumulate around the hydrating slag grains. (Gebregzia-
biher et al., 2015, 2016; Ben Haha et al., 2011; Deir et al., 2014; Grus-
kovnjak et al., 2006). At later stages, the ionic diffusivity was reduced
due to the increased density of the thin shell of the reaction product,
particularly pronounced at higher molarity concentrations (Gebregzia-
biher et al., 2015). This constrained diffusion process resulted in a
marginal stiffness increase during the later stages.

Moreover, for the same S/B ratio of 0.5, higher molarity concentra-
tions corresponded to lower W/B ratios. This reduction in W/B ratio
might lead to a reduction in ion mobility, consequently contributing to
the deceleration in stiffness development in the later stages (Gebreg-
ziabiher et al., 2015). A relatively steady increase in stiffness was
observed for the 2 M — 0.5SB mixture, demonstrating a 24 % increase in
modulus between 1 and 7 days. However, the rate of stiffness develop-
ment slowed down in later ages, with an 18 % increment between 7 and
28 days, followed by an approximate 22 % increase after 180 days in
comparison to the 7-day value. For the 0.5 M — 0.5SB mixture, modulus
testing was not conducted at early ages due to the brittle nature of the
sample. No measurable modulus value was obtained until 3 days, at
which point the sample displayed a high modulus of 10 GPa. From 3.5 to
7 days, the modulus increased by 19 %. Following this, the sample
experienced an increase of approximately 20-25 % in modulus between
7 days and 28 days, followed by a substantial 50-55 % increase after 180
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Fig. 6. Evolutions of the unloading moduli as a function of sample age (a) and the cumulative heat release (b).
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days when compared to the 7-day value. The OPC mixture exhibited a
stiffness development of 20.5 GPa at 1-day testing period, which was 13
% lower value than the corresponding value of 8 M — 0.5SB at the same
age. However, rate of stiffness development in the OPC mixture was
found to be faster compared to the slag-based 8 M mixture, as indicated
by the similar stiffness values of both mixtures at 7 and 14 days.

Among the mixes with a higher S/B ratio, the 2 M — 0.8SB sample
demonstrated a higher modulus compared to the 8 M — 0.8SB mix up to
3 days. This observation could be explained by the excessive alkali
content present in the 8 M — 0.8SB sample, which hindered the devel-
opment of stiffness at an early age. However, both mixes showed a
similar evolution of stiffness from 3 days up to 28 days. It is noteworthy
that the 8 M — 0.8SB sample exhibited a decrease in stiffness at 180 days.
This decline in stiffness at later ages for alkali-activated slag mixtures
has also been reported in previous studies, attributed to changes in
curing conditions and the leaching of ions, which compromised the
microstructure of the sample (Lura et al., 2001; Prinsse et al., 2020; Li
et al., 2020). In this study, however, all samples were sealed and treated
under the same curing regime, indicating that environmental changes
were not the main reason for the decrease in stiffness in a specific
mixture. However, the excessive high alkali content of 15.61 %
(NayO/slag) in the 8 M — 0.8SB mixture resulted in the formation of
whitish deposits (efflorescence) on the sample surface. This occurrence
was attributed to the leaching of free alkalis from the sealed sample,
which reacted with atmospheric CO, (Saludung et al., 2021). The loss of
structural ions and the formation of crystal growths have been reported
to cause a damage to the microstructure of the sample (Saludung et al.,
2021; Lietal., 2020), compromising the development of stiffness at later
ages. As a result, the data obtained for the 8 M — 0.8SB sample at 180
days was excluded from further discussions.

The 0.5 M — 0.8SB sample reached an unloading modulus of 9 GPa
after 4 days, which gradually increased to 9.8 GPa after 7 days. An
approximately 27 % increase in stiffness was observed between 7 and 28
days, and approximately 50-55 % increase after 180 days compared to
the stiffness at 7 days. Among all other mixtures, the samples with the
lowest molarity concentrations, 0.5 M, exhibited the highest rate of
stiffness increment between 7 and 180 days. After 180 days, the
unloading modulus of the most concentrated mixture, 8 M — 0.5SB with
a W/B ratio of 0.37, was only twice as high as the stiffness of the least
concentrated mixture, 0.5 M — 0.8SB with a W/B ratio of 0.78. Fig. 6 (b)
shows a correlation between the unloading modulus and cumulative
heat release. At the same cumulative heat release, samples with higher
molarity concentration and lower W/B ratio displayed higher stiffness.
The OPC sample, on the other hand, required a higher amount of heat
release to reach comparable stiffness to the AAM mixtures with a S/B
ratio of 0.5. Samples prepared with 0.8 S/B ratio (0.5 M, 2 M, and 8 M)
exhibited lower elastic modulus—for the same amount of heat relea-
se—compared to their counterparts prepared at 0.5 S/B ratio. This dif-
ference in modulus can be attributed to the substantially higher water
content (higher W/B ratio in 0.8 S/B samples), which increases the
interparticle spacing between slag grains and requires more heat release
to develop stiffness. To model the evolution of unloading moduli E,, as a
function of cumulative heat release Q, a power function of the form (Eq.
(14)) was used.

_o. \
Q-Q, > 14)

Qmax - Qo

The model was fitted to the experimental data (see Fig. 6 (b)), where
E, is the unloading moduli when Q is equal to Q,,,, Q, denoting min-
imum heat release required to initiate the stiffness development and f
representing the power-law exponent. Numerical values for the fitting
parameters along with the root mean square error (RMSE) are provided
in Table 4.

It is important to mention that the ultimate unloading moduli E,
were obtained using least square method. The process of fitting depends

Eu(Q)=Fa s
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Table 4
Unloading modulus E,, parameters for all slag based compositions and OPC
mixture.

Mix ID Ee Q, Quax (ISR) B RMSE
(GPa) /) /g ) (GPa)
8 M — 0.5SB 29.23 27 338 0.25 0.23
2 M — 0.5SB 25.36 30 214 0.40 0.74
0.5M — 0.5SB 17.38 39 77 0.41 0.28
8 M — 0.8SB 20.60 98 380 0.43 0.50
2M — 0.85B 19.23 55 259 0.31 0.27
0.5M — 0.85B 14.11 45 76 0.62 0.26
OPG - 0.5WB 29.50 54 445 0.37 0.09

strictly on the quantity of points used for fitting, and even more
importantly, on the range of cumulative heat release (Q) within which
the fitting is conducted. However, smaller RMSE values suggest that the
model fits well within the actual data and effectively describes the
stiffness evolutions throughout the reaction process.

3.3.2. Poisson’s ratio

The temporal evolution of Poisson’s ratio is shown in Fig. 7. The
inability to present the Poisson’s ratio evolution for all the tested mix-
tures resulted from the malfunction in one of the lateral displacement
sensors after a few tests. As a result, Poisson’s ratio data for OPC mix was
sourced from a prior study (Delsaute, 2016) for comparison with the
results of select AAM mixtures, as shown in Fig. 7 (a). The Poisson’s ratio
for the OPC-based mixture demonstrated a decrease to an approximate
value of 0.13 during the early stages of the reaction, followed by an
increase to a value near to 0.18. This initial decrease in Poisson’s ratio
was linked to the presence of a continuous water phase that gradually
became discontinuous due to water consumption during the hydration
process. Once the matrix reached the percolation threshold, solid stiff-
ening dominated the process, resulting in an increase in Poisson’s ratio
(Bernard et al., 2003). In contrast, the 8 M — 0.5SB specimen maintained
a constant Poisson’s ratio of roughly 0.13 throughout the testing dura-
tion. This phenomenon is attributed to the rapid dissolution of slag
during the initial stages, resulting in the formation of a dense outer re-
action product layer. At later stages, the ionic diffusivity was reduced
due to the increased density of the thin shell of the reaction product,
particularly pronounced at higher molarity concentrations (Gebregzia-
biher et al., 2015). Consequently, the combination of fast initial for-
mation of reaction products followed by reduced refinement at later
stages leads to a matrix with a constant value of Poisson’s ratio from the
early stages.

Conversely, for specimens with the same S/B ratio of 0.5, the Pois-
son’s ratio of the 0.5M-0.5SB sample did not exhibit a constant trend
during the hardening process. Initially, it decreased from 0.18 to
approximately 0.10, then gradually increased to a final value close to
0.13. The differing evolution of Poisson’s ratio between the 8 M and 0.5
M mixtures, both prepared with the same S/B ratio of 0.5, can be
attributed to two factors. Firstly, the higher molarity concentration in
the 8 M mixture facilitates a faster dissolution of the binder, resulting in
a dense microstructure at early stages. This density keeps the Poisson’s
ratio almost constant from the very early age. Secondly, the 8 M mixture
has a lower W/B content compared to the 0.5 M mixture, with W/B
ratios of 0.37 and 0.49, respectively. This reduction in the W/B ratio in
the 8 M mixture likely leads to decreased ion mobility and, conse-
quently, contributes to lesser microstructure refinement at later stages.

Among mixtures with a 0.8 S/B ratio, the 8 M — 0.8SB mixture
initially displayed a slightly lower Poisson’s ratio of 0.10. This value
increased to a final measurement of 0.13 at later stages. The subtle
evolution in Poisson’s ratio in the early stages can be attributed to the
relatively higher W/B ratio of 0.60, as opposed to the 8 M — 0.5SB
mixture, which had a W/B ratio of 0.37. These observations align with
the reported average range of Poisson’s ratios (0.12-0.16) for alkali-
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Fig. 7. Evolutions of the Poisson’s ratios as a function of sample age (a) and the cumulative heat release (b).

activated systems found in the literature (Hardjito, 2005; Diaz and
Allouche, 2010; Thomas and Peethamparan, 2015). On the other hand,
the 0.5 M — 0.8SB mixture exhibited a gradual decrease in Poisson’s
ratio from 0.20 to approximately 0.10. It then gradually increased to a
final value close to 0.12. This trend in the 0.5 M mixtures can be
elucidated by their lower alkali content and higher W/B ratio, leading to
a slower rate of stiffness development, as discussed in previous sections.

Fig. 7 (b) illustrates the correlation between Poisson’s ratio and cu-
mulative heat release. For clarity, the correlation for the low concen-
trated mixtures (0.5 M) at lower cumulative heat is presented in the inset
of Fig. 7 (b). It can be seen that the value of Poisson’s ratio gradually
decreased as the heat release increased for the low molarity mixtures,
whereas the high molarity mixtures maintained a relatively constant
Poisson’s ratio with minimal fluctuations. In comparison, the OPC mix
exhibited a higher Poisson’s ratio at higher cumulative heat compared to
the AAM mixtures.

3.3.3. Creep parameters (‘A’ and ‘K’) and creep prediction error

Fig. 8 (a) shows the temporal evolutions of the creep amplitude
parameter ‘A’. Across all compositions, the amplitude parameter
exhibited a decreasing trend during the hardening phase. This gradual
decrease in the amplitude parameter signifies a reduction in the creep
activity of the mixtures (Carette and Staquet, 2016). Among the samples
prepared with a S/B ratio of 0.5, the 8 M sample displayed nearly un-
varying amplitude value of 0.10 from the first creep test up to 10 days,
followed by a marginal dip at an age of 14 days, ultimately reaching
0.07 at 180 days. On the other hand, the 2 M mixtures exhibited a sig-
nificant decay in amplitude from 0.20 at first creep test at an age of 11 h
to 0.06 for the last creep cycle at an age of 180 days. The amplitude of
the 0.5 M mixtures, compared to the 2 M and 8 M mixtures with the same
S/B ratio, experienced a more steady decrease in amplitude from 0.10 at
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first creep test to 0.04 at the last creep test at an age of 180 days. This
implies that at an age of 180 days, the creep strains account for roughly 7
%, 6 %, and 4 % of the elastic strains following only a 5-min stress
plateau during the short-term creep cycle for the 8 M, 2 M, and 0.5 M
mixtures, respectively, prepared with a S/B ratio of 0.5. The reference
mixture prepared with OPC exhibited a decay in amplitude from 0.11 at
the first creep test at an age of 1 day to 0.05 for the last creep test at an
age of 28 days. It is worth noting that the amplitude parameter was
found to be lower for mixtures prepared with a higher W/B ratio, as
shown in Table 2, which aligns with prior findings (Delsaute, 2016).
The trend remained the same for mixtures with a S/B ratio of 0.8. The
higher molarity mix (8 M) maintained an almost constant amplitude
parameter value of 0.10 until the final creep test at 28 days. In contrast,
the 2 M mixture exhibited a gradual decline in amplitude over time,
decreasing from 0.12 at first creep test at the age of 1 day to approxi-
mately 0.06 for the last creep test at an age of 180 days. The 0.5 M
sample, mixture with the lowest molarity concentration and a W/B ratio
of 0.78, displayed a notable scattering of the amplitude values, that
started at 0.09 for the first creep test at an age of 4.4 days to 0.05 for the
last creep test at an age of 180 days. Consequently, at a 180-day age, the
creep strains accounted for roughly 6 %, and 5 % of the elastic strains
after only a 5-min stress plateau during the short-term creep cycle for the
2 M and 0.5 M mixtures, respectively, prepared with a S/B ratio of 0.8. A
correlation between the amplitude parameter and cumulative heat
release is presented in Fig. 8 (b). The amplitude parameter for high
molarity (8 M) mixtures maintained a stable range around 0.09 to 0.10
for the given heat release up to 28 days. However, for the 2 M and 0.5 M
mixtures, a gradual decay in the amplitude parameter was observed with
increasing heat release. In contrast, the OPC sample required a higher
amount of heat release to reach amplitude values comparable to the 2 M
mixtures. The inset in Fig. 8 (b) illustrates the lower cumulative heat
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Fig. 8. Evolutions of the amplitude creep parameters ‘A’ as function of sample age (a) and the cumulative heat release (b).



A. Nagqi et al.

release for the 0.5 M mixture.

The evolution of the kinetic parameter, denoted as K, with increasing
age is graphically represented in Fig. 9 (a). The higher molarity mixtures
(8 M) showed a relatively stable trend in the kinetic parameter, exhib-
iting minor fluctuations while largely maintain a value close to 0.4. In
contrast, within the intermediate molarity range mixtures (2 M), the
mixture with a S/B ratio of 0.5 showed a decrease in kinetic parameter
from 0.5 at an age of 11 h to 0.3 at the last creep test at an age of 180
days. For the 2 M — 0.8SB mixture, the kinetic parameter reduced from
0.6 at an age of 1 day to 0.4 at the last creep test at an age of 180 days.
On the other hand, compositions with lower molarity concentrations
(0.5 M) displayed a significant drop in the kinetic parameter, from 0.7 at
an age of 3 days to approximately 0.4 at the last creep test at an age of
180 days. Interestingly, all tested AAM mixtures exhibited a value close
to 0.4 at an age of 180 days, indicating a consistent and molarity-
independent characteristic. Similarly, the kinetic parameter for the
OPC mixture decreased from 0.5 at the first creep test at an age of 1 day
to 0.4 at the last creep test at an age of 28 days, aligning with the existing
literature (Delsaute et al., 2016a).

The corelation between the evolution of the kinetic parameter and
cumulative heat release is illustrated in Fig. 9 (b). Notably, the 2 M and
8 M mixtures showed a good correspondence, indicating a similar range
of the kinetic parameter for the same amount of heat release. Likewise,
the OPC mixture displayed a comparable range of the kinetic parameter
to that of 2 M and 8 M mixtures. Conversely, low molarity mixtures (0.5
M) showed a significant decay in the amplitude parameter within a very
limited amount of heat release. A closer examination of the correlation
between the kinetic parameter and heat release for the 0.5 M mixtures is
presented in the inset of Fig. 9 (b).

The creep prediction error, also known as the residual strain error, is
obtained by comparing experimentally measured strains with modelled
strains and is plotted as a function of age and cumulative heat release in
Fig. 10 (a) and (b), respectively. Among the high molarity mixtures, 8 M
and 2 M displayed a continuous decay in creep error over time, indi-
cating a better model fit during the hardening phase, characterized by
the minimal dispersion of data. However, mixtures prepared with lowest
molarities, specifically 0.5 M with 0.5 SB and 0.8 SB did not exhibit a
consistent trend in the progression of creep error. Instead, they showed
relatively higher scattering of residual strains during the initial stages
(up to 10 days), followed by the reduced residual strains at later ages.
Fig. 10 (b) illustrates the relationship between creep error and cumu-
lative heat release. For the same amount of heat release, all mixture
demonstrated a comparable creep error, except 0.5 M mixtures. In these
low mixtures with low molarity (0.5 M), which generated comparatively
less amount of heat, a higher scattering of predicted creep error was
observed during the hardening process. A closer look at the temporal
decrease in creep error for the 0.5 M mixtures is shown in the inset of
Fig. 10 (b).
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4. Discussion
4.1. Evolution of the total strains

The creep behaviour of the mixtures was further analysed by
comparing the experimentally obtained total strains with the modelled
total strains, using a power-law creep function characterized by two
parameters, ‘A’ and ‘K’. Fig. 11 displays the total strain histories of a
single creep test cycle for each AAM mixture, recorded at a 7-day age.
The results apparently indicate a promising fit of the model to the actual
measurements.

Nonetheless, upon a closer examination of the interface between the
elastic and viscous regions, particularly at the end of the loading branch
(that corresponds to the apparent elastic region) and the start of the
stress plateau (which represents the viscous region), an overshooting of
the elastic strains was observed. This observation is illustrated in the
amplified portion of Fig. 12 and indicates that the modulus derived from
the unloading branch of the creep test cycle underestimated the actual
elastic modulus of the material. This discrepancy is attributed to the
development of short-term creep strains during the loading and
unloading stages of the test (Irfan-Ul-Hassan et al., 2016). In order to
capture the overshot elastic strains, an improved fitting of the power-law
function was performed by increasing the unloading modulus by a few
percent, typically ranging between 6 % and 8 %. This adjustment
allowed for a more accurate estimation of the unloading modulus. The
approach of using larger estimates of the unloading modulus has been
reported in the existing literature (Irfan-Ul-Hassan et al., 2016; Gobel
etal., 2018b; Konigsberger et al., 2021). By incorporating this improved
estimate of the unloading modulus, the three-parameter power-law
function (‘E’ - the improved modulus, ‘A’, and ‘K’) demonstrated an
improved fit to both the elastic and viscous strains. This enhancement is
illustrated in the amplified portion of Fig. 12.

It’s noteworthy that this adjustment in the unloading modulus had a
notable influence on the development of the amplitude creep parameter
‘A’ and the kinetic creep parameter ‘K’. Hence, in the following section,
a comprehensive comparison was conducted concerning the pro-
gressions of both elastic and viscoelastic properties. This comparison
highlights the utilization of the conventional two-parameter power-law
creep function (‘A’ and ‘K’), alongside an improved version of creep
function, which incorporates three parameters (‘E’, ‘A’, and ‘K’). The
purpose was to more accurately capture the strains determined through
experimental means.

4.1.1. Comparative analysis of conventional and improved power-law type
creep function on the evolutions of creep properties

The temporal evolutions of classical moduli values, obtained from
the unloading branch of the creep test, are shown in Fig. 13 (a). In
Fig. 13 (b), an improved estimate of the unloading moduli, typically 6
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Fig. 9. Evolutions of the kinetic creep parameters ‘K’ as function of sample age (a) and the cumulative heat release (b).
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Fig. 13. Comparison between typical and improved evolutions of the unloading moduli (a) and (b), the amplitude creep parameter ‘A’ (c) and (d), the kinetic creep
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%-8 % higher, is highlighted. These enhanced estimates of moduli aim
to mitigate the overshooting of elastic strains, as discussed in the pre-
vious section. For each 5-min plateau of stress in the short-term creep
test, the creep coefficient was modelled using a power-law type creep
function (equation (8)) with two parameters, ‘A’ and ‘K’. The evolutions
of the amplitude parameter ‘A’ obtained using this conventional power-
law function is shown in Fig. 13 (c). The amplitude parameter decreased
from its peak value of 0.20 (2 M — 0.5SB) at first creep test at an 11-h age
and reached 0.04 (0.5 M — 0.5SB) for the last creep cycle at an age of 180
days. This indicates that the contribution of creep strains to the overall
elastic strains is only around 4 % following a 5-min stress plateau, based
on the last test conducted at 180 days. on the contrary, with the
improved model fitting, amplitude parameter resulted in higher values
across all ages, as illustrated in Fig. 13 (d). The amplitude decreased
from a maximum value of 0.23 (2 M — 0.5SB) at the first creep test at an
age of 11 h to a minimum value of 0.12 (0.5 M — 0.5SB) at the last creep
test at an age of 180 days. This suggests that creep strains account for
approximately 12 % of the elastic strains after only 5 min of loading
force at 180 days. Therefore, a significant difference in the amplitude
creep parameter ‘A’ is observed when comparing the conventional and
improved fitting of the model to the measurements. The kinetic creep
parameter ‘K’ decreased from a peak value of 0.7 (0.5 M — 0.5SB) at an
age of 3 days to approximately 0.4 at the last creep test at an age of 180
days, as depicted in Fig. 13 (e). Notably, the ‘K’ value exhibited greater
dispersion of data during the test cycles for the 0.5 M mixtures. In
contrast, with the improved model fitting, a reduced scattering of ‘K’
values was achieved, ranging from 0.35 at early ages to approximately
0.15 at the last creep test at an age of 180 days, as shown in Fig. 13 (f).
These ‘K’ values aligned with the range of power-law creep exponent f
(between 0.20 and 0.25) employed to evaluate creep strains during short
durations of loadings (Irfan-Ul-Hassan et al., 2016; Gobel et al., 2018a;
Ausweger et al., 2019; Binder et al., 2023; Konigsberger et al., 2021).
The residual strains obtained from both the typical and improved model
fitting are shown in Fig. 13 (g) and (h), respectively. The typical
power-law creep function, with two parameters fitting, exhibited a very
low creep error, indicating only a slight difference in creep error
reduction compared to the improved model fitting using three param-
eters with the experimentally acquired measurements.

4.2. Influence of rate of application of load on the evolutions of elastic
and viscoelastic properties

In this test, a constant load equivalent to 20 % of the compressive
strength was exerted on the same sample for four distinct loading in-
tervals: 5, 10, 30, and 300 s, occurring every hour. Following a 300-s
period of maintaining the force (stress plateau), the load was removed
within a 10 s interval. The results depicting the modulus evolution from
the “loading” branch for various durations up to 90 days are shown in
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Fig. 14 (a). The results indicated that increasing the rate of load appli-
cation had a significant effect on the stiffness evolution of the sample.
This effect can be attributed to the increase in strain over time resulting
from creep (Neville, 1997). However, as hydration progresses, the in-
fluence of the loading rate on stiffness development diminishes as the
viscous properties decrease (Delsaute et al., 2016b). These findings align
with the outcomes observed by Delsaute et al. (2016b) in OPC-based
systems, where a comparable impact of loading rate on modulus evo-
lution was demonstrated. The stiffness progressions derived from the
“unloading” branch are highlighted in Fig. 14 (b). Since unloading was
performed within 10 s for every cycle, irrespective of the loading rate, a
single trend of modulus progression was obtained. This trend implies
that the sample remained unaltered even after undergoing numerous
cycles with different loading rates.

The progression of temporal decay in the creep amplitude parameter
for different loading durations is presented in Fig. 15 (a). There were no
notable distinctions in the amplitude parameter across a range of load
application rates, spanning from 5 s to 300 s. The amplitude parameter
exhibited a decline from 0.06 at the first creep test at an age of 1 day to
0.03 for the final creep test at an age of 94 days. This suggests that the
creep strains generated during the loading phase were effectively
considered in the evaluation process, leading to an amplitude outcome
independent of the rate of load application. Conversely, the kinetic
parameter decreased from 0.7 at the first creep test at an age of 1 day to
0.4 at the last creep test at an age of 94 days. Like the amplitude
parameter, the kinetic factor remained unaffected by varying loading
rates, as illustrated in Fig. 15 (b).

The decline in creep error over time, observed for the varying rates of
load application (5 s, 10 s, 30 s, and 300 s), is presented in Fig. 16. A
consistent reduction in creep error was noted over time, across different
loading rates. This decline can be attributed to the diminishing viscous
characteristics of the sample as hydration progresses. Consequently, a
more accurate alignment with experimental results is achieved, leading
to a decrease in creep error during later stages.

4.3. Influence of magnitude of load on the evolutions of elastic and
viscoelastic properties

A cyclic test was performed on 2 M — 0.5SB mixture-based sample,
starting from 1 day after demoulding. The test involved applying loads
corresponding to 5%, 10%, 20%, and 40% of the compressive strength to
the sample every hour, with a loading/unloading rate of 10 s and a stress
plateau duration as described in section 2.3.3.2 (also see Fig. 2). The
evolutions of the measured loading and unloading (elastic) moduli
values for different stress ratios are shown in Fig. 17 (a) and (b),
respectively. The results indicate that the increasing stress concentration
(from 5 % to 40 %) only slightly influenced the measured elastic
modulus, particularly at the early age, where higher stress magnitudes
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Fig. 14. Temporal evolutions of the loading moduli (a) and unloading moduli (b) for the loading rates of 5, 10, 30 and 300-s.
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led to lower modulus values. It is evident that the impact of varying
stress magnitudes on modulus evolution can be considered negligible,
both in terms of loading and unloading modulus estimations. This
finding, however, contradicts the observations made by (Delsaute et al.,
2016b) on OPC systems, which demonstrated a significant impact of
loading magnitudes on modulus evolution at early ages.
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The temporal decay of the amplitude creep parameter ‘A’ is shown in
Fig. 18 (a) for various loading magnitudes of 5 %, 10 %, 20 %, and 40 %
of the compressive strength. As expected, higher stress magnitudes
resulted in higher amplitudes, with the highest amplitude observed for
the 40 % loading magnitude, followed by 20%, 10%, and 5%. This can
be attributed to the fact that higher stress magnitudes allowed for
greater deformation, leading to higher amplitude values. A comparable
observation was documented in a previous investigation of OPC systems
(see page 333, Fig. 6 in ref (Delsaute, 2016)). Throughout all the tested
cycles, the 40 % stress magnitude produced amplitudes that were twice
as high as those produced by the 5% stress loading at all testing ages. For
the kinetic creep parameter ‘K’, the values mostly remained in the range
close to 0.4 with some scattering for the lower loading magnitudes of 5%
and 10% of the compressive strength, as depicted in Fig. 18 (b).

The residual error for the loading magnitudes of 5 %, 10 %, 20 %,
and 40 % of the compressive strength is depicted in Fig. 19. Higher
magnitude stress concentrations showed a good decay of creep error
over time; the 40 % stress loading depicted the lowest creep error among
all tested loading magnitudes. On the contrary, the 5% and 10% loading
magnitudes demonstrated a greater difference (creep error) between the
experimentally obtained values and the modelled strains; the effect was
more pronounced at early ages and diminished as the samples hardened.

4.4. Comparative analysis of different evaluation procedures regarding
the evolution of elastic and viscoelastic properties

Herein, a comparison is conducted among the elastic and viscoelastic
properties, obtained through three distinct test procedures. The refer-
ence point for this analysis is the 2 M — 0.5SB mixture. The evolution of
moduli resulting from an identical loading rate (applying the load within
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Fig. 17. Temporal evolution of the loading modulus (a) and unloading modulus (b) for the loading magnitudes of 5, 10, 20 and 40% of compressive strength.
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Fig. 18. Evolutions of the amplitude creep parameters ‘A’ as function of sample age (a) and the kinetic creep parameter ‘K’ as function of sample age (b) for the

loading magnitudes of 5, 10, 20 and 40% of compressive strength.

15 ;
o DD O 5%
o b o o 10%
— | O 20% |
= 12 o ° A 40%
e ® &0
) o o
E o9 ]
o O 0
= | O
g OOO<>O o %
éﬁ o o 950 0 0 |
g* -<§X>é; ngégiﬁp g 0
Bl S 3 8
S ~

0 ;

1 10 100

Age [d]

Fig. 19. Temporal decay of creep error for varying magnitudes of 5, 10, 20 and
40 % of compressive strength.

10 s) and loading magnitudes (load equivalent to 20% of the compres-
sive strength) is presented. This representation aims to show the
repeatability and reproducibility of data as assessed by means of diverse
testing methodologies, as illustrated in Fig. 20. Remarkable consistency
in the evolution of stiffness was observed across the three distinct testing
procedures. During the initial stages, up until a duration of 7 days, no
substantial differences in the trajectory of loading moduli were evident.
Nonetheless, the moduli values derived from the loading rate testing
procedure (section 4.2) exhibited a marginal reduction, around 1-1.5
GPa, in contrast to the values derived from the loading magnitude
procedure (section 4.3), which aligned closely with the outcomes from
the conventional method (section 3.3). It is worth noting that these
slight variations in moduli hold limited significance, given the sub-
stantial variations (in terms of stress rate and stress magnitude) in creep
cycles introduced by the loading rates and loading magnitudes
employed throughout the testing protocol.

Fig. 21 (a) and (b) illustrate the amplitude and kinetic parameters
acquired through three distinct testing procedures, respectively. The
amplitude parameter decreased in the similar range of 0.06 at an age of
1 day to 0.03 at later stages and, thus, showed good reproducibility
across the three testing methods. Similarly, the kinetic parameter dis-
played a comparable trend, started at 0.5 at the initial stages and
decreased to a value near 0.4 at later phases. This trend is consistent

15

27 \ .
A Class.ical method - A
— O Loading rate é
Q? 244 O Loading magnitude o o g
<,
3
= 21+ 8
el
g
éﬁ 18+ .
2 £
S 154 g
— A
A
12 ML LR | R | ¥ L
0.1 1 10 100 1000

Age [d]

Fig. 20. Temporal evolutions of the loading moduli obtained through the
classical, loading rate and loading magnitude test procedures for the 2 M —
0.5SB mixture.

across the results obtained from the three different testing approaches.

5. Conclusions

A comprehensive experimental campaign, featuring hourly-repeated
5-min creep tests, has yielded valuable quantitative insights into the
early-age evolution of elastic stiffness and creep properties in alkali-
activated slag-based mortar samples. Based on the experimental find-
ings and associated model fitting, the following conclusions are derived:

e Isothermal calorimetry tests unveil distinct reaction patterns in slag-
based systems, with NaOH concentration affecting both initial re-
action rates and maximum heat release, diverging from conventional
OPC-based materials.

Higher NaOH molarity concentration accelerates reaction processes,
enhancing early-age mechanical properties (strength and stiffness) of
slag-based materials. However, an optimal alkali dosage (NayO
content) is vital for long-term strength development.

The creep behaviour analysis involves comparing experimentally
obtained total strains with modelled strains using a power-law
function defined by (A) and (K) parameters. The strain histories
demonstrate a favourable fit, yet reveal an overshooting of elastic
strains at transition zones. To address this, an improved unloading
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Fig. 21. Evolutions of the amplitude creep parameters ‘A’ as function of sample age (a) and the kinetic creep parameter ‘K’ as function of sample age (b), obtained
through the classical, loading rate and loading magnitude test procedures for the 2 M — 0.5SB mixture.

modulus is introduced, leading to an improved fit with a three-
parameter power-law function (‘E’, ‘A’, ‘K’). This refinement is
crucial in accurately capturing strains determined through experi-
ments, highlighting the effectiveness of both conventional and
improved creep functions.

The creep amplitude parameter (A) demonstrates a diminishing
trend during the hardening phase. This trend varies based on
different molarity and S/B ratios. However, the amplitude value
remains higher for 2 M and 8 M mixtures compared to OPC mixture.
In contrast, the kinetic parameter (K) in AAM mixtures remains
steady, hovering around 0.4 in the two-parameter fit and 0.15 in the
three-parameter fit, irrespective of molarity concentration — similar
to the OPC mixture.

A constant load at 20 % compressive strength in different intervals
(5, 10, 30, and 300 s), every hour, reveals loading rate impact on
stiffness evolution, which gradually decreases over time due to re-
action advancement. Creep amplitude and kinetic parameters
remain unaffected by varying rates.

Cyclic testing on a 2 M — 0.5SB mixture-based sample reveals min-
imal influence of varying stress magnitudes (5 %-40 % of compres-
sive strength) on elastic modulus evolution, contrary to OPC systems.
Amplitude creep parameter (A) and kinetic parameter (K) remain
consistent across loading magnitudes, demonstrating deformation
patterns and viscoelastic behaviour.

The comparison of elastic and viscoelastic properties through various
test procedures reveals consistent stiffness evolution and reproduc-
ibility of amplitude and kinetic parameters, reaffirming the reli-
ability of the experimental approaches.

6. Limitation of the study

This study is limited to slag mortar activated by sodium hydroxide at
a curing temperature of 20 °C.
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