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ABSTRACT. This paper deals with the monitoring of the internal structure behaviour of an alkali-
activated slag (AAS) paste. The slag was activated with a 4M solution of sodium hydroxide. The
behaviour of the internal structure of the paste was regularly monitored through the changes in the
resonant frequency and the mechanical properties, until the paste reached the age of 90 days. The
main aim of the article is to show the long-term maturation and degradation process of an AAS paste
under different curing modes. The results obtained suggest that the curing mode of the specimens
has a significant effect on the behaviour of the internal structure of the paste based on the AAS. The
development of both the dynamic properties and the flexural strength indicates the occurrence of a
higher porosity in the internal structure of the paste, especially when the free drying process is started
earlier. Insufficient hydration of the binder system is also a likely cause of cracks. The reduction in
the relative dynamic moduli values ranging from 50 % to 80 % was observed for drying specimens at
the age of 90 days. What is very interesting is that the occurrence of cracks was not prevented even
by intensive moist curing of the paste as, between the 21st and the 28th day of maturing, there was
a significant decrease of about 20 % in the relative dynamic modulus of elasticity and also a 50 %
reduction in the flexural strength.
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1. INTRODUCTION

The relatively high CO2 emissions associated with the
production of Portland cement are leading to increas-
ing interest in alternative inorganic binders, including
alkali-activated slag (AAS). These are binders in which
the reaction of the ground granulated blast furnace
slag is supported by the presence of an activator with
high alkalinity. Apart from the environmental aspect,
the main advantages of AAS materials include the
resistance to an aggressive environment [IH3], resis-
tance to high temperatures [4], and a fast increase
in strength [5]. However, the main drawback is un-
doubtedly the tendency for significant shrinkage, ac-
companied by the occurrence of cracks, which limits
the wider use of AAS materials in practice. One must
realise that the resulting properties of these materi-
als greatly depend on the type of the activator used,
its concentration, the ratio of the precursor to the
activation solution, or the curing conditions. The
commonly used alkaline activators include hydroxides,
silicates, and other alkali metal salts, most commonly
sodium. The type of activator itself significantly af-
fects the hydration process in AAS materials, which
crucially influences their resulting physical and me-

chanical properties. For example, with water glass
activation, high ultimate compressive strengths and
good workability can be reached [6]. However, there
is a risk of massive autogenous shrinkage [7 [§] and
shrinkage due to drying, which is usually accompa-
nied by the occurrence of cracks. On the contrary,
AAS based on the sodium hydroxide activator has a
significant increase in the initial compressive strength,
due to a high hydration rate. However, the further in-
crease in the compressive strength is not as significant
as for the other activators. One of the main reasons
given is a slow decrease in capillary porosity [6] [, [10].

The current state of the microstructure, in terms
of pore size and distribution or the extent of damage
caused by cracks can be described using microscopic
methods or mercury porosimetry [I1]. However, both
of these methods are destructive and require careful
sample preparation, which are often obtained from
larger specimens. A sample obtained in this way is
significantly smaller than the size of the original spec-
imen and, therefore, it is not possible to fully describe
the distribution of pores or the extent of material
damage throughout the entire volume. More suitable
approach for this particular purpose is the use of non-
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destructive methods (NDT), which are sensitive to the
presence of local defects and cracks. This field includes
a wide range of methods, for example, the ultrasonic
pulse velocity method, or resonance method, which
were also used in the experiment herein. The extent
of damage to the internal structure can be monitored
through a decrease in the dynamic modulus of elas-
ticity. In principle, the assessment can be the same
as when testing the freeze-thaw resistance of concrete
according to ASTM C666,/C666M-15 [12] or CEN/TR
15177 [13]. In these cases, a change in the dynamic
modulus of elasticity is presented through the relative
dynamic modulus of elasticity (RDM). It can be deter-
mined by either of the above NDT methods. However,
the resonance method turned out to be much more
suitable for this purpose as it reacts considerably more
sensitively to the internal structure defects — it shows
a considerably higher decrease in the dynamic modu-
lus of elasticity than the ultrasonic pulse method [I4].
An advantage of the resonance method is not only
its non-destructive character, which makes it possible
to perform the measurement repeatedly on the same
specimen over indefinitely, reducing the number of
specimens required, but also the ability to calculate
of more dynamic properties of the material at once.
Besides the dynamic Young’s modulus, which can be
calculated based on the natural frequency of both the
longitudinal and transverse vibrations, the dynamic
shear modulus of elasticity and the dynamic Poisson’s
ratio can also be determined. This enables a better
description of the behaviour of the material’s internal
structure both in terms of its maturation and in terms
of the damage caused by degradation mechanisms.

The article presents a novel approach to the long-
term assessment of the maturation of alkali-activated
materials, which are susceptible to internal structure
damage without visual surface defects. The presented
non-destructive method provides long-term data with-
out the variability of different test sets typical of
destructive testing. In addition, the method appears
to be promising as an effective monitoring tool in the
design of new compositions of AAS materials.

2. EXPERIMENT DETAILS

Three groups of test specimens from alkali-activated
slag differing only in the curing regime were prepared
for this experiment. The slag was activated with
sodium hydroxide. The main parameters monitored
were the resonant frequencies, and the flexural and
compressive strength, depending on the age of the test
sets and the curing mode method used during their
maturation.

Before demoulding, all the specimens were left
to mature at a standard laboratory temperature of
20 £+ 2°C and normal atmospheric pressure for the
first 24 hours after casting. The top surface of the
specimens in the moulds was covered with a PE film
to prevent them from drying. After demoulding, the
specimens were divided into three sets, for which three
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different curing modes were selected. The first group
was allowed to dry freely immediately after demould-
ing in an air-conditioned laboratory at a temperature
of 22 £2°C and a relative humidity (RH) of 55 + 5 %.
The second group was stored after demolding in a
chamber with a relative humidity of > 95 % and, after
28 days, was allowed to dry freely under the same con-
ditions as the first set. The third group, designated
as the reference one, was stored in a chamber with a
relative humidity of > 95% for the entire measuring
period. The development of the resonant frequencies
over time was monitored in all of the test sets. In the
reference set, the flexural strength and the compres-
sive strength were also determined at selected ages.
The paper presents the results for AAS pastes of the
age of up to 90 days.

2.1. MATERIAL

As the aluminosilicate precursor needed for the prepa-
ration of the alkali-activated paste, ground granulated
blast furnace slag (LB Cemix, s.r.0.) was used with a
specific surface area by Blaine of 400 m? kg~! and the
amorphous phase as the majority content. The slag
was activated with a 4M solution of sodium hydrox-
ide, which was prepared by diluting the initial 50 %
solution of NaOH (Carl Roth GmbH + Co. KG) with
demineralised water at least 24 hours in advance. The
volume fraction of the slag in the paste was 0.52. This
way of expressing the paste composition is based on
the previous study [15], in which the aforementioned
molarity seems to be close to the optimum in terms of
the amount of heat developed during the hydration.
The slag volume fraction was adjusted to achieve the
desired consistency of the paste. Note that the mass
ratio 4M NaOH solution to slag was 0.37.

The paste was prepared using the Hobart mixer.
The total mixing time was 3 minutes; during the first
50 seconds, the slag was poured into the activator,
weighed in advance. Immediately after the mixing
of the paste was finished, its consistency was deter-
mined using a flow table test by EN 1015-3 [16] as
well as its density by EN 1015-6 [I7]. The diameter
of the poured-out paste just after lifting the cone was
105 mm. After performing fifteen jolts, it spread to
164mm. The density of the fresh paste was deter-
mined to be 2020kgm~3. The fresh paste was used
to fill in steel triple moulds with the nominal size of
each part being 40 mm X 40 mm x 160 mm. The molds
were filled in two layers, and each of them was com-
pacted using a high-frequency vibration table. For
the purposes of the experiment, three test sets (for
the measurement of resonant frequencies and mass
losses) and nine additional test sets (for strength tests)
were made, each set containing three specimens. The
curing regime used for each test set after demoulding
is introduced in Table [Il

The average density of the H_ Ref, H 24h and
H_28d sets were 2000, 1830 and 1930kgm™3, re-
spectively, at the age of 90 days.
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Designation Curing mode

H_ Ref stored constantly at RH > 95 % (except for the testing periods)
H_24h free drying in the air

H_28d 28 days at RH > 95 %, then free drying in the air

H 1,H 3,H 7,H 14, H 25,
H 28, H 35 H 56, H 91

stored at v RH > 95 % until the time of testing

TABLE 1. Curing mode of each set of specimens after demoulding.

2.2. MEASURING METHODS

2.2.1. DETERMINING THE NATURAL FREQUENCIES
OF THE SPECIMENS

The natural frequencies of vibration were measured
at regular intervals for the specimens in the H_ Ref,
H 24h and H_28d sets. The first measurement for
the reference set (H_Ref) was taken immediately after
demoulding. Afterwards, the specimens were stored
in a chamber with a relative humidity of > 95%.
Shortly before each subsequent measurement, the
specimens were taken out, surface dried, and their
masses and natural frequencies of vibration were de-
termined. Then, they were immediately returned to
the chamber. In an analogous manner, the measure-
ment was also performed on the second set (H_24h),
the difference being that after the first measurement,
the specimens were left to dry freely until the end of
the measurement. The third set (H_28d) was stored
immediately after demoulding in a chamber with a
relative humidity of > 95 % and the first measurement
was performed at the age of 28 days, when they were
first taken out of the chamber. For the remaining
period, the specimens were left to dry freely. The
free drying took place in an air-conditioned labora-
tory with a temperature of 22 + 2°C and a relative
humidity of 55 & 5 %. For each specimen of each set,
the first natural frequencies of longitudinal vibration
fL, transverse vibration fy, and torsional vibration f;
were determined as well as the mass for monitoring
the mass losses. The measurement was performed
at regular intervals over a period of 90 days. The
natural frequencies were measured using an impulse
hammer (exciter), acceleration sensor and oscilloscope.
The evaluation software works on the principle of fast
Fourier transform (see Figure . The measurements
of the natural frequencies of the specimens and the
determination of the dynamic Poisson’s ratio were
performed in accordance with ASTM C215-19 stan-
dard [I8]. The frequencies measured were also used to
determine the relative change in the dynamic moduli
of elasticity (RDM) based on the procedure recom-
mended by the standard [I2]. The reference values
considered for the calculation of RDM were the values
of the dynamic moduli of elasticity of the H_Ref set
determined in the first measurement performed at the
age of 24 hours. The calculation was based on the
Equation

S f -
2k fe E f;

FI1GURE 1. An illustrative picture showing the deter-
mination of the first natural frequency of transverse
vibration (A), location of sensors (S__), and exciters
(E_) for determining the first natural frequency of
longitudinal fr, transverse fy, and torsional vibration

fi (B).

n?

1
where RDM;__ fr, fi, fr are the values of the relative
modulus of elasticity determined for the i® measure-
ment, n; are the values of fr, fi or f; determined
during the i*" measurement, n; are the values of fr,
fe or fy determined during the first measurement
performed on the test set H_Ref at the age of 24
hours.

2.2.2. DETERMINING THE STRENGTH PARAMETERS
To determine the strength parameters of the AAS
pastes, a total of nine test sets were used, each con-
taining three specimens with the nominal size of
40mm x 40mm x 160mm (H_1,H_3, H_ 7, H_14,
H_25, H_28, H_35, H_56, H_91). All specimens
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were stored in a chamber with a relative humidity of
> 95 % until the time of testing. Before the test, they
were taken out of the chamber, surface dried, and
their mass and size were determined.

The flexural strength was determined according
to EN 196-1 [19]. The specimens were subjected to
the three-point bending test, in which the distance
between the supports was set to 100 mm, and the force
was placed in the middle of the span (see Figure [2b)).
The tests were performed on the LabTest 6.30 testing
machine with a constant loading rate of 0.05 MPas™!.

FIGURE 2. An example of failure modes of the speci-
mens after the flexural strength test at the age of 28
days: correct (A), incorrect (B) failure mode of the
specimen.

The compressive strength was determined using the
specimen fractions that remained after the flexural
strength test. The compressive strength was deter-
mined in accordance with the EN 196-1 standard [19].
The test was performed using the DELTA 6-300 hy-
draulic press (Form + Test Seidner & Co. GmbH)
with a constant loading rate set to 0.6 MPas™!. To
mark the compression areas, a compressive strength
test device was on the fractions with 40 mm x 40 mm
hardened steel pressure plates with a thickness of
10 mm, which are part of the press.
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3. RESULTS

The results of the measurements are shown in the
following figures as the mean of three independent
measurements performed on the specimens from each
test set. The compressive strength of the fractions
is the mean value of six independent measurements.
The variability of the results of the measurements,
expressed through the sample standard deviation, is
represented in the graphs using error bars.

Figure [3] shows the relative changes in the dynamic
moduli of elasticity RDM_fL and RDM_ff. Figure 4]
shows the relative changes in the dynamic modulus
of elasticity RDM__ft and the development of the dy-
namic Poisson’s ratio, which was calculated from the
frequencies of the longitudinal and torsional vibra-
tions.

In the reference set, a gradual increase can be seen
in all three dynamic moduli of elasticity up to the age
of approximately 21 days, which corresponds to the
common trend for mechanical properties during the
maturation of concrete materials at a high relative
humidity [20H23]. The subsequent decrease in the
modulus of elasticity indicates a change in the rigidity
of the specimen, which may, in this case, suggest the
occurrence of cracks or local defects in the structure
of the material. The effect is similar to, for example,
damage by cyclic freezing [24], or cycling loading in
a fatigue test [25] where the resonance method was
effectively used.

The recurring increase in RDM observed from the
age of approximately 42 days may, on the contrary,
indicate the closing of the cracks. A decrease in the
dynamic modulus of elasticity is clearly apparent for
RDM_ fL. and RDM_ ff, while for RDM__ft the trend
is not very strong.

In the set H 24h, which was left to dry freely for
the entire measurement period, a slight increase in
RDM_ L. and RDM_ ft can be observed at the begin-
ning. However, from the age of 7 days, they begin
to decrease gradually. RDM__ff has a decreasing ten-
dency from the very beginning of the measurement.
At the age of 90 days, the RDM_ fl. and RDM__ ff
values dropped to almost 20 % and RDM__ft to 40 %.
The decreasing trend in the resonant frequencies and
the RDM values calculated from them in the sets that
were left to dry freely suggests a gradual increase in
the porosity and occurrence of cracks in the structure
of the material due to insufficient treatment [20]. A
very similar trend can be observed in the set H_ 28d,
whose modulus of elasticity was, at the time when
the measurement started, the same as the modulus of
elasticity of the reference set and decreased rapidly
due to the subsequent exposure to free drying. At
the time of the exposure to free drying, the degree of
hydration of the binder system was much higher in the
H_ 28d set than in the H_ 24h set, which may indicate
a finer porosity of the internal structure in the H_ 28d
set [0} [T1]. Furthermore, it is necessary to realise that
there were already cracks in the specimens when they
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FIGURE 3. Relative change in the dynamic modulus of
elasticity determined through longitudinal vibration
(A) and transverse vibration (B).

were being taken out (see the development of RDM in
the set H_Ref). The subsequent drying then led to an
increase in the porosity and crack propagation. More-
over, due to the drying of the fine pores, additional
internal stresses could have developed and, thus, new
cracks could occur. At the age of 90 days, a decrease
was observed in RDM_ f. and RDM__ ft to approxi-
mately 50 % and in RDM__ff as low as approximately
30 %.

Moreover, an uncommon evolution of the mean val-
ues of Poisson’s ratio was observed for particular sets
of specimens. The reference set shows the real devel-
opment of Poisson’s ratio up to the age of 21 days
of maturation, which is approximately 0.25 over this
period. Then, a decrease to 0 occurs, and from the
age of 42 days, it starts growing again. This trend
copies the development of RDM and indicates the
propagation of cracks and their subsequent closing.
Poisson’s ratio of the H_ 24h set increases up to the
age of 21 days and then drops rapidly. The highest
value of Poisson’s ratio was almost 0.6, and the lowest
was almost —0.4. From the perspective of the be-
haviour of common solid substances, these values are
not possible. They only demonstrate a disproportion
between the natural frequencies of vibration of the
specimens caused by the occurrence of defects and

160 T T
= = 1 I =
140 - % H_Ref_ft
m—— H_24h_ft
* H_28d_ft

0 20 40 60 80 100
Time [days]
(a).

0.8

Poisson ratio [-]

-0.4

0 20 40 60 80 100
Time [days]

(B).

FIGURE 4. Relative change in the dynamic modulus of
elasticity determined through torsional vibration (A)
and the development of the dynamic Poisson’s ratio

(B).

cracks in the internal structure of the material. The
development of Poisson’s ratio for the set H_28d is
similar to that of the set H_24h — a gradual increase
and, after 21 days of free drying, a decrease occurs.
The increase and the decrease are less pronounced
for the H_ 28d set and are accompanied by a high
variability in the results.

The use of the resonance method for monitoring
the development of the AAS paste quality has proven
effective, primarily due to the non-destructive nature
of the method used. The measurement intervals could
be operatively adjusted according to the character of
the investigated material to determine the cracking
time. Employing destructive methods to determine
the bending tensile strength would require a large
number of test specimens, which would be highly inef-
ficient. A slight disadvantage of the resonance method
is that the exact reason for the crack occurrence can-
not be assessed. This could be solved, for example, by
using a computer tomography or scanning microscopy
analysis. However, the usage of these methods would
be labour and cost-intensive and require a special
preparation of the specimens. Nevertheless, a suitable
combination of the methods mentioned above should
be a proper solution in future applications.
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of the reference set (A) and the H_24h and H_ 28d
sets (B).

The drying process was monitored as an accompa-
nying quantity. It is represented by the mass losses
determined for each test set. On the contrary, in the
reference set stored in an environment with RH >
95 %, a mass increase was observed. The mass losses
in the H 24h and H_28d sets follow a similar trend
as the decrease in the resonant frequencies. However,
they do not correspond completely with the extent of
the decline in the RDM values. The dependence of
RDM on the mass change of the specimens is shown
in Figure bl In the reference set, the mass of the spec-
imens increased gradually, which led to a significant
decrease in RDM between the 21 and the 42" day
of maturation, see Figure In Figure in can
clearly be seen that the mass loss in the H_24h and
H_ 28d sets is, to a certain extent, linearly dependent
on RDM, especially for the H_ 28d set. The decline
in the dynamic moduli of elasticity is partly caused
by a loss of the material rigidity due to its porosity
increasing as a result of drying. That alone, however,
is not enough for the occurrence of such a significant
decrease in RDM, as can be seen, for example, from
the results published in [20] 23, 26]. Therefore, it
can be assumed that during drying, microcracks are
formed in the internal structure of the AAS paste.

Figure [6] shows the development of the flexural
strength f.r and the compressive strength f., which
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FIGURE 6. The strength characteristics of the test
sets: the flexural strength f.y (A), the compressive
strength f. (B)).

was determined on the fractions of the specimens af-
ter the flexural strength tests. The specimens were
stored in the same environment as the H_Ref test
set until the testing started. The average density for
the specimens intended for the strength tests ranged
from 1970 to 1990 kg m~2 within the time interval of
the performed tests. The development of the flexural
strength followed a similar trend to that of RDM_ L
and RDM_ ff for the reference set. Due to the forma-
tion and propagation of cracks, a significant decrease
in flexural strength occurred between the 14" and 25"
day of maturation. The relatively high variability of
the results is probably related to the considerably un-
controlled formation and propagation of cracks. The
network of cracks is obviously different in each sample,
as can be seen in the illustrative picture of the damage
in Figure 2D] - correct failure in the middle of the span
(on the left) and incorrect failure, when the specimen
was broken up into several parts (on the right). From
the compressive strength tests on the samples, it can
be concluded that the presence of cracks does not
cause a decrease in this value. However, from the age
of 25 days, an increased variability of the results can
be observed.
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4. CONCLUSION

This paper presents the results of measurements per-
formed on pastes made from slag activated by sodium
hydroxide. The monitoring was mainly focused on the
effect of the treatment of the specimens on the devel-
opment of the physical and mechanical properties of
the AAS paste. The specimens of the reference set
were stored in an environment with RH > 95 %for the
entire maturation period. One of the two remaining
sets was exposed to free drying from the age of 24
hours and the other from the age of 28 days. The
behaviour of the internal structure was monitored
non-destructively through the development of the dy-
namic characteristics of the material studied. The
resonance method was used for this purpose. In or-
der to monitor the development of the mechanical
properties of the AAS paste, flexural and compressive
strengths were determined for the specimens stored
in an environment with RH > 95 % at selected ages.

Based on the results obtained, the following conclu-
sions can be made:

e The curing regime of the specimens has an impor-
tant effect on the development of the resonant fre-
quencies and, thus, significantly affects the devel-
opment of the dynamic moduli of elasticity and
Poissons ratio.

e For the test sets exposed to free drying (H_24h
and H_ 28d), a decrease in the RDM_ L values was
observed to 20 % (for H_24h) and 50 % (for H_28d)
of the initial values measured for the reference set
at the age of 24 hours immediately after demould-
ing. The RDM__ft showed the same final reduction
for both sets at the age of 90 days. However, the
slope of the decrease was steeper for the H_ 28d set.
The results clearly show that the prolonged moist
curing of the H_28d set did not prevent the steep
decrease in the RDM values. The decrease in RDM
for the H_ 24h set is mainly caused by the speci-
mens drying very early, which led to the formation
of increased porosity in the internal structure of
the material and did not allow sufficient hydration
of the binder system, which probably also led to
the occurrence of cracks. For the specimens of the
H_ 28d set, with a high degree of hydration and
the related finer porosity, the drying could also lead
to the development of additional internal stresses
due to the fine pores drying and thus the formation
of cracks (it is necessary to realise that the speci-
mens of the H_28d set were already damaged with
cracks when they were taken out into the air — see
the RDM development for the H_ Ref set). Both
hypotheses are confirmed by the development of
the Poisson’s ratio values, which indicates that the
internal structure of the specimens was significantly
damaged by cracks in both the sets tested.

o In the reference set, despite intensive moist curing,
a decrease in RDM was observed between the 215
and 28" day of maturation. At the same age, a

decrease in the Poissons ratio values and in the
flexural strength was also observed. This decrease
again indicates the formation of cracks. A high
variability of the results observed during this period
points to an uneven and rather local occurrence
of defects in the internal structure of the material.
From the age of 42 days, an increase in RDM and
flexural strength was observed again, indicating
healing of the cracks due to the continued treatment
at high relative humidity.

e The results presented in this paper are part of a
continuing comprehensive experiment, whose com-
pletion is planned at the age of 1 year of the samples.
Results from electron microscope scanning, mercury
porosimetry, and differential thermal analysis are
currently being evaluated, and measurements of the
resonant frequencies and strength characteristics
are continuing. The results will be published in
future papers.
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