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Abstract: The mitigation of autogenous shrinkage in cementitious materials by internal curing has
been widely studied. By the inclusion of water reservoirs, in form of saturated lightweight aggregates
or superabsorbent polymers, additional water is provided to the hydrating matrix. The onset of
water release is of high importance and determines the efficiency of the internal curing mechanism.
However, the monitoring of it poses problems as it is a process that takes place in the microstructure.
Using acoustic emission (AE) sensors, the internal curing process is monitored, revealing its initiation
and intensity, as well as the duration. In addition, AE is able to capture the water evaporation
from saturated specimens. By ultrasonic testing, differences in the hydration kinetics are observed
imposed by the different methods of internal curing. The results presented in this paper show the
sensitivity of combined AE and ultrasound experiments to various fundamental mechanisms taking
place inside cementitious materials and demonstrate the ability of acoustic emission to evaluate
internal curing in a non-destructive and easily implementable way.

Keywords: acoustic emission; ultrasound; cement; internal curing; superabsorbent polymers; hydro-
gels; lightweight aggregates

1. Introduction

High-performance cementitious materials present an increased mechanical strength
and a higher durability compared to conventional concrete. The combination of these
aspects allows for larger structures to be built and promotes sustainability in construction
industry. However, these mixtures are characterized by a low water-to-cement (w/c) ratio,
which leads to self-desiccation of the matrix and autogenous shrinkage. When shrinkage is
restrained, internal stresses develop within the material and induce shrinkage cracking.
As these cracks might harm the future functioning of the structural element, autogenous
shrinkage needs to be mitigated.

To counteract self-desiccation, water should be provided to the mixture. A method
that is studied in-depth is internal curing [1–4]. In this technique, extra water is added
during mixing, but not in direct contact with the cement particles, as this would explicitly
increase the w/c ratio. Therefore, additives are used that act as internal water reservoirs.
During hydration, the free water is consumed, which causes a drop in the relative humidity
and an increase in the capillary pressure [5,6]. Whereas this elevated capillary tension is the
main cause of the autogenous shrinkage development in cementitious mixtures, it is also
the driving force for the activation of the internal curing mechanism. The capillary suction
removes the water from the included reservoirs, allowing for continued hydration to take
place. In this way, the relative humidity can be maintained, and autogenous shrinkage is
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counteracted. In literature, mainly two additives are investigated: saturated lightweight
aggregates (LWAs) and superabsorbent polymers (SAPs).

In case of saturated LWAs, the additional water for internal curing purpose is absorbed
by the porous aggregates before their inclusion into the cementitious blend. In a study of
Cusson and Hoogeveen [7], saturated lightweight sand was investigated. By replacing
part of the fine aggregate by pre-saturated porous aggregates, the extent of free shrinkage
strain was reduced. Additionally, the decrease of shrinkage showed to be proportional
to the amount of internal curing provided. Bentur et al. [2] replaced part of the normal-
weight aggregates by a commercial LWA. They concluded on the effective mitigation of
autogenous shrinkage, but at the cost of a lowered compressive strength. Various studies
reveal the beneficial effect of LWAs for internal curing [3,8–11]. However, care should be
taken on the type of aggregate to be used for a certain mixture, as the ideal amount of water
to be added for internal curing depends on the absorption capacity of the aggregate and on
the water content of the cementitious mix [4]. Similar to the addition of LWAs is the use of
SAPs. As their name implies, these polymers are able to absorb and retain large quantities
of water. Whereas the absorption capacity of LWAs amounts to few percent of their initial
dry weight, SAPs can absorb up to 500 times their own weight. Moreover, in case of LWAs
the saturated aggregate is added during mixing, SAPs are mostly included in the dry state
and absorb water during the mixing process. The amount of water that is absorbed by
the SAPs during mixing is then added on top of the mixing water [12]. Several researches
have already studied the effect of SAPs on the development of autogenous shrinkage and
confirmed their positive effect on mitigating both shrinkage and cracking [13–16].

Both LWAs and SAPs offer a solution for mitigating autogenous shrinkage in cemen-
titious materials. However, the question arises whether any type of porous aggregate
or SAP provides effective internal curing and how these additions exactly influence the
hardening process. As already mentioned, the storage of water within these reservoirs
is necessary to maintain the water-to-cement ratio of the mixture. When the water is
released too early, i.e., before final setting, the w/c ratio may increase, leading to a lowered
mechanical performance. On the contrary, when the water is released too slow, autogenous
shrinkage might have initiated and the risk of shrinkage cracking is increased. The moment
of water release by the LWA or SAP is thus of high importance. Studies concerning the
kinetics of water sorption and desorption of SAPs describe the use and relevance of neutron
radiography [17] and nuclear magnetic resonance (NMR) [18,19]. However, these tests are
not widely accessible and available due to their high cost and cannot be combined with
the measurement of autogenous shrinkage. In a recent study, the technique of acoustic
emission (AE) monitoring was utilized to expose the water release by the SAPs [16]. Two
piezoelectric sensors, attached to an instrumented steel ring for autogenous shrinkage
measurements, captured an elevated amount of hits closely after setting, revealing the
onset of internal curing. A deeper investigation of the received wave parameters showed
that the internal curing mechanism exhibited a peak intensity period, likely during which
most of the water is released to the surrounding matrix [20]. AE therefore provides a
non-destructive, easily applicable technique to monitor the internal curing process.

Secondly, whereas the working principle of LWAs and SAPs is similar, some differ-
ences between both additives are noticed. Firstly, the saturated LWA absorbed water before
its addition to the cementitious mixture, while SAPs absorb water during mixing and
thereby dilute the ion concentration of the fresh material. Additionally, the inclusion of
lightweight aggregates creates stiff, but porous localized zones inside the hardened matrix,
whereas the SAPs shrink after releasing their absorbed water and simply leave behind
pores. Most likely, these additives will therefore affect the hydration process in their own
way, leading to a variation in setting times and changes in the developed microstructure
and the macrostructural properties.

In this study, AE was used to monitor the hydration process of cementitious mixtures
with and without internal curing mechanism. Over the last decades, this technique has
been extensively used and showed to be sensitive to various processes occurring inside
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cementitious materials, such as particle settlement [21], hydration reaction [22,23] and
fracture [24,25]. By analyzing the AE data, the time period of water release by lightweight
aggregates and superabsorbent polymers is defined and different occurring processes, such
as settlement, hydration and internal curing, are separated. AE results allow to evaluate
the efficiency and enable comparisons between the included curing mechanisms (LWA and
SAPS) to mitigate autogenous shrinkage for the first time. In an effort to determine the
actual source of AE, monitoring experiments were also conducted on hardened specimens
after a saturation period, using sensors attached directly to the specimen’s surface. These
measurements indicated that AE is also sensitive to the evaporation of water from the
porosity of cement-based media. In addition, within this testing series, cement paste and
mortar mixtures were investigated in order to distinguish between different cementitious
media with increasing level of complexity. Next to the AE experiments, ultrasound (US)
measurements were conducted on mortar blends to supply additional information on the
effect of LWA and SAPs on the stiffness development in real time.

2. Materials and Methods
2.1. Mixture Design

Three cement pastes and their equivalent mortar blends were studied: a reference
mixture, a mixture with lightweight aggregates and a mixture with SAPs. The type of
cement used is CEM I 52.5 Strong (Holcim, Nivelles, Belgium), which is a high-strength
Portland cement, containing at least 95% of Portland clinker. The water-to-cement ratio
of all mixtures is equal to 0.35. In case of mortar blends, oven-dried river sand 0/2 is
added, using a sand-to-cement ratio of 2. To increase the flowability and facilitate casting
of the specimens, superplasticizer MasterGlenium 51 (BASF, Ludwigshafen, Germany) is
included in an amount of 0.4% by weight of the cement.

The SAP used is a copolymer of acrylamide and sodium acrylate, provided by
BASF (Ludwigshafen, Germany). This superabsorbent polymer has a particle size of
100 ± 21.5 µm [14] and presents the ideal characteristics for internal curing purpose. An
amount of 0.2% of SAP with respect to the cement quantity was included together with an
additional amount of water equal to 26 g per gram of SAP, which is the absorption capacity
in cementitious environment, based on previous research studies [16,26]. Adding these
quantities of SAP and additional water, an identical workability of the SAP mortar com-
pared to the reference material was obtained, meaning that the additional water volume is
completely taken by the SAPs.

As a lightweight aggregate, Granulège (Cellumat, Saint-Saulve, France) was inves-
tigated. These aggregates are crushed aerated concrete particles, consisting of calcium
silicate hydrates and sand, and are often used for thermal insulation layers. The particles
have a density of 290 kg/m3 and a diameter in between 1 and 8 mm. Their porosity allows
for a water absorption of 100 ± 15%, which was obtained after submersion in water for 24 h.
To be able to compare the results between SAP and LWA mixtures, an identical amount of
entrained water was included into both blends. Having an absorption capacity of 1 g of
water per gram of LWA, the ratio of LWA to cement was equal to 5.2%.

A summary of the mixture compositions can be found in Table 1 for mortar mixtures.
From this point onwards, the use of the nominations reference, SAP and LWA in tables and
figures denotes the cement paste or mortar mixture without additives, with SAPs and with
LWAs, respectively. The amount of LWA presents the weight of the dry LWA. The water
necessary to saturate the aggregates is added to the water content. In case of cement pastes,
the sand was omitted from the mixtures.

Table 1. Mixture compositions of reference, SAP and LWA mortar (kg/m3).

Mixture Cement Water Superplasticizer SAPs LWAs Sand

Reference 580 203 2.32 - - 1160
SAP 580 233.16 2.32 1.16 - 1160
LWA 580 233.16 2.32 - 30.16 1160



Sensors 2021, 21, 2463 4 of 14

The density and the compressive strength of the three mortar mixtures after 28 days
of curing are summarized in Table 2. In order to obtain these properties, three prism
specimens per mixture, measuring 40 mm × 40 mm × 160 mm, were cast and cured in
plastic foil at a temperature of 21 ± 1 ◦C. The density was obtained by weighing the cured
specimens and measuring their exact dimensions, while the compressive strength was
obtained following ASTM C349-18 [27], performed on the remaining prism halves obtained
after a three-point bending test.

Table 2. Density (g/cm3), flexural strength (MPa) and compressive strength (MPa) of mortar mixtures.

Density (g/cm3) Compressive Strength (MPa)

Reference 2.17 ± 0.01 77.3 ± 1.3
SAP 2.16 ± 0.04 72.4 ± 2.8
LWA 2.11 ± 0.01 61.6 ± 5.7

Regarding the volumetric mass of mortar mixtures, it can be seen that the inclusion of
saturated LWAs significantly lowered the density of the cementitious mixture. Whereas
an identical volume of absorbed water was added in SAP and LWA blends, the empty
porosity of LWA mixtures must be much higher compared to the SAP mortar after 28 days
of curing. This could indicate that the used lightweight aggregates contain pores that are
not accessible for the water or that a relatively large fraction of the aggregates’ porosity
is not able to retain the water, but releases the water immediately after removal of the
LWAs from the water bath. The reduction in density was also confirmed by the strong
decrease in compressive strength, being about 20%, from the reference mortars to the
LWA mixtures. In case of the SAP inclusion, a more limited reduction in compressive
strength compared to the reference was observed. Similar to the mixtures with LWA, this
decrease in mechanical performance is caused by the porosity, and in this case the creation
of macropores as the water is released from the SAPs. Nonetheless, the density of SAP
mortars was approximately identical to the reference material. This increased density of
the SAP mixtures compared to the LWA mortars could also be caused by the probably more
porous interfacial zone around the lightweight aggregates. Moreover, due to their smaller
size, the SAP particles are more homogeneously distributed compared to the LWAs. When
the water is released, internal curing is provided to the zone around the water reservoirs.
The area reached is therefore higher for reservoirs with a larger surface area, so that the
SAPs induce more effective curing compared to the saturated aggregates, increasing the
density of the mortar material in the cured zones.

2.2. Test Methods
2.2.1. Acoustic Emission

The hydration and internal curing processes were monitored using three piezoelectric R15α
sensors, mounted on a metallic, prism-shaped mold measuring 40 mm × 40 mm × 160 mm.
Two of these sensors were attached to the longitudinal walls, whereas the third one was
placed on the bottom surface (Figure 1). The operating frequency band of the sensors is
between 50 and 400 kHz and the resonance frequency is 150 kHz. After casting, the samples
were covered by means of a thin plastic foil to avoid evaporation and the monitoring was
continued for up to four days.

In order to obtain more information on the actual sources of AE during internal
curing, the monitoring was repeated on hardened, saturated specimens in open air. As
these samples are drying, water evaporation takes place in all mixtures, also the reference
material. In this way, the water mobility could be tracked by AE and the activity could
be compared in between mixtures with and without internal curing mechanism. When
the first (fresh) monitoring stage was finished at an age of 4 days, one sample per mixture
composition was demolded and left to open air conditions until the age of 14 days and
afterwards placed in water for 48 h. The samples’ weight increase was then measured after
pat drying the surfaces with a damp cloth. Consequently, three R15α sensors were attached



Sensors 2021, 21, 2463 5 of 14

to the specimens’ surface with Vaseline and paper tape, in similar locations compared to the
fresh monitoring experiment. AE monitoring was conducted for 48 h in an air-conditioned
room at a temperature of 21 ± 1 ◦C.
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Figure 1. Acoustic emission set-up for fresh monitoring: (a) top view showing two opposing sensors attached to the
longitudinal walls by means of magnetic holders and (b) side view showing the bottom sensor (reprinted from [20]).

2.2.2. Ultrasound

The follow-up of the hardening process and the determination of the initial and final
setting time were conducted by means of ultrasound measurement on fresh mortar speci-
mens. The method adopted within this research is based on the RILEM recommendation
TC 218-SFC [28,29] and is based on the transmission of elastic waves. The mold, shown in
Figure 2, consists of two plexiglass walls with a rubber sheet in between. Within the latter, a
U-shaped opening is made, in which the mortar can be cast. A longitudinal sine wave with
a frequency of 150 kHz and an amplitude of 10 V was sent through the plexiglass walls
and the mortar specimen by means of a piezoelectric R15α sensor. On the other side of the
mold, this signal is received by a second, identical sensor. As the fresh mortar hardens,
the wave velocity, measured based on the first threshold crossing, increases over curing
time. By an analysis of the velocity vs. time curves, variations in the hydration kinetics
between different mixtures can be revealed and the initial and final setting times can be
determined [30]. The detailed procedure used to determine the initial and final setting time
can be found in [31].
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3. Results and Discussion
3.1. Acoustic Emission Monitoring of Cement Pastes

The cumulative hits received during the AE monitoring of cement paste specimens are
shown in Figure 3. For every mixture, two replicates were made. The colors distinguish the
different mixtures (reference = blue, SAP = orange, LWA = green), whereas the shading is
used to separate the replicates. This color code is maintained during the entire discussion
to facilitate the comparisons made. Clearly, the mixtures with SAPs show a much higher
activity compared to both reference and LWA mixtures. This increased amount of hits
received was not seen from the start of the experiment, but initiated in between 10 and 20 h
of curing.
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Figure 3. Cumulative hits vs. curing time received during AE monitoring of reference (= blue), SAP
(= orange) and LWA (= green) cement paste.

During the first two to four hours, an increased activity was seen for all mixtures,
which can be linked to particle settlement [21]. Afterwards, the activity slowed down and
for several hours of curing the hit rate remained fairly constant. In case of the reference
mixture, this period of low activity continued throughout the entire experiment, i.e., until
three days of curing. For the SAP pastes, the hit rate changes after 16 to 18 h of curing,
depending on the tested replicate. A correlation with the time of water release by the SAPs,
inducing internal curing, was found in literature [19]. In the latter study, it was seen that
the SAPs under study retained their absorbed water until final setting of the cementitious
mixture, after which the water was gradually released. The AE activity received during
this time period can thus be linked to the activation of the SAPs. Similarly, the mixtures
with saturated LWAs show an increased activity after about 18 to 24 h of curing, signifying
internal curing. The onset of internal curing was thus slightly delayed compared to the
SAP specimens. It was seen that, in contrast to all other cement paste and mortar mixtures
(also mortar including LWA), bleeding occurred to a small extent. It is assumed that the
LWAs released part of their absorbed water quickly, due to their open porosity. Thereby
the w/c ratio was effectively increased, meaning that the relative humidity of the cement
paste could be maintained for a longer time. Consequently, the capillary pressure increases
at a reduced rate compared to the SAP blend, which leads to a later withdrawal of the
absorbed water.

A further comparison between SAP and LWA mortars displays a change in the number
of hits received and the duration of the internal curing action as well. In LWA mixtures,
the total amount of hits related to internal curing was up to 100 times smaller compared to
SAP blends. Additionally for LWAs, the hit acquisition decelerated quickly, i.e., after six
hours of increased activity, whereas for SAP blends the highest hit rate was maintained
for 10 h, leading to a total SAP activity period of about 20 h. This result illustrates some
interesting differences in between both additives. Firstly, LWAs release their absorbed
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water at a high rate, which is less ideal for internal curing purposes. This is caused by the
open porosity of the LWAs, compared to the hydrophilic polymer chains, which allow for
an easier retraction of the absorbed water, of the SAPs. Secondly, after the water is removed
from the LWAs, the material becomes “quiet” again, while for SAP mixtures the activity
is due to an alternation of water release and SAP shrinkage, leading to friction between
the SAP particle and the pore wall. The latter is most likely the cause of the increased
number of captured hits in SAP mixtures. Lastly, it should be noted that, while the activity
of SAP mixtures was increased in comparison to reference and LWA pastes, the number
of hits received is not identical for the two replicates. However, a similar trend could be
distinguished when comparing both cumulative hit curves.

To obtain more information regarding the internal curing process in SAP and LWA
mixtures, an analysis of the wave parameters, such as the absolute energy and the ampli-
tude, was performed. In Figure 4, the absolute energy and amplitude of all hits received
during monitoring of a representative SAP and LWA sample are plotted. The used colors
represent the specific replicates, identical to Figure 3. Regarding the absolute energy of
SAP-related signals (Figure 4a), it is seen that a large variety of energy values was captured
during internal curing. However, the phenomenon unfolds mainly between 16 and 25 h,
with a peak at approximately 25 h, where peak energy values reach close to 1500 aJ. This
demonstrates that internal curing is not a constant process, on the contrary, its intensity
varies with respect to the curing time. Similarly, the amplitude in Figure 4c increases
rapidly within the same time period. At around 25 h of curing, amplitudes of 75 dB are
observed. Afterwards, the peak amplitude decreases again along with a reduction in the
hit rate. Whereas the cumulative hits in Figure 3 depict a slow continuation of the activity
after 40 h of curing, the amplitude vs. time graph suggests the end of internal curing after
approximately 50 h of curing. Besides this large cluster of received hits, a considerable
amount of hits is captured before and after internal curing. During the first hours of curing,
high absolute energy as well as high amplitude are noticed, linked to particle settlement,
while afterwards both signal parameters are lowered before they increase again due to
internal curing.
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For the signals received during internal curing by LWAs, the absolute energy showed
to vary as well, but with a much lower number of acoustic hits (Figure 4b). Compared
to the SAP mixtures, the energy levels remained rather low, i.e., mostly below 200 aJ.
Concerning the signal amplitude in Figure 4d, an increasing trend was observed from the
onset of water release until 24 h of curing. Later on, the amplitude values reduced quickly
together with the decelerated activity. When comparing these results to the amplitude
of SAP-related signals, it was noticed that the latter values were much higher, reaching
up to 75 dB, whereas in LWA pastes only a limited number of received waves showed an
amplitude above 60 dB.

Next on, as aforementioned, and after a curing age of 14 days, one sample of each
composition (reference, SAP and LWA) was placed in water for 48 h. Their weight was
measured before and after saturation, and is denoted in Table 3. It can be observed that
the water uptake of reference and SAP samples lied closely to one another, while the LWA
specimen absorbed a much larger quantity of water. This increased absorption capacity is
most likely due to the higher porosity of LWA cement pastes (and mortars), which could
be seen from the reduced density in Table 2. While one would expect to have an increased
water absorption for the SAP specimen compared to the reference too, the similar water
uptake suggests that the SAP-related porosity is less accessible from the outer environment,
i.e., the pores are discrete rather than interconnected.

Table 3. Initial weight (g), saturated weight (g) and water uptake (g) of reference, SAP and LWA samples.

Initial Weight (g) Weight after Saturation (g) Water Uptake (g)

Reference 517.33 530.90 13.57
SAP 512.55 525.02 12.47
LWA 478.24 497.02 18.78

AE sensors were again applied on the specimens during the water evaporation stage.
In this case, three piezoelectric sensors were attached directly to the specimen surfaces. It
was found for the first time in literature that AE is also sensitive to the evaporation process.
The cumulative hits from different specimens are depicted in Figure 5. All curves show
a continuously decreasing slope, but obviously the curve of reference and LWA is much
lower positioned than SAPs. Whereas a discrepancy was seen between the water uptake of
reference and LWA samples, the amount of hits received from both specimens was almost
identical and remains rather low. On the contrary, in case of SAP inclusion, the number of
captured hits was higher immediately from the start of the experiment, although the water
absorption was similar to the reference. This implies that a different source, apart from
water mobility and evaporation, takes place. This source can be attributed to the shrinkage
of the SAPs and detachment or friction against the pore walls and seems to constitute the
main source of AE during water release by SAPs.
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3.2. Acoustic Emission Monitoring of Cementitious Mortars

To check one higher level of material complexity, mortar mixtures were also used.
Two reference, SAP and LWA mortar replicates were cast and monitored by means of AE.
In Figure 6, the cumulative hits are plotted with respect to the curing time. Similar to the
cement pastes, SAP mortars exhibit a significantly higher activity compared to reference
and LWA specimens. Again, this activity was mainly captured after several hours of curing,
demonstrating the onset of internal curing.
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In comparison to the cement pastes, where up to 3500 hits were received during
the settlement period, only one of the mortar samples revealed a noteworthy amount of
hits during the first two hours. Due to the addition of sand in the latter mixtures, the
liquidity of the freshly mixed material is drastically decreased, reducing the ease of particle
settlement. Focusing on the reference replicates, a fairly constant hit level was maintained
throughout the entire experiment, comparable to the result of the reference cement pastes.
For the mortars with internal curing mechanism, an increase in AE activity was found
after approximately half a day of curing. In case of the SAP mixtures, the initiation of the
water release was observed after 11 to 12 h of curing. In comparison to their equivalent
cement pastes, this onset was advanced by several hours, which is caused by the reduced
humidity of mortars compared to pastes. As sand is added, these (oven-dried) particles
attract and adsorb water, limiting the volume of free water present for hydration purpose.
The relative humidity of the mixture therefore decreases earlier and, consequently, the
capillary pressure rises sooner and extracts the water from the SAPs. An increased hit rate
was noticed until two to three days of curing, depending on the replicate. Likewise, an
increased amount of hits was captured in LWA mortars and this after approximately 10 h
of curing. Whereas this activity was also earlier compared to the onset of internal curing in
LWA pastes, its starting point is now much closer to the one of SAP mortars, even a little
earlier. This phenomenon supports the early, partial release of water by LWA in cement
paste blends, which led to an increased w/c ratio and a delay in internal curing. Within
mortar mixtures, the saturated LWAs held the water more effectively, as no bleeding was
noticed. This was demonstrated by the workability test performed upon the design of the
mixture compositions, showing an identical flow for reference, SAP and LWA mortars, and
the fact that no bleeding took place.

In Figure 7a–d, the absolute energy and amplitude of the received wave signals of a
SAP and LWA mortar are shown. Similar to the SAP cement pastes, the waves’ absolute
energy fluctuates during the internal curing process in mortar specimens. However, the
absolute energy increases rapidly within the first two hours of internal curing (11 to 12 h),
in contrast to the monitored cement pastes, where a more gradual increase over time
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was observed. This level of high absolute energy is maintained for about 10 to 15 h and
decreases afterwards. Moreover, higher energy levels were reached compared to the cement
paste, which can be related to the increased stiffness as sand is added. The amplitude,
depicted in Figure 7c, displays the same trend: few hours after the onset of internal curing,
the peak amplitude values reach up to 65 dB and until 25 h of curing. Later on, the
maximum amplitude exhibits a gradual decrease to the level of 40 dB.
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An analogous evolution of the absolute energy and amplitude can be noticed for LWA-
related signals. Both parameters show an almost immediate increase at the start of internal
curing, which was not seen for LWA pastes. Besides the dissimilarities between mortars and
cement paste, some correspondence can be seen between these two cementitious materials.
Firstly, the analysis of the wave parameters demonstrates that the internal curing process
is not constant, this in both mortar and cement paste. Secondly, the difference between
SAP and LWA inclusion for internal curing was confirmed. The monitoring of mortars
as well as cement pastes displays the prolonged activity for SAP mixtures compared to
LWA blends, which is caused by the more gradual release of water by the SAPs and the
shrinkage of the SAPs inside the pores. For this reason, the use of AE was concluded to
be valuable for the non-destructive monitoring of the internal curing action, providing
information on the period of water release by the saturated reservoirs. In this way, the AE
technique can be used to investigate whether a specific type of SAP or LWA is efficient
for internal curing purpose, without the need of expensive measuring techniques such as
neutron radiography and/or NMR.

3.3. Ultrasound

While AE was able to reveal the settlement (first two to three hours) and the internal
curing process, no information was provided during the “silent” period in between these
two stages. On the other hand, ultrasound experiments show no variations during the first
hours of curing, but reveal the developing stiffness later on. Therefore, indicative ultra-
sound monitoring was conducted on fresh mortar mixtures, as described in Section 2.2.2, to
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complement the AE monitoring results and obtain a complete examination of the processes
occurring inside fresh cementitious materials. In Figure 8, the velocity of the transmitted
waves is plotted with respect to the curing time for one of the two replicates tested per
mixture. Time zero represents the moment of first contact between water and cement.
During the first hours of curing, the velocity of all mixtures remains at a constant level
of approximately 150 m/s. Within this time frame, closely linked to the dormant period,
the mortar remains deformable and settlement was captured by AE monitoring. After
approximately three hours of curing, an increase in the wave velocity is noticed for the
reference blend. The rising velocity is caused by the development of a stiff skeleton, as the
main hydration reaction takes place. It can thus be observed that ultrasound discloses the
hydration process in a more detailed way compared to AE, where only a small number of
hits was captured.
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Regarding the SAP mortar, a short delay can be seen compared to the reference
material, which is caused by a diluted ion concentration. As the SAPs absorb water during
mixing, the initial ion concentration is reduced, which slows down the hydration reaction
and also the initial setting time, which can be seen in Table 4. On the other hand, the
mortar with LWAs revealed a slight advancement of the velocity increase. The latter can be
explained by the stiffness of the included aggregates, contributing to the formation of a
stiff skeleton. However, the initial setting time remained close to the one of the reference
mortars. Afterwards, a continued, logarithmic evolution of the velocity can be observed up
to 18 h of curing for all mixtures, after which a plateau is reached. Before the attainment
of the plateau, final setting takes place. A summary of the final setting times is given in
Table 4. It can be seen that, opposing to the initial setting times, the final setting of mortars
with SAPs occurs almost simultaneously with the reference material, which displays the
effective preservation of the water inside the SAPs, not increasing the w/c ratio.

Table 4. Initial and final setting time of reference, SAP and LWA mortars, based on two replicates per
mixture.

Initial Setting Time (h) Final Setting Time (h)

Reference 3.38 ± 0.16 7.64 ± 0.38
SAP 4.02 ± 0.30 7.44 ± 0.10
LWA 3.60 ± 0.35 7.21 ± 0.13

4. Conclusions

In this paper, the use of non-destructive elastic wave techniques to monitor cemen-
titious materials with internal curing mechanisms was investigated. Three cement paste
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and mortar mixtures were investigated, being a reference blend without internal curing
mechanism, a mixture with saturated LWAs and one with SAPs.

For the first time, AE was capable to monitor and distinguish the internal curing
process, induced by SAPs or LWAs, demonstrated by the increased AE activity after final
setting. By an analysis of the wave parameters, it was seen that the absolute energy and
amplitude of the received waves varied during internal curing, indicating a variation in
the process’ intensity. Additionally, AE allowed the understanding of the process of water
release by the different additives. In case of saturated LWAs, the water was released at a
high rate, while for SAP mixtures the activity continued up to several days of curing. The
source of AE is related to water mobility through the porosity but mostly to SAP shrinkage
and detachment from the internal surface of pore cavities. In addition, for the first time in
literature, AE is shown capable to monitor the evaporation of water saturated specimens,
something that should be further studied.

A comparison of AE monitoring between cement pastes and mortars was performed
and displayed a different evolution of the wave parameters over time, for both SAP
and LWA mixtures. In case of cement pastes, a gradual increase in absolute energy and
amplitude was noticed from the onset of internal curing onwards, after which an opposite
decreasing trend was seen. For mortar mixtures, these parameters increased rapidly, i.e.,
within two hours. A fairly constant maximum value was then maintained for SAP mixture,
followed by a more gradual reduction in both parameters. These results illustrate the
difference in water demand and development of capillary pressure between mixtures with
and without aggregates.

Ultrasonic measurements disclosed the effect of SAPs and LWA on the microstructural
development. Whereas the wave velocity indicated an earlier formation of solid connec-
tions within LWA mortars, caused by the inclusion of lightweight aggregates and thereby
increasing the total aggregate content, a delay was observed for SAP inclusion. This delay
is due to a diluted ion concentration by the absorption of ions by the SAPs during mixing,
which slows down the hydration process and thus the initial setting time.

Lastly, the use of AE and ultrasound enables continuous monitoring of the various
processes inside fresh cementitious materials. At the dormant stage, when the ultrasound
velocity shows no variation, AE captures the settlement activity. When the silent period
in AE comes and AE does not supply much information, ultrasound shows vividly the
developments related to setting. Afterwards, when ultrasound velocity seems to converge
between different media, AE starts again to supply detailed information and clearly distin-
guishes between reference, LWA and SAPs. Therefore, the combination of elastic waves
techniques provides an affordable and relatively easy way to receive information on the
microstructure that would be difficult to obtain in any other way.

Author Contributions: Conceptualization, D.S., N.D.B., D.V.H. and D.G.A.; methodology, G.L.,
D.G.A.; validation, D.S., N.D.B., D.V.H. and D.G.A.; formal analysis, G.L.; investigation, G.L.;
resources, D.S.; writing—original draft preparation, G.L.; writing—review and editing, D.S., N.D.B.,
D.V.H. and D.G.A.; supervision, D.S., N.D.B., D.V.H. and D.G.A.; funding acquisition, D.S., N.D.B.,
D.V.H. and D.G.A. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Research Foundation—Flanders (FWO), grant number
G.0A28.16.6. The financial support is therefore gratefully acknowledged by all authors. As a
Postdoctoral Research Fellow of the Research Foundation—Flanders, D. Snoeck would like to thank
the foundation for the financial support (12J3620N).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data of this study is available upon request, where justified, by
e-mail to the corresponding author.

Acknowledgments: The authors wish to thank Alexander Assmann (BASF) for providing the SAP
under study.



Sensors 2021, 21, 2463 13 of 14

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Jensen, O.; Hansen, P. Water-entrained cement-based materials: I. Principles and theoretical background. Cem. Concr. Res. 2001,

31, 647–654. [CrossRef]
2. Bentur, A.; Igarashi, S.; Kovler, K. Prevention of autogenous shrinkage in high-strength concrete by internal curing using wet

ligthweight aggregates. Cem. Concr. Res. 2001, 31, 1587–1591. [CrossRef]
3. Geiker, M.; Bentz, D.; Jensen, O. Mitigating Autogenous Shrinkage by Internal Curing; ACI Special Publications: Farmington Hills,

MI, USA, 2004; pp. 143–154.
4. Bentz, D.; Lura, P.; Roberts, J. Mixture proportioning for internal curing. Concr. Int. 2005, 27, 35–40.
5. Jensen, O.; Hansen, P. Autogenous deformation and RH-change in perspective. Cem. Concr. Res. 2001, 31, 1859–1865. [CrossRef]
6. Lura, P.; Jensen, M.; van Breugel, K. Autogenous shrinkage in high-performance cement paste: An evaluation of basic mechanisms.

Cem. Concr. Res. 2003, 33, 223–232. [CrossRef]
7. Cusson, D.; Hoogeveen, T. Internal curing of high-performance concrete with pre-soaked fine lightweight aggregate for prevention

of autogenous shrinkage cracking. Cem. Concr. Res. 2008, 38, 757–765. [CrossRef]
8. Kohno, K.; Okamoto, T.; Isikawa, Y.; Sibata, T.; Mori, H. Effects of artificial lightweight aggregate on autogenous shrinkage of

concrete. Cem. Concr. Res. 1999, 29, 611–614. [CrossRef]
9. Zhutovsky, S.; Kovler, K.; Bentur, A. Efficiency of lightweight aggregates for internal curing of high strength concrete to eliminate

autogenous shrinkage. Mater. Struct. 2002, 35, 97–101. [CrossRef]
10. Liu, J.; Shi, C.; Ma, X.; Khayat, K.; Zhang, J.; Wang, D. An overview on the effect of internal curing on shrinkage of high

performance cement-based materials. Constr. Build. Mater. 2017, 146, 702–712. [CrossRef]
11. Kevern, J.; Nowasell, Q. Internal curing of pervious concrete using lightweight aggregates. Constr. Build. Mater. 2018, 161,

229–235. [CrossRef]
12. Mechtcherine, V.; Wyrzywkowski, M.; Schröfl, C.; Snoeck, D.; Lura, P.; de Belie, N.; Mignon, A.; van Vlierberghe, S.; Klemm, A.;

Almeida, F.; et al. RILEM TC 260-RSC: Application of Super Absorbent Polymers (SAP) in Concrete Construction—Update of
RILEM STAR. Mater. Struct. 2021, 54, 80. [CrossRef]

13. Schröfl, C.; Mechtcherine, V.; Gorges, M. Relation between the molecular structure and the efficiency of superabsorbent polymers
(SAP) as concrete admixture to mitigate autogenous shrinkage. Cem. Concr. Res. 2012, 42, 865–873. [CrossRef]

14. Snoeck, D.; Jensen, O.; de Belie, N. The influence of superabsorbent polymers on the autogenous shrinkage properties of cement
pastes with supplementary cementitious materials. Cem. Concr. Res. 2015, 74, 59–67. [CrossRef]

15. Mignon, A.; Snoeck, D.; Dubruel, P.; van Vlierberghe, S.; de Belie, N. Crack Mitigation in Concrete: Superabsorbent Polymers as
Key to Success? J. Mater. 2017, 10, 237. [CrossRef] [PubMed]

16. Lefever, G.; Tsangouri, E.; Snoeck, D.; Aggelis, D.; de Belie, N.; van Vlierberghe, S.; van Hemelrijck, D. Combined use of
superabsorbent polymers and nanosilica for reduction of restrained shrinkage and strength compensation in cementitious
mortars. Constr. Build. Mater. 2020, 251, 118966. [CrossRef]

17. Schröfl, C.; Mechtcherine, V.; Vontobel, P.; Hovind, J.; Lehmann, E. Sorption kinetics of superabsorbent polymers (SAPs) in
fresh Portland cement-based pastes visualized and quantified by neutron radiography and correlated to the progress of cement
hydration. Cem. Concr. Res. 2015, 75, 1–13. [CrossRef]

18. Nestle, N.; Kühn, A.; Friedemann, K.; Horch, C.; Stallmach, F.; Herth, G. Water balance and pore structure development in
cementitious materials in internal curing with modified superabsorbent polymer studied by NMR. Microporous Mesoporous Mater.
2009, 125, 51–57. [CrossRef]

19. Snoeck, D.; Pel, L.; de Belie, N. The water kinetics of superabsorbent polymers during cement hydration and internal curing
visualized and studied by NMR. Sci. Rep. 2017, 7, 9514. [CrossRef]

20. Lefever, G.; Snoeck, D.; de Belie, N.; van Vlierberghe, S.; van Hemelrijck, D.; Aggelis, D. The contribution of elastic wave NDT to
the characterization of modern cementitious media. Sensors 2020, 20, 2959. [CrossRef]

21. Dzaye, E.; de Schutter, G.; Aggelis, D. Monitoring early-age acoustic emission of cement paste and fly ash paste. Cem. Concr. Res.
2020, 129, 105964. [CrossRef]

22. Chotard, T.; Barthelemy, J.; Smith, A.; Gimet-Breart, N.; Huger, M.; Fargeot, D.; Gault, C. Acoustic emission monitoring of calcium
aluminate cement setting at the early age. J. Mater. Sci. Lett. 2001, 20, 667–669. [CrossRef]

23. Topolar, L.; Pazdera, L.; Kucharczykova, B.; Smutny, J.; Mikulasek, K. Using Acoustic Emission Methods to Monitor Cement
Composites during Setting and Hardening. Appl. Sci. 2017, 7, 451. [CrossRef]

24. Ohno, K.; Ohtsu, M. Crack classification in concrete based on acoustic emission. Constr. Build. Mater. 2010, 24, 2339–2346.
[CrossRef]

25. Aggelis, D.; Mpalaskas, A.; Matikas, T. Investigation of different fracture modes in cement-based materials by acoustic emission.
Cem. Concr. Res. 2013, 48, 1–8. [CrossRef]

26. Lefever, G.; Snoeck, D.; Aggelis, D.; de Belie, N.; van Vlierberghe, S.; van Hemelrijck, D. Evaluation of the self-healing ability of
mortar mixtures containing superabsorbent polymers and nanosilica. Materials 2020, 13, 380. [CrossRef]

http://doi.org/10.1016/S0008-8846(01)00463-X
http://doi.org/10.1016/S0008-8846(01)00608-1
http://doi.org/10.1016/S0008-8846(01)00501-4
http://doi.org/10.1016/S0008-8846(02)00890-6
http://doi.org/10.1016/j.cemconres.2008.02.001
http://doi.org/10.1016/S0008-8846(98)00202-6
http://doi.org/10.1007/BF02482108
http://doi.org/10.1016/j.conbuildmat.2017.04.154
http://doi.org/10.1016/j.conbuildmat.2017.11.055
http://doi.org/10.1617/s11527-021-01668-z
http://doi.org/10.1016/j.cemconres.2012.03.011
http://doi.org/10.1016/j.cemconres.2015.03.020
http://doi.org/10.3390/ma10030237
http://www.ncbi.nlm.nih.gov/pubmed/28772599
http://doi.org/10.1016/j.conbuildmat.2020.118966
http://doi.org/10.1016/j.cemconres.2015.05.001
http://doi.org/10.1016/j.micromeso.2009.02.024
http://doi.org/10.1038/s41598-017-10306-0
http://doi.org/10.3390/s20102959
http://doi.org/10.1016/j.cemconres.2019.105964
http://doi.org/10.1023/A:1010942005907
http://doi.org/10.3390/app7050451
http://doi.org/10.1016/j.conbuildmat.2010.05.004
http://doi.org/10.1016/j.cemconres.2013.02.002
http://doi.org/10.3390/ma13020380


Sensors 2021, 21, 2463 14 of 14

27. ASTM International. ASTM Standard C 349-18: Standard Test Method for Compressive Strength of Hydraulic-Cement Mortars (Using
Portions of Prisms Broken in Flexure); ASTM International: West Conshohocken, PA, USA, 2018.

28. Reinhardt, H.-W. Recommendation of RILEM TC 218-SFC: Sonic methods for quality control of fresh cementitious materials.
Mater. Struct. 2011, 44, 1047–1062.

29. Reinhardt, H.-W.; Grosse, C. Continuous monitoring of setting and hardening of mortar and concrete. Constr. Build. Mater. 2004,
18, 145–154. [CrossRef]

30. Reinhardt, H.-W.; Grosse, C.; Herb, A. Ultrasonic monitoring of setting and hardening of cement mortar—A new device. Mater.
Struct. 2000, 33, 580–583. [CrossRef]

31. Lefever, G.; Aggelis, D.; de Belie, N.; Raes, M.; Hauffman, T.; van Hemelrijck, D.; Snoeck, D. The influence of superabsorbent
polymers and nanosilica on the hydration process and microstructure of cementitious mixtures. Materials 2020, 13, 5194.
[CrossRef]

http://doi.org/10.1016/j.conbuildmat.2003.10.002
http://doi.org/10.1007/BF02480539
http://doi.org/10.3390/ma13225194

	Introduction 
	Materials and Methods 
	Mixture Design 
	Test Methods 
	Acoustic Emission 
	Ultrasound 


	Results and Discussion 
	Acoustic Emission Monitoring of Cement Pastes 
	Acoustic Emission Monitoring of Cementitious Mortars 
	Ultrasound 

	Conclusions 
	References

