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A B S T R A C T   

The maintenance and repair of concrete infrastructure covers an increasing portion of the annual construction 
budget. For this reason, self-healing cementitious materials have been investigated thoroughly in literature. One 
way to achieve an effective self-healing composite is by promoting their inherent repair ability through the 
inclusion of superabsorbent polymers (SAPs). Thanks to their large absorption capacity upon contact with water, 
SAPs allow to preserve the humidity inside the cracks for a longer period of time, which is essential to promote 
the autogenous healing process. In order to encourage the application of SAPs for self-healing purposes, adequate 
assessment techniques should be at hand in order to evaluate a SAP’s effectiveness for self-repair. Whereas 
various methods, such as water permeability tests and microscopic analysis, are used to assess a material’s self- 
healing potential, mechanical tests are needed to determine the regain in mechanical performance. Due to the 
destructive nature of these methods, the monitoring of the self-healing mechanism over time is practically 
impossible. In the present research, a non-destructive testing methodology based on ultrasonic wave through 
transmission was investigated, due to its sensitivity to the elastic properties of the material under study. By 
means of ultrasonic mapping, the interior was visualized and allowed to determine the degree and uniformity of 
healing along the depth for different healing times for the first time in literature.   

1. Introduction 

Concrete is one of the most widely used construction materials, 
owing to its high compressive strength. On the other hand, its tensile 
capacity is relatively low, which makes concrete prone to cracking. To 
safeguard the durability and mechanical performance of structural ele-
ments, these cracks should be repaired in a timely manner. At the pre-
sent time, the maintenance and repair of concrete structures already 
covers a large portion of the construction budget and this is only ex-
pected to increase as these structures are ageing. Additionally, the 
limited accessibility of some structural components makes it practically 
impossible for manual repairs to be carried out. A solution could be 
found through the introduction of self-healing cementitious composites. 
The advantage of self-healing mixtures compared to the conventional 
repair techniques lies in the automatic activation of the healing mech-
anism, omitting inspections as well as labour-intensive and costly re-
pairs. Cementitious materials possess an inherent ability to repair 
damage through so-called autogenous healing. The main mechanisms 
that contribute to the self-healing capacity are the continued hydration 

and the calcium carbonate precipitation. The former process consists in 
the further hydration of unhydrated cement particles that are present 
inside the crack upon contact with water. The precipitation of CaCO3 is 
caused by the dissolution and carbonation of CH [1,2]. Both mechanisms 
occur simultaneously, though the continued hydration mostly takes 
place at early age until the unhydrated cement is consumed. The pre-
cipitation of CaCO3 then becomes more prominent at later ages [3]. An 
important factor for these reactions to take place is the availability of 
water inside the cracks. Hence, an improvement of the autogenous 
healing mechanism can be achieved by introducing a more continuous 
water supply within the matrix material. In this respect, the addition of 
superabsorbent polymers (SAPs) to cementitious mixtures was investi-
gated [4,5,6,7]. SAPs are capable to absorb and retain large amounts of 
water. When water or moisture tries to enter the crack, the SAPs present 
inside the crack will swell upon absorption of the water, thereby phys-
ically blocking the crack entrance (self-sealing). During dry periods, the 
water from the SAPs is released and induces the deposition of healing 
products through the continued hydration and calcium carbonate pre-
cipitation (self-healing). 
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To advocate the implementation of self-healing cementitious mate-
rials in construction industry, an evaluation of the self-healing effec-
tiveness is highly important to ensure a structure’s safety. A distinction 
should be made between the assessment techniques that evaluate the 
filling, the sealing and the healing of cracks. The filling or visual crack 
closure is mostly studied by means of optical microscopy [8,9], but the 
method only reports on the crack closure at the surface. To study the 
degree of filling within the depth of the crack, X-ray tomography is used 
[10,11,12]. However, the crack closure does not necessarily indicate 
that sealing or healing has occurred. A recovery of the water tightness, 
or self-sealing, is often assessed by water permeability tests [13,14]. 
Still, to evaluate the regained mechanical performance, mechanical tests 
are necessary [4,15]. As these testing methods are destructive, the 
monitoring of the self-healing effectiveness over time is not possible. For 
this reason, the establishment of a non-destructive testing protocol was 
initiated, which enables the evaluation of the self-healing properties of 
cementitious materials. 

Thanks to their sensitivity to the elastic properties of a material 
under study, ultrasonic waves allow to characterize the inner micro-
structure in a non-destructive manner. The use of ultrasound within 
cementitious materials ranges from the determination of the setting time 
[16,17], over the estimation of the mechanical properties [18], to the 
identification of damage [19,20,21,22]. Linked to the latter topic, recent 
studies comprised the application of ultrasound to evaluate the repair 
effectiveness within cementitious mixtures [23,24,25,26,27,28,29]. In 
these researches, mostly surface wave measurements were described, 
where emitter and receiver(s) are placed on a single side of the spec-
imen, having the crack in between them. Whereas ultrasound showed to 
be able to discriminate between the uncracked, cracked and healed 
stages by means of an analysis of the wave parameters, the information 
obtained from these measurements concerns a specific zone between the 
sensors with shallow depth. The characterization capacity is thus limited 
and the healing effectiveness along the depth as well as within the entire 
crack volume are not investigated. Nonetheless, variations in the extent 
of healing are expected, due to the difference in availability of water and 
CO2. To eliminate this drawback, in this study ultrasonic mapping by 
through transmission measurements is applied for the healing evalua-
tion of the entire cross-section. Through transmission has already shown 
its potential for the characterization of porosity and damage within 
cementitious materials [30,31,32]. The method consists in measuring 
characteristics of wave velocity and amplitude at several points along 
the cross-section, thereby effectively “scanning” the crack volume 
before and after potential repair action. 

In the present study way, the healing effectiveness and the unifor-
mity of the self-healing mechanism along the depth was targeted. Ul-
trasonic transmission measurements were conducted on cementitious 
mixtures with and without superabsorbent polymers. Two types of SAP 
were investigated next to a reference material, in order to evaluate the 
effect of the SAPs on the self-healing process. The effectiveness not only 
depends on the overall promotion of autogenous healing, but also con-
cerns the uniformity of healing within the cracked cross-section. Apart 
from ultrasound experiments, microscopic analysis was performed to 
assess the visual crack closure and compare with the outcome of the 
ultrasonic measurements. 

2. Materials and methods 

2.1. Materials 

To investigate the influence of SAPs on the autogenous repair ability 
and conclude on the ideal type of SAP to be used for self-healing pur-
poses, three mortar mixtures were designed. One of these is a reference 
material without additives, while the two others contain a different type 
of superabsorbent polymer. The main constituents comprised a high- 
strength Portland cement, namely CEM I 52.5 N Strong from Holcim, 
and river sand 0/2. Sand was added in an amount of 2 to 1 with respect 

to the weight of the cement. The water-to-cement ratio was equal to 0.35 
and a superplasticizer (MasterGlenium 51, BASF) was added in an 
amount of 0.4 % by weight of cement to increase the workability. 

Concerning the mortars with SAPs, an amount of SAPs of 1 % with 
respect to the weight of cement was introduced. The first type of 
superabsorbent polymer used was Floset27 CC, obtained from SNF. This 
SAP is a cross-linked copolymer of acrylamide and acrylic acid with 
particle sizes between 0 µm and 600 µm. The d25, d50 and d75 are equal 
to approximately 180 µm, 250 µm and 320 µm, respectively, while the 
particle size distribution can be found in [33]. The specific SAP was 
already investigated in literature and showed an immediate sealing of 
cracks, as well as an improved healing ability [34,35]. The second SAP is 
a copolymer of acrylamide and sodium acrylate, called VP 400. This SAP 
is produced by gel polymerization and was provided by BASF. Whereas 
the chemical composition is similar compared to Floset27 CC, the par-
ticle size is significantly smaller, i.e. d50 equal to 70 µm. Its relatively 
small particle size makes this SAP more ideal for internal curing pur-
poses [36,37,38]. However, previous research demonstrated the bene-
ficial effect of such small SAPs for the improvement of the self-healing 
capacity of cementitious mixtures [3,5]. To account for the water uptake 
of the SAPs, additional water was added to the mortar mixtures with 
SAPs, whilst guaranteeing the same effective water-to-cement ratio as 
the reference material without SAPs. The exact water quantity to be 
included was determined by means of a flow table test, following NBN 
EN 1015–3 [39], so that an identical workability of all fresh mortars was 
obtained. In case of Floset27 CC, an amount of 20 g additional mixing 
water per gram of SAP was additionally included, while for VP 400 this 
was 30 g additional mixing water per gram of SAP. The additional water 
was added together with the mixing water and dissolved super-
plasticizer and the SAPs were added to the cement in the dry state. 

2.2. Sample preparation 

For each mortar composition, one beam measuring 100 mm × 100 
mm × 400 mm was cast and cured in plastic foil at 20 ± 2 ◦C for 28 days. 
After curing, three slices with a thickness of 50 mm were cut from the 
middle part of these beams, so to include as little cast surfaces as possible 
(Fig. 1 (a)). Cracking of the specimens was performed by means of a 
Brazilian splitting test, shown in Fig. 1 (b), using an Instron 5885H test 
bench. The splitting test was executed displacement-controlled at a rate 
of 2 mm/min, leading after cracking to two mortar halves with a 
thickness of about 25 mm. Subsequently, these parts were reconnected 
by means of 4 metal tabs (one on each surface), while maintaining an 
average crack width between 150 µm and 250 µm (see Fig. 2 (a)), as 
suggested in literature [40]. 

To promote the healing mechanism, the specimens were placed in 
wet-dry curing cycles, which consisted of 1 h submersion in water at 20 
± 2 ◦C and 23 h in dry conditions at 20 ± 2 ◦C and 60 ± 5 % RH. The 
specimens were turned over every week, to alternate the position of the 
microscopic measurement surfaces (facing upward/downward). 

2.3. Ultrasonic transmission measurements 

The self-healing effectiveness was monitored by ultrasonic trans-
mission measurements, using two piezoelectric sensors of type R15α 
with a resonance frequency of 150 kHz. The emitter was connected to a 
waveform generator, which triggered an electric signal of one cycle of 5 
V and frequency of 150 kHz. This voltage signal was then transformed by 
the emitter to a pressure wave that propagated through the mortar 
specimen. The receiver was placed at the opposite side of the sample, 
ensuring a travel path between both sensors that was perpendicular to 
the crack (see Fig. 2). To investigate variations in the healing effec-
tiveness along the cracked cross-section, a grid was drawn on the side 
surfaces that comprised 25 measuring locations, as shown in Fig. 2 (b). 
During the ultrasonic assessment, the sensors were moved along this 
grid, conducting one measurement per position. Vacuum grease was 
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used to improve the acoustic coupling between the specimen and the 
sensors. A first set of measurements was performed in the uncracked 
state and repetitions were executed after cracking (0 days of healing) 
and after 3, 7, 14 and 28 days of wet-dry curing. As the specimen’s 
degree of saturation might affect the results, the experiments were 
carried out at the same moment within the wet-dry cycles, i.e. after 16 h 
of drying. 

2.4. Microscopic analysis 

The visual crack closure was evaluated by monitoring the crack 
width openings using an optical microscope. A Leica S8 APO micro-
scope, mounted with a DFC 295 camera was used. Pictures were taken in 
five locations of the front surface (front view of Fig. 2) and in five lo-
cations of the back side. The heights of these locations were aligned with 
the five lines of the ultrasonic measuring grid. Per picture, five 

Fig. 1. Schematical representation of (a) sample cutting scheme and (b) Brazilian splitting test.  

Fig. 2. (a), (b) Schematical representation of the set-up for ultrasonic transmission measurements, revealing the placement of the sensors and the measuring grid and 
(c) example of a tested specimen. 

Fig. 3. Evolution of waveforms received over time for a reference specimen. The amplitudes are shifted with respect to their original value, while maintaining their 
actual shape. The arrows indicate the onset of the waveforms. 
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measurements of the crack width were carried out, leading to a total of 
50 values per specimen. A first analysis was performed immediately 
after cracking, while repetitions were made after 3, 7, 14 and 28 days of 
wet-dry curing. 

3. Results and discussion 

3.1. Raw data 

The self-healing capacity was evaluated by analyzing the evolution 

Fig. 4. Evolution of the wave velocity for a representative reference (left), Floset27 CC (middle) and VP 400 (right) specimen over time.  
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of two wave parameters, namely the wave velocity and the attenuation. 
To better understand how these parameters enable the self-healing 
assessment and how they were determined, typical waveforms that 
were received from a reference specimens are shown in Fig. 3. The 
excitation signal, sent from the waveform generator, presents a single 
cycle with onset time at 0 µs. After travelling through the specimen’s 
thickness of 50 mm in the uncracked state, a waveform with reduced 
amplitude of about 2 V was captured by the receiver. Also, the arrival of 
the signal, indicated by the first threshold crossing that is defined as the 
maximum noise level of the received waveform during the “pre-trigger” 
stage, was delayed compared to the excitation signal, due to the prop-
agation through the specimen thickness. The threshold was stable for all 
measurements since these were taken with the same acquisition system 
and it was equal to 5 mV. From these distinct points, different wave 
parameters were determined. The propagation velocity was calculated 
by dividing the distance between the sensors (±50 mm) by the time 
difference between the arrival of the signal at the receiver and the onset 
time from the excitation signal, after excluding sensor delay effects. For 
example, a travel time of 12 µs was observed in Fig. 3, which corre-
sponds to a velocity close to 4200 m/s. From the amplitude values, the 
attenuation of the signal was also calculated. Various factors affect the 
attenuation, such as the presents of voids, damage, aggregates and the 
damping of the material itself [41,42]. With x the distance between the 
sensors and A signifying the amplitude value, the attenuation was 
calculated using Equation (1): 

Attenuation
[

dB
mm

]

= −
1
x
*20*log

(
Areceiver

Aemitter

)

(1) 

For comparison purposes, the amplitude of the emitter was taken as 
the voltage of the electric signal that was fed to the emitter and was 
constant in all measurements, allowing comparisons between speci-
mens. After cracking, the received waveform showed a significant delay 
in the onset time, as the crack practically prohibits the wave to travel to 
the receiving sensor. The arrival of the wave was noticed at approxi-
mately 32 µs, leading to a reduced velocity of 1560 m/s. Additionally, 
the amplitude was also reduced compared to the received signal from 
the uncracked situation, showing a value of about 0.7 V only. To pro-
mote the occurrence of the autogenous healing mechanism, the spec-
imen was placed in wet-dry curing cycles. It can be seen from Fig. 3 that 
the onset time was advanced over time, in comparison to the cracked 
state. Also, the amplitude was partially restored, which was clearly 
visible after 14 and 28 days of healing. The partial recovery of both the 
wave velocity and the amplitude suggested that partial crack closure had 
occurred. 

3.2. Ultrasonic mapping 

In order to investigate the extent of healing within the entire cracked 
cross-section, a calculation of the wave velocity and attenuation in each 
of the 25 measuring points was conducted. For reasons of simplicity, 
only the velocity is detailed within this section, while the attenuation 
will be shown upon the comparison of the average results in Section 3.3. 
In Fig. 4, the velocity results are presented by means of color maps. The 
uncracked situation revealed an approximately uniform velocity distri-
bution for all three specimens. Within the reference specimen, velocities 
between 4000 and 4500 m/s were reached, which indicate a good 
quality of the material according to literature [43]. The two samples 
with SAPs display a slightly lower velocity, i.e. between 3500 and 4000 
m/s. This reduction in velocity was caused by the increased macro-
porosity upon SAP addition. As the SAPs swell during mixing and release 
the absorbed water after hardening, voids are left behind upon 
shrinkage of the SAPs [44,17]. Upon crack creation, the velocity lowered 
significantly within all specimens tested due to the introduced discon-
tinuity. Velocities down to about 500 m/s were calculated in certain 
areas. Comparing the color maps in the cracked state to the uncracked 

situation, it can be noticed that the variation in velocity values has 
strongly increased, leading to a more non-uniform distribution 
throughout the entire cross-section. This result suggests a variation of 
the crack width in the cross section of the specimen. Within the cross- 
section, the gap between the crack walls could differ from the one 
measured at the sides (nominally 200 μm in average), while bridging 
points, formed through crushed debris upon reassembly are also 
possible. The samples were then placed in wet-dry curing cycles for 28 
days and repetitions of the ultrasonic measurements were conducted 
after 3, 7, 14 and 28 days. Regarding the reference specimen, an 
improvement in velocity within specific zones was noticed, while other 
locations showed a further degradation after 3 days of healing (Fig. 4 – 
Reference, 3 days, left). The latter could be caused by the movement of 
water during wet-dry curing, transporting debris that was previously 
present within the crack volume. Nonetheless, later assessments 
demonstrated an increase of the wave velocity over time, meaning that 
products were deposited inside the crack. Finally, after 28 days of 
healing, an almost complete recovery of the initial velocity value was 
obtained in various locations, while other zones still displayed a rela-
tively low velocity between 2500 m/s and 3500 m/s. Similar to the 
cracking process, the self-healing progress was thus also non-uniform, 
demonstrating the high characterization potential of ultrasonic map-
ping to expose variations in the extent of healing. 

The evolution of wave velocity within the SAP specimens was com-
parable to the reference sample. The overall trend, shown in Fig. 4, 
discloses an improvement of the velocity from 3 to 28 days of wet-dry 
curing. Again, the healing process occurred in a non-uniform manner, 
which could in this case also be attributed to the random distribution of 
SAP particles within the cracked section. After 28 days of healing, a 
discrepancy between the three mixtures can be distinguished in terms of 
uniformity. For the reference specimen, the majority of the cross-section 
exhibited high velocities around 4000 m/s, while there were areas with 
a lower extent of healing displayed by lower velocity values. While the 
variation of the measurements is separately treated in a next section 
(Section 3.3), it is noted that the discrepancy between maximum and 
minimum was approximately 2500 m/s (from 1890 m/s to 4390 m/s). 
Regarding Floset27 CC (2nd column of Fig. 4), the distribution of ve-
locities became closer to uniform (max–min discrepancy 1000 m/s) after 
four weeks of wet-dry curing, meaning that the induced healing process 
covered the entire cross-section, which would be advantageous in terms 
of mechanical regain. The sample with SAP VP 400 (3rd column of 
Fig. 4) showed a behavior amidst the previously described mixtures, but 
closer to the Floset27 CC case (range 1100 m/s). These results demon-
strate the valuable information received from ultrasonic mapping, 
showing the extent of healing along the interior of a crack through non- 
destructive testing for the first time in literature. Additionally, the 
comparison between the different mixtures gives a first indication on the 
possibility of assessing the uniformity of the healing process within 
cracked cross-sections. 

3.3. Global ultrasonic assessment of the self-healing ability 

To allow for a quantitative comparison between the different mix-
tures, the average wave velocity and average attenuation were calcu-
lated from the 25 locations of every specimen for each measuring stage. 
The coefficients of variation will be detailed later. The evolution of the 
average wave velocity, presented in Fig. 5 (a), confirms the trends 
observed from the ultrasonic mapping. In the uncracked situation, rep-
resented by the higher values at day 0, a velocity of about 4400 m/s was 
obtained for the reference specimens. The addition of SAPs to the mortar 
blends caused an increased macroscopic porosity, leading to a reduction 
of the wave velocity in both mixtures. After cracking, the wave velocity 
was considerably lowered on average, due to the introduced disconti-
nuity in the sample. Upon healing, the reference specimens showed a 
noticeable increase of the wave velocity during the first week. After-
wards, the healing effect slowed down, due to the consumption of 
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unhydrated cement within the cracked cross-section. Similar to the 
reference, the mixture with VP 400 displayed the largest increase in 
velocity during the first seven days of wet-dry curing, whereafter only 
marginal improvements were noticed. Slightly different to these previ-
ously discussed mortars, the evolution of the wave velocity was more 
continuous in case of Floset27 CC addition, suggesting an improvement 
of the overall healing ability upon inclusion of this particular SAP. 

As observed from Fig. 5 (a), the wave velocity partially restored to-
wards the initial value before cracking for all mixtures tested. The 
restoration of the velocity was calculated in every point and averaged 
afterwards. Restoration was defined as the parameter’s gain between the 
cracked and the healed stages divided by the reduction of this parameter 
due to cracking, and was calculated by means of Equation (2): 

Restoration[%] =
Qhealed − Qcracked

Quncracked − Qcracked
*100 (2)  

where QX signifies the value of the parameter under study, namely the 
velocity or the attenuation, at stage X (uncracked, cracked or healed). 
The average parameter values, e.g. as depicted in Fig. 5 (a) for the ve-
locity, were used for this calculation. Fig. 5 (b) depicts the average 
restoration of the velocity for all three mixtures over time. Regarding the 
reference, a restoration of 17 % was obtained after three days of wet-dry 
curing, which was considerably smaller than the recovery for the SAP 
blends. Afterwards, the restoration percentage increased and a final 
value of 70 % was reached at 28 days of healing. Upon the inclusion of 
VP 400 a recovery of 31 % was found within the first three days, 
demonstrating the improved water storage through SAPs. Between three 
and seven days, the restoration started to slow down and eventually, 
during the last three weeks, a similar evolution compared to the refer-
ence was seen. The final restoration value of VP 400 mortar was equal to 
73 %, revealing once again the promoted healing ability. Lastly, the 
mixtures with Floset27 CC showed a similar recovery from the start 

compared to VP 400, whereas the restoration clearly slowed down be-
tween three and seven days of healing. However, the recovery developed 
more continuously at later healing ages, which led to the highest 
restoration value (i.e. 83 %) of all three mixtures. This outcome confirms 
the trends observed in literature, where larger sizes of SAPs proved to be 
more efficient for self-healing purpose [45,46]. However, it should be 
mentioned that many more SAP characteristics, like the chemistry and 
water kinetics, affect the healing capacity. 

In Fig. 6 (a) the average attenuation is plotted with respect to the 
time. When comparing the attenuation between the various mixtures, it 
was noticed that the values for reference and VP 400 specimens were 
closely related in the uncracked state, while the attenuation was much 
higher for Floset27 CC addition. Similar to the reduced wave velocity, 
this was attributed to the presence of macropores, increasing the scat-
tering attenuation of the wave. Afterwards, the introduction of the crack 
posed a discontinuity within the matrix, which strongly increased the 
attenuation of all mortars. The effect of the crack was more pronounced 
within the mixtures with SAPs, compared to the reference, suggesting 
larger average crack widths within these specimens. From the onset of 
the wet-dry curing cycles onwards, a partial restoration of the average 
attenuation was noticed for all mixtures under study. A noticeable 
decrease in attenuation of the reference blends was only observed be-
tween three and seven days of healing. The mortars with SAPs showed a 
strong recovery in attenuation from the start of healing, which slowed 
down after seven days in case of VP 400, while for Floset27 CC a more 
continuous decreasing trend was maintained until the end of wet-dry 
curing. 

The restoration percentages in terms of attenuation are shown in 
Fig. 6 (b). The evolution of the attenuation’s restoration was practically 
identical for the SAP mortars during the first two weeks of healing. Af-
terwards, the Floset27 CC specimens demonstrated a continued recovery 
like in the case of wave velocity, giving rise to a final average recovery of 

Fig. 5. Evolution of (a) wave velocity and (b) restoration of the wave velocity vs time. The mean evolution between the measuring points is shown as a trend.  

Fig. 6. Evolution of (a) attenuation and (b) restoration of attenuation vs time. The mean evolution between the measuring points is shown as a trend.  
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81 %. For the reference mixture, the healing mechanism was mostly 
evident between three and seven days, while afterwards no further 
improvement could be distinguished. After 28 days of wet-dry curing, 
similar restorations of 64 % and 59 % were obtained for reference and 
VP 400, respectively. Hence, it was seen that the use of non-destructive 
ultrasonic measurements enabled an assessment of the overall self- 
healing capacity of cementitious mixtures and allowed to distinguish 
between various mix designs. 

As explained in Section 3.2, the use of ultrasonic mapping allowed to 
evaluate the extent of healing along the entire cross-section and thus to 
assess the uniformity of the healing mechanism. For this reason, the 
coefficients of variation (COV), being the standard deviations on the 
average results divided by the average values, were calculated for the 
wave velocity at all measurement stages. In Fig. 7, negligibly small 
values around 1 % were received in the uncracked state for all mixtures, 
which confirms the uniform distribution of the velocity values as 
depicted in Fig. 4. The cracking process largely increased the variation 
on the results, as the crack widths vary between different locations, 
while random bridging points are also possible. In all cases, the COV 
increased to more than 30 %. The application of wet-dry curing cycles, 
promoting the autogenous healing process, also showed to reduce the 
COV on the wave velocity over time, apart from increasing the velocity 
as discussed above. A comparison between the different mixtures 
revealed a discrepancy between the reference and SAP mixes, namely 
the higher decrease in COV upon SAP addition. While a value of 21 % 
was obtained after 28 days for the reference material, the SAP blends 
reached a value of 7 to 8 %, suggesting a promotion of the uniformity of 
healing on top of the overall improved healing ability. 

It is mentioned that, while possible coupling variations may influ-
ence the measurement of amplitude by 20 % (and according to Eq. (1), 
the attenuation by approximately 0.03 dB/mm), the influence on transit 
time is much smaller (less than 0.2 μs or approximately 1 % of the ab-
solute value), provided that the signal is strong enough to identify the 
onset of the first cycle above the noise level. This possible attenuation 
variation of 0.03 dB/mm is much smaller than the change due to ma-
terial condition. Indeed, cracking increases the attenuation in average 
from 0.1 to 0.5 dB/mm, while healing decreases attenuation back to 
about 0.25 dB/mm. Therefore, while attenuation is still a sufficiently 
sensitive measure to indicate the large changes due to material condition 
(cracking/healing), concerning the point to point uniformity within 
each healing stage, it was chosen to focus on the aforementioned ve-
locity variation, since possible coupling influence is an order of 
magnitude smaller. 

3.4. Microscopic analysis 

The visual crack closure was assessed by means of microscopic 
analysis. Per specimen, 50 crack width measurements were conducted in 
the cracked and healed stages. To get an idea of the information ob-
tained from microscopic analysis, Fig. 8 shows the evolution of one 
random crack location per mortar mixture from immediately after 
cracking to 14 and 28 days of wet-dry curing. For each mixture tested, a 
whitish product is deposited inside the crack, which leads to a reduction 
of the average crack width over time. 

In Fig. 9, the average of all measurements of a mixture series is 
plotted with respect to the time. The standard deviations on these values 
can be found in Table 1 in Appendix. Immediately after cracking, the 
two parts of one specimen were reassembled by pushing the halves 
together and measuring the crack width in few locations to obtain a size 
between 150 µm and 250 µm. Whereas for all samples the target crack 
width was approximately achieved, differences in crack size between 
various locations and specimens were inevitably present (see Appendix 
Table 1). The average crack width of reference specimens was equal to 
171 µm, while for the SAP mortars a relatively larger crack width around 
the upper limit of 250 µm was resulted. Whereas the microscopic pic-
tures only provided information on the crack width openings at the 
surface, these higher average values also suggest a general increase of 
the distance between the crack walls. This noticeable difference between 
reference and SAP specimens explains the variations encountered during 
the analysis of the wave velocity and attenuation, namely a reduction in 
wave velocity and an increase in attenuation for the mortars with 
superabsorbent polymers after cracking. Afterwards, the specimens 
were placed in wet-dry curing cycles and the average crack width 
decreased over time for all mixtures tested. After 28 days of healing, the 
reference and VP 400 samples demonstrated an almost identical average 
crack size just below 60 µm. For Floset27 CC, a higher value of 93 µm 
was found. 

As the initial crack widths differed between the various mixtures, a 
relative measurement of the visual healing ability with respect to the 
initial crack width is relevant. For this reason, the healing ratio at the 
distinct stages was calculated using Eq. (3), where CW signifies the crack 
width at stage X (cracked or healed). 

Healingratio[%] =
CWcracked − CWhealed

CWcracked
*100 (3) 

From Fig. 9 (b), it can be seen that the reference and VP 400 mortars 
showed a similar visual healing ratio after three days of wet-dry curing, 

Fig. 7. Coefficient of variation on the average wave velocity vs time.  
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which was significantly higher compared to the Floset27 CC mixture. 
Afterwards, the increasing trend slowed down for all mortars. At the end 
of the healing period, Floset27 CC demonstrated the lowest healing vi-
sual ratio, equal to 65 %, whereas this material displayed the best results 
in terms of global restoration of the ultrasonic parameters. These results 
thus indicate the possible difference between the crack closure at the 
surface and the crack filling within deeper layers and confirm the ne-
cessity of a measuring technique that evaluates the entire cracked cross- 
section. Additionally, it should be noted that, as the average initial crack 
widths were not identical between the mixtures (range from 150 μm to 
250 μm), this could affect the healing progress as well. For this reason, 
the evolution of the average crack width of three separate specimens, i.e. 
one of each mixture, with similar initial crack width are plotted in 
Fig. 10 (a). The specific specimens, as referred to in Appendix Table 1, 
are Reference 3, Floset27 CC 3 and VP 400 1. Starting from similar crack 
sizes, the reference and Floset27 CC samples followed an identical trend 
during the first three days, while an evident improvement of the crack 
closure was seen for VP 400. Eventually, the largest average crack width 
at 28 days of healing was measured for the reference, equal to 135 µm. 
The inclusion of SAPs led to a reduced average crack width, being 75 µm 
and 42 µm for Floset27 CC and VP 400 respectively, confirming the 

promoted healing ability. 
As a means of comparison, the evolution of the wave velocity of these 

specific specimens is presented in Fig. 10 (b). While similar initial crack 
widths were measured, a clear discrepancy in wave velocity values was 
seen after cracking, which indicated the shortcoming of the microscopic 
analysis that only provides information on the crack filling at the sur-
face. During healing, the velocity developments were closely related 
between the three specimens. Finally, after 28 days, the lowest velocity 
was obtained for the reference blend, while the SAP mortars revealed an 
improvement of the healing ability. 

It is characteristic that based on surface applied microscopy inspec-
tion of the crack width, the VP 400 SAPs series indicated the highest 
restoration when similar initial crack widths were compared between 
mixture series, but when the internal part of the crack was assessed 
through ultrasound the results consistently show higher restoration with 
the Floset27 CC. The latter outcome demonstrates the difference be-
tween healing along the crack depth and healing at the surface. The self- 
healing capacity of the reference material was lower compared to the 
SAP blends. 

Lastly, a correlation between the visual crack closure and the ultra-
sonic measurements was examined. Whereas the microscopic analysis 

Fig. 8. Representative examples of microscopic crack width pictures after cracking and after 14 and 28 days in wet-dry curing cycles. The black rectangles have a 
height of 1000 µm. 

Fig. 9. Evolution of (a) average crack width and (b) healing ratio vs time after microscopic analysis. The mean evolution between the measuring points is shown as 
a trend. 
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revealed the filling of the cracks at the outer surfaces, ultrasonic ex-
periments were conducted throughout the whole cross-section. As the 
latter measurements were not performed in exactly the same locations as 
used during microscopy, a direct link between the crack widths and the 
velocity or attenuation values at a specific location would not be valid. 

Therefore, it was chosen to compare the average crack width per 
mixture series, as measured by microscopy in all 10 locations on the 
front and back surfaces of the three specimens, to the average velocity 
and attenuation per mixture series. In Fig. 11 (a), the average velocity 
measured at different healing ages is plotted with respect to the average 
crack width of all investigated samples. While the average velocity 
values concern the entire crack volume and the crack widths solely 
provide information about the crack opening at the surface, a negative 
correlation between velocity and crack widths was observed. In the 
uncracked stage (crack width equal to zero), all average velocities 
showed a value above 3500 m/s, whereas in case of crack sizes above 
200 µm, measured immediately after cracking, the velocity decreased to 
2500 m/s or less. In between these two extreme cases, an increase of 
velocity with decreasing crack widths was obtained, which demon-
strated the sensitivity of ultrasound to the healing process. 

The average attenuation vs crack width is presented in Fig. 11 (b), 
where an opposite trend compared to the velocity can be noticed. For 
intact specimens, the attenuation was limited below 0.2 dB/mm, while 
after cracking, when crack widths of about 200 μm were exhibited, 
attenuation increased to approximately 0.6 dB/mm. With decreasing 
crack width during the healing cycles, a decrement of the average 
attenuation was observed, indicating the sensitivity of wave trans-
mission both to the initial cracking and to the healing process. However, 
it is reminded that a one-on-one correlation cannot be performed, due to 
the difference in measuring locations between the two adopted tech-
niques. Additionally, microscopic analysis indicated the closure of 
cracks, but this does not imply a stiff connection between the crack 
walls, something that can be confirmed only by ultrasonic 
measurements. 

It should be emphasized that the differences caught by ultrasound 
are driven by the change in the very thin layer of the crack (of 

Table 1 
Average crack width [µm] and standard deviation [µm] per specimen and per 
mixture design.    

Cracked 3 days 7 days 14 
days 

28 
days 

Reference Specimen 1 169 ± 59 73 ±
94 

49 ±
96 

49 ±
100 

39 ±
82 

Specimen 2 102 ± 36 11 ±
26 

9 ± 26 0 ± 0 0 ± 0 

Specimen 3 241 ±
109 

169 ±
135 

148 ±
142 

136 ±
142 

135 ±
137 

Total 
average 

171 ± 92 83 ±
114 

66 ±
113 

61 ±
114 

57 ±
107 

Floset27 
CC 

Specimen 1 251 ± 37 145 ±
105 

126 ±
100 

104 ±
92 

93 ±
89 

Specimen 2 268 ± 37 180 ±
100 

133 ±
106 

132 ±
112 

111 ±
116 

Specimen 3 236 ± 64 170 ±
87 

121 ±
93 

92 ±
98 

75 ±
94 

Total 
average 

253 ± 49 167 ±
98 

127 ±
99 

110 ±
102 

93 ±
102 

VP 400 Specimen 1 236 ± 57 92 ±
78 

91 ±
79 

72 ±
72 

42 ±
71 

Specimen 2 290 ± 49 140 ±
119 

134 ±
115 

116 ±
108 

93 ±
107 

Specimen 3 257 ± 43 93 ±
102 

92 ±
92 

80 ±
91 

44 ±
75 

Total 
average 

259 ± 54 106 ±
101 

103 ±
96 

88 ±
92 

58 ±
87  

Fig. 10. Evolution of (a) average crack width and (b) wave velocity of three specimens with similar initial crack widths.  

Fig. 11. (a) Average velocity and (b) average attenuation vs average crack width, measured at different healing ages.  

G. Lefever et al.                                                                                                                                                                                                                                 



Construction and Building Materials 344 (2022) 128272

10

approximately 200 μm) as the rest of the path at either sides of the crack 
is not expected to be much influenced. This shows the sensitivity of 
elastic waves to changes even on the microscopic level, due to the 
physical propagation through the material of interest. In addition, it will 
make the effort for evaluation of the mechanical properties of the 
healing materials in the crack possible, since the only change is 
concentrated inside the crack and the properties of the rest of the path 
are known. The sensitivity of ultrasound enables a global assessment of 
the self-healing capacity, while for the first time it provides information 
on the interior of the crack away from the surface. It also allows possible 
automatic scanning that can offer more resolution in space. This opens 
the way for a realistic, detailed assessment of the self-healing perfor-
mance, first in laboratory conditions in order, for example, to select the 
best SAPs for more effective and more uniform healing inside the whole 
volume of the crack, and second with possible modifications (e.g. exci-
tation frequency, grid) in real size structural members. 

4. Conclusions 

The self-healing ability of three cementitious mortars, namely-one 
reference material and two mixtures with different superabsorbent 
polymers, was investigated by means of ultrasonic transmission mea-
surements and microscopic analysis. Autogenous healing was promoted 
by the application of wet-dry curing cycles. 

In the uncracked situation, ultrasound revealed the higher porosity 
of the mortars with SAPs by a lower velocity and higher attenuation. 
Upon cracking, a significant decrease of the velocity and an increase of 
the attenuation was evident for all mixtures. The application of wet-dry 
curing cycles caused a partial restoration of these parameters over time, 
as healing products were deposited inside the cracks. Through the 
calculation of the restoration percentage, the beneficial effect of SAP 
inclusion for self-healing purpose was confirmed. A comparison between 
the two types of SAP exposed a significantly higher recovery of the ve-
locity for Floset27 CC, having a larger particle size, allowing to compare 
different SAPs’ ability to promote self-healing. Moreover, the adoption 
of through-transmission ultrasound enabled an assessment of the entire 
cross-section and displayed variations in the extent of healing along the 
depth. From these results, the use of SAPs suggested an increase of the 
uniformity of the healing process by a reduction of the coefficient of 
variation of velocity at different points of the cross section. 

By means of microscopic analysis, the visual crack closure at the 
surface was evaluated. Consecutive measurements of the crack width 
indicated the filling of the cracks during wet-dry curing for all materials 
tested. Through the calculation of the healing ratio, a comparison be-
tween the different mixtures was conducted and demonstrated a strong 
improvement in the visual crack closure for the VP 400 mortar 
compared to the other blends. Also, a correlation between the average 
crack width and the average velocity and attenuation was revealed. 
While the inclusion of Floset27 CC showed the smallest healing ratio 
from microscopic analysis, ultrasonic measurements exposed the highest 
recovery in terms of velocity for this mixture as well as an increased 
uniformity of the healing process through the cross-section. These re-
sults therefore validate the importance of assessing the self-healing ca-
pacity along the entire cracked cross-section over a superficial 
microscopic evaluation. The through-the-thickness application of ul-
trasound provided indicative information on the extent of healing and 
the uniformity of the process along the depth in a non-destructive 
manner. 
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