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2nd cycle, the stiffness recovery values decrease due 
to repeated loading, resulting in increased damage 
and a reduced number of reactive particles, thereby 
compromising self-healing and stiffness recovery. 
Despite enduring multiple instances of crack damage, 
UHPC samples still exhibit notable toughness recov-
ery, underscoring the enduring efficacy of the self-
healing mechanism even in challenging conditions.

Keywords UHPC · Durability · Self-healing · 
Aggressive environments

1 Introduction

Concrete and concrete structures have seen significant 
changes and undergone challenging developments in 
the last decades, focusing on improving material and 
structural performance, safety, and reliability, while 
also embracing sustainability principles [1]. This 
shift places stricter demands on material properties 
and the need to reduce material use and maintenance 
costs for structures. With advancing technology, 
dedicated researchers and engineers have been con-
tinuously exploring new material concepts and design 
approaches to enhance the multifold set of perfor-
mance required to satisfy the requirements of safety, 
serviceability, durability and sustainability [2]. Addi-
tionally, efforts are made to provide concrete proper-
ties that help it to better withstand mechanical and 

Abstract This paper investigates the resilience 
of UHPC’s self-healing capabilities under aggres-
sive environmental conditions and cracking/healing 
cycles. UHPC specimens ‘with a double-edged wedge 
splitting geometry were made, incorporating a com-
mercial crystalline admixture (Penetron Admix®). 
The evaluation of UHPC’s healing capacity involved 
subjecting pre-cracked samples to three different 
water immersion conditions: tap water, saltwater, and 
geothermal water. The closure of cracks during differ-
ent curing periods was meticulously recorded using 
optical microscopy. Furthermore, specialized tests, 
including ultrasonic pulse velocity (UPV) measure-
ments and splitting tensile tests, were conducted to 
quantify the recovery of mechanical properties. The 
results reveal that extended exposure results in a grad-
ual closure of cracks, where salt water and geother-
mal water exhibit lower self-healing capabilities. Self-
healing improves after the 1st crack/self-healing cycle 
but decline rapidly after the 2nd cycle. Mechanical 
property is strongly correlated with the extent of self-
healing, and all samples display varying degrees of 
stiffness recovery, with the most pronounced recovery 
occurring after the 1st cycle. However, following the 
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environmental stresses, reducing the impact of aging 
and material deterioration [3, 4].

Ultra-High Performance Concrete (UHPC) has 
gained significant attention due to its outstanding 
mechanical strength and durability, leading to rapid 
growth and widespread use in recent years [5–8]. 
Impressively, UHPC does not only achieve a com-
pressive strength of over 150  MPa after 28  days, 
and by the introduction of steel fibres, the material 
achieves strain-hardening behaviour in the tensile 
state [9]. This helps to effectively control the spread 
of cracks, distributing the damage, otherwise local-
ized into a single major crack, into a set of tightly 
spaced, thinly opened and stably propagating micro-
cracks, each measuring only 0.02–0.03 mm in width 
[10] which also allows UHPC to reach ultimate 
strains even higher than the conventional’steel rein-
forcement yield strain (0.2%) while being able to 
continuing sustaining a not negligible tensile stress 
[11, 12]. These remarkable properties make UHPC a 
top choice for structures requiring superior mechani-
cal strength and long-term durability, including, e.g. 
bridges, wind towers and tunnels [13–15].

However, concrete cracking is an inevitable occur-
rence, even in UHPC structures. There are various 
factors leading to cracking such as mechanical loads, 
fluctuations in temperature and humidity, restrained 
shrinkage, creep deformation, and environmental 
actions, including chemical attacks. When UHPC that 
is already cracked is exposed to harsh environmen-
tal conditions, detrimental ions from the surround-
ings can infiltrate through these cracks, targeting the 
cement matrix and the fibre reinforcement within the 
UHPC structure. This infiltration, and the ensuing 
degradation processes, could lead to significant dete-
rioration in the properties of the UHPC.

Fortunately, the concept of self-healing techniques 
offers a promising solution to address the cracking 
issue. Previous studies have already demonstrated 
that the utilization of effective self-healing materi-
als can significantly enhance the durability of struc-
tures while minimizing maintenance costs [4, 16]. 
UHPC possesses inherent qualities that support crack 
sealing, thanks to the ongoing hydration reaction of 
cement particles and the carbonation of hydration 
products [17, 18], fostered by the mix-design compo-
sition which, featuring high binder content and low 
water/binder ratio, leaves large amount of potentially 
reactive un-hydrated binder particles in the bulk of 

the “in-structure” material. Additionally, researchers 
have made significant progress in enhancing UHPC’s 
self-healing abilities through various approaches. 
These methods include adjusting the type and quan-
tity of supplementary cementitious materials (SCMs), 
incorporating crystalline admixtures (CAs) [19], and 
utilizing autonomous self-healing methods including 
encapsulated polymer healing agents [20], swelling 
agents like Super Absorbent Polymers (SAP) [21], 
and capsules containing bacteria [22]. These advance-
ments hold great potential for improving the long-
term durability and performance of UHPC structures, 
addressing concerns related to crack formation and 
material performance degradation.

The repeatability of self-healing materials’ perfor-
mance holds significant importance as it serves as a 
crucial indicator of structural stability. Snoeck and 
De Belie [23] conducted an investigation to assess 
the capacity of Strain-Hardening Cementitious Com-
posites (SHCC) to consistently induce autogenous 
healing following two loading cycles within a four-
point bending test. In this study, SHCC beams were 
initially pre-cracked and subjected to strain limita-
tions of up to 1%. Subsequently, after an additional 
28-day healing period, the specimens underwent a 
second round of loading and failure test occurred 
during the third loading cycle. During wet and dry 
cycles, SHCC specimens without superabsorbent 
polymers (SAPs) demonstrated a recovery rate of 
46% of their initial crack strength after the first heal-
ing cycle. This recovery rate decreased to 28% after 
the second healing cycle. SHCC beams incorporat-
ing SAPs exhibited significantly enhanced recovery 
rates. Specifically, they achieved a recovery rate of 
75% after the first healing cycle and maintained a 
recovery rate of 66% after the second healing cycle. 
Cuenca et al. [24] conducted an analysis focused on 
evaluating the self-healing capacity of steel fibre 
concrete in the presence and absence of crystalline 
admixtures, particularly under conditions involving 
repeated cracking and healing cycles. Their findings 
led to the conclusion that the inclusion of crystalline 
admixtures in the concrete samples had the poten-
tial to enhance the concrete’s long-term self-healing 
ability under repeated cracking and healing cycles. 
Kannikachalam et al. [25] performed the fatigue test-
ing on UHPC beams to evaluate the effectiveness of 
self-healing. After the samples were pre-cracked and 
subjected to up to 700,000 cycles at between 10 and 



Mater Struct           (2024) 57:36  Page 3 of 14    36 

Vol.: (0123456789)

80% of the pre-crack load, the samples were repeat-
edly loaded for 100,000 cycles after a healing period 
of 1, 3, or 6  months in water. Crack sealing was at 
least 80% after 1  month and as high as 100% after 
3  months. UHPC’s self-healing properties contrib-
uted to bending stiffness recovery by lowering the 
rate of crack opening by up to 18 times throughout 
the fatigue cycles.

Studies above have examined the ability of suitable 
self-healing materials to maintain high levels of self-
healing even after multiple cycles of cracking and 
healing. The authors’ earlier review paper compre-
hensively addressed the influence of exposure to vari-
ous environments on the self-healing performance of 
UHPC [18]. Nevertheless, the study on the impact of 
aggressive environments on the repeatability of self-
healing performance of UHPC has been largely over-
looked. In reality, understanding the implications of 
the external environment on self-healing efficacy is 
crucial for developing robust self-healing materials 
and ensuring their long-term reliability in practical 
applications.

By addressing this research gap, this study aims 
to shed light on the capacity of UHPC to maintain 
its self-healing capabilities in the face of repeated 
damage and aggressive conditions. To accom-
plish this, UHPC specimens with a double-edged 
wedge splitting geometry were utilized, incorporat-
ing a commercial crystalline admixture (Penetron 
Admix®). This particular geometry allows for the 
convenient assessment of the relationship between 
tensile stress and crack opening in fibre-reinforced 
cementitious composites [26]. To evaluate the 
healing capacity of the UHPC, samples were pre-
cracked up to 0.3  mm cracking opening displace-
ment (COD), as measured in the loading stage. This 
value of the COD was selected, also based on pre-
vious investigations [27], to have upon unloading a 
residual crack width in the rage of 0.05–0.1 mm, as 

it will be hereafter detailed, deemed as representa-
tive of serviceability limit state situations for the 
investigated category of materials. The pre-cracked 
specimens were then subjected to three distinct 
water immersion exposure environments: tap water, 
salt water, and geothermal water. The closure of 
cracks over various curing periods was meticulously 
documented using optical microscopy. Addition-
ally, tailored tests such as ultrasonic pulse veloc-
ity (UPV) measurements and double edge wedge 
splitting tensile tests, as already employed for pre-
cracking, were conducted to quantify the recovery 
of mechanical properties. Through an exhaustive 
experimental investigation, this study seeks to offer 
a thorough insight into the aforementioned relation-
ship within the examined materials. It specifically 
emphasizes their capacity to sustain mechanical 
properties when exposed to challenging conditions 
such as geothermal water and saltwater. This resil-
ience is attributed to their enduring and replicable 
self-healing capabilities over the long term.

2  Materials

The mixture proportion of UHPC investigated 
in this study is presented in Table  1. A water-to-
binder ratio of 0.18 was used to achieve a highly 
compact and strong matrix. Additionally, 0.8% 
of the mass of cement crystalline admixture (Pen-
etron Admix®) was included as a healing stimulant 
[23–25]. Table 2 presents the chemical components 
of the employed cement and slag. To obtain tensile 
hardening performance, 1.5% by volume of straight 
brass-plated steel fibres having a length of 20  mm 
and a diameter of 0.22 mm, were added. The fibres 
have a minimum tensile strength of 2400 MPa. The 
detailed procedure for preparing the UHPC is refer-
enced in the authors’ previous publication [28].

Table 1  Mixture proportions of UHPC

CEM I according to European classification is a Portland cement with > 95% clinker

Constituents (kg/m3)

CEMI 52.5 R Slag Water Steel fibers Sand 0–2 mm Superplasticizer (SP) Crystalline Admixture(CA)

600 500 200 120 982 33 4.8
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3  Experimental procedures

3.1  Preparation of the pre-cracked samples

Large slabs of UHPC were cast and subsequently cut 
into beams with 500 × 100 × 50 mm [7, 28]. These 
beams were then stored at a controlled temperature of 
20 °C and humidity of 90% for a maximum duration 
of 1  year to minimize the impact of delayed hydra-
tion on the self-healing properties. To assess the 
relationship between tensile stress and crack opening 
displacement (COD), the beam samples were further 
processed into double edge wedge splitting (DEWS) 
samples, as depicted in Fig. 1. Previous studies have 
confirmed that this testing methodology is particu-
larly effective for straightforward identification of 
UHPC tensile constitutive behaviour [24, 26, 28].

The DEWS samples underwent a pre-crack-
ing phase under displacement-controlled Instron 
machine, with a loading rate of 0.005  mm/s. The 
crack opening displacement (COD) at the midsection 
of both sample surfaces was recorded using linear 
variable differential transformers (LVDTs), as illus-
trated in Fig. 2. Once the average COD measured by 
the LVDTs reached 0.30  mm, unloading tests were 

conducted at the same loading speed, allowing for 
the acquisition of the complete loading and unloading 
curves for each sample.

After the pre-cracking tests, the cracked samples 
were immersed in three different water environments: 
tap water, salt water, and geothermal water. The tap 
water used was sourced from the municipal water 
supply network of Milan. The salt water was prepared 
with a concentration of 3.3% of sodium chloride As 
for the geothermal water, it was obtained from a geo-
thermal power plant located in Chiudino, Tuscany 
[29]. Table  3 provides the chemical composition of 
the geothermal water, which exhibits a notably high 
content of sulphates and chlorides.

3.2  Re-cracking test

After precracking stage described above and immer-
sion in the relevant environments, the DEWS sam-
ples were then subjected to cracking-healing cycles 
protocols according to the following procedure: 
after 1  month of exposure, the first re-cracking was 

Table 2  Composition of cement and slag

Oxide (wt%) CaO SiO2 Al2O3 MgO SO3 Fe2O3 TiO2 Mn2O3/MnO K2O Na2O Other LOI

Cement 59.7 19.5 4.9 3.3 3.4 3.5 0.2 0.1 0.8 0.2 0.4 2.5
Slag 39.2 38.9 10.2 6.4 1.3 0.4 0.6 0.3 0.5 0.8 0.3 1.2

Fig. 1  Geometry of DEWS sample(unit:mm)

Fig. 2  Set-up of pre cracking test
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performed to keep 0.3 mm COD. Subsequently, after 
additional 2 months of exposure, the second re-crack-
ing was conducted up to a 0.3 mm target COD under 
loading. It is worth remarking that in this stage the 
crack opening was measured starting from the exist-
ing state of the specimen. Lastly, after completion 
of three further months of exposure, a final splitting 
test was executed until sample failure. For each expo-
sure condition three nominally identical replicas were 
tested.

Figure  3 shows the distributions of crack width 
for the samples after initial cracking, 1st and 2nd re-
cracking. The average crack widths of UHPC samples 
are 67.8 μm, 51.9 μm and 44.2 μm after initial crack-
ing, 1st and 2nd re-cracking respectively. The inher-
ent variability in material properties and fiber disper-
sion, which could potentially influence the unloading 
response, may be invoked to rationalize the observed 
dispersion in crack width at the conclusion of unload-
ing. In addition, reference samples without crack/
healing cycles were set up for each stage. The refer-
ence samples were exposed continuously for 1 month, 
3 months and 6 months after pre-cracking, and then 
subjected to splitting tests until failure. Also in this 
case for each exposure condition and duration three 
nominally identical specimens were tested.

Figure 4 presents the crack/healing cycles scheme:

1. pre-cracked samples → immersion in tap/salt/
geothermal water for 1–3–6  months without 1st 
and 2nd re-cracking and healing cycles → final 
splitting test;

2. sample with 1st and 2nd re-cracking and healing 
cycles: pre-cracked samples → healing in tap/salt/
geothermal water for 1  month → 1st re-cracking 
and healing cycle → healing in tap/salt/geother-
mal water for 2  months → 2nd re-cracking and 
healing cycle → healing in tap/salt/geothermal 
water for 3 months → final splitting test.

Table 3  Composition of 
the geothermal water (in 
ppm)

Compositions Al Ca Fe K Mg Na S Si SO4
2− Cl

Quantity 0.2 4 0.13 19.8 0.3 1243 1523 0.3 2678 441

67.8
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Fig. 3  Distribution of crack width (The error bar is standard 
deviation)

Fig. 4  Scheme of cracking-healing cycles
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3.3  Microscopic techniques for the evaluation of 
crack closure

The crack width in the samples was recorded at dif-
ferent curing times using a digital optical microscope 
and the DinoLite Capture software. To capture the 
complete crack, multiple photographs of each crack 
were merged in Phothoshop®, as shown in Fig.  5. 
The area (Aarea) and length (llength) of the cracks were 
then determined using the mathematical and statis-
tical tools available in Phothoshop®. The average 
crack width was obtained by dividing Aarea by llength. 
The crack closure capacity was assessed by calculat-
ing the crack self-sealing index (ICS) according to 
Eq. (1).

where winitial represents initial crack width; wafter sealing 
denotes the crack width after the specimen had been 
immersed in various water environments for the des-
ignated duration.

3.4  Ultrasonic pulse velocity test

The UPV test is a well-recognized and frequently 
employed method for assessing both the damage 
and self-healing capabilities of concrete [19, 30–32]. 
It involves the measurement of the velocity of the 
sound waves that propagate between an emitter and 
a receiver through the concrete. The velocity of these 
waves changes when passing through a discontinuity, 

(1)

Index of crack self sealing =

Winitial −Waftersealing

Winitial

typically a crack in concrete, as a function of the 
depth and width of the same crack. For the experi-
ments conducted in this study, the distance between 
the transmitter and receiver was kept constant at 
100 mm, equal to the specimen dimension, as illus-
trated in Fig. 6. The diameter of the transducer used 
for the test was 50 mm, and the frequency of the sig-
nal used was 50 kHz. The UPV tests were conducted 
on three types of samples: intact, pre-cracked, and 
sealed at different time periods. To calculate the wave 
velocity, the transmission time of the wave through 
the sample was recorded.

An index of velocity recovery (IVR) was proposed, 
as shown in Eq.  (2), to compare the velocity of the 
sound waves through the intact, pre-cracked, and sealed 

Fig. 5  The process of crack 
extraction and reconstruc-
tion

Fig. 6  Schematic diagram of UPV
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samples. Hence, the extent of damage and the effective-
ness of the self-healing process can be determined.

where UPV
i
 represents the velocity of crack sample 

during i-th period; UPVintact denotes the velocity of 
the intact sample.

3.5  Index of stiffness recovery

The study focused on analysing the mechanical prop-
erty recovery of DEWS samples through stress versus 
COD curves obtained from pre-cracking and post-
healing re-cracking/failure tests. This was achieved by 
calculating the Index of Stiffness Recovery (ISR) and 
the equivalent post-healing re-cracking tensile stress 
σeq. The methodology employed for this analysis is suc-
cinctly delineated in Fig. 7, along with the correspond-
ing Eq. (3). Equation (4) allows for the computation of 
the equivalent post-healing re-cracking tensile stress 
σeq, which is determined by dividing the work of frac-
ture by the change in crack width [33], as also shown 
in Fig. 7.

(2)IVR =

UPV
i

UPVintact

(3)ISR =

Kloading,recracking − Kunloading,precracking

Kloading,precracking − Kunloading,precracking

where Kunloading,precracking denotes initial unloading 
stiffness in precracking test; Kloading,precracking rep-
resents initial loading stiffness in precracking test; 
Kloading,recracking represents re-cracking stiffness in re-
cracking test.

where wmin is the residual crack width of the pre 
crack; wmax(1st cycle) is the sum of residual crack width 
of the pre crack and the maximum crack opening 
displacement under the peak stress of the 1st cycle; 
wmax(total) is the aggregate of residual crack widths 
from the pre crack, residual crack widths from the 
1st re-crack, and the maximum crack opening dis-
placement observed during the peak stress of the 2nd 
cycle.

4  Results

4.1  Index of (ultrasonic pulse) velocity recovery 
(IVR)

IVR measurements were conducted on samples 
exposed to three different types of water: tap water, 
saltwater, and geothermal water, over varying time 
intervals. The IVR values, depicted in Fig. 8, demon-
strate a consistent upward trend with prolonged expo-
sure durations, indicating the occurrence of a self-
healing mechanism within the cracks. Notably, the 
healing rate is most pronounced in tap water, while 
it is least effective in geothermal water. For refer-
ence, after 1 month, the IVR values are recorded as 
0.98 for tap water, 0.963 for saltwater, and 0.932 for 
geothermal water. Subsequently, after 3  months, the 
IVR values exhibit marginal improvement, reaching 
0.982, 0.972, and 0.938 for tap water, saltwater, and 
geothermal water, respectively. The IVR values of 
samples exposed to tap water during the first crack/
healing cycle, closely resembled those of samples 
continuously soaked in tap water (Reference) for 
3 months. Samples exposed to saltwater and geother-
mal water exhibit heightened IVR values after the 
first cracking/healing cycle. These values are not only 
comparable but, in some individual cases, surpass the 
values observed in samples consistently immersed 
in the same water conditions. Specifically, the aver-
age IVR values for saltwater and geothermal water 

(4)�eq[MPa] = W
F
[MPa mm]

/

(

wmax − wmin

)

[mm]

Fig. 7  Example of tensile stress (σN) versus COD curves. 
Methodology definition to obtain the absorbed energy per unit 
fracture surface (WF), and Kunloading,precracking , Kloading,precracking 
and Kloading,recracking
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are measured at 0.98 and 0.946, respectively. The 
close proximity of these values suggests that the first 
re-cracking does not adversely affect the self-healing 
performance. This resilience is attributed to the for-
mation of new reactive products, facilitated by the 
exposure to the healing environment, which incor-
porates fresh, unreacted material into the reopened 
cracks.

Nonetheless, as the samples undergo the 2nd crack/
healing cycle, it became evident that the velocity 
recovery significantly diminished in samples exposed 
to the water environment for a total of 3  months in 
comparison to those subjected to continuous immer-
sion for a more extended period of 6  months. To 
illustrate, after 6  months of exposure to tap water, 
the IVR value for the samples is recorded at 1.004. 
Subsequently, in the 2nd cracking/healing cycle, the 
IVR value dropped to 0.993, which means that the 
ability to recover speed was weakened, but the value 
was still higher than 0.981 in the first cracking/heal-
ing cycle. For specimens exposed in aggressive envi-
ronments after 2nd crack/healing cycle, the IVR value 
was at 98% of the first cycle and 97% in salt water 
and geothermal water, respectively, but the specimens 
still recovered more than 95% of the specimen’s IVR 
value after initial cracking.

4.2  Index of crack sealing (ICS)

The typical change of crack width with exposure time 
in different water environment is shown in Fig. 9. Fig-
ure  10 further illustrates the variations in ICS over 
time for tap water, salt water, and geothermal water. 
The results demonstrate varying degrees of self-heal-
ing effects in all three environments as the exposure 
time increases. After 1 month, the ICS values for tap 
water, salt water, and geothermal water are 66.2%, 
60.9%, and 44.7% respectively. This trend aligns with 
the findings of the UPV in first month.

Additionally, after the 1st crack/healing cycle, 
the ICS values reach 76.5% in tap water, 71.7% in 
saltwater, and 67.4% in geothermal water. Nota-
bly, these figures exceed the ICS values observed in 
samples consistently exposed to tap water and geo-
thermal water over a 3-month period. This phenom-
enon unfolds due to the reopening of partially sealed 
cracks, allowing for deeper water penetration into the 
crack inside. Subsequently, this triggers an extensive 
hydration reaction, facilitating the closure of these 
cracks.

It is worth noting, however, that the continued 
effectiveness of this cyclical model in enhancing 
ICS is less effective. After undergoing the 2nd crack/

Fig. 8  Comparison of IVR 
(The reference samples 
are represented by solid 
lines, while the re-cracked 
samples are depicted with 
dashed lines.)
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healing cycle, the ICS significantly decreases com-
pared to samples exposed to water continuously for 
6 months. The ICS values register at 88.4%, 54.9%, 
and 48.4% for exposure to tap water, saline water, 
and geothermal water, respectively. These values are 
notably inferior to those exhibited by samples sub-
jected to continuous water exposure for the aforemen-
tioned 6-month duration, which record ICS values of 
90.1%, 82%, and 76.9%, respectively. The ICS values 

for exposure to salt water and geothermal water, are 
lower than those for the 1st cycle. Several factors are 
likely to contribute to this outcome. Firstly, a second 
cracking event can cause further damage to the sam-
ple and widen the fracture, making it more challeng-
ing to heal. Secondly, increased crack opening leads 
to heightened penetration of aggressive ions, which 
hinders the crystallization of self-healing products 
[27].

4.3  ISR

ISR calculations were performed for each tested sam-
ple under different environments and time intervals 
using Eq.  (3) and Fig.  7. Figure  11 illustrates that, 
after 1  month, varying degrees of stiffness recovery 
are observed in all samples. The ISR values are cal-
culated as 25.8%, 20.1%, and 15.6% for tap water, 
salt water, and geothermal water, respectively. This 
indicates that the cracks are not only sealed but also 
healed. The cracked UHPC exhibited the ability to 
restore its mechanical properties due to the self-heal-
ing effect.

After undergoing 3  months of continuous water 
exposure, the ISR values exhibit notable improve-
ments, with values reaching 32.3% for tap water, 30% 
for saltwater, and 24.9% for geothermal water. Nota-
bly, the samples subjected to the 1st cycle display 

Fig. 9  Variation of crack 
width in different environ-
ments and times

1m 3m 6 m
0

20

40

60

80

100

2nd recrack +3m 
(dashed line)

IC
S 

(%
)

Tap water(solid line & dashed line)
Geothermal water(solid line & dashed line)
Salt water(solid line & dashed line)

1st recrack +2m 
(dashed line)

Fig. 10  Comparison of ICS (The error bar is standard devia-
tion—The reference samples are represented by solid lines, 
while the recracked samples are depicted with dashed lines.)
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higher ISR: 36.9% for tap water, 34.5% for salt water, 
and 30.2% for geothermal water. This observed trend 
is consistent with the findings regarding UPV and 
ICS. The prolonged exposure of the crack to water 
leads to increased hydration reactions, and re-opening 
the cracks allows more  Ca2+ to be released from the 
cement to penetrate inside the cracks, where they are 
more involved in the healing reaction thus promoting 
crack closure.

However, it is crucial to note that, following the 
2nd cycle, ISR values exhibit a significant decline 
when compared to the values obtained after 6 months 
of continuous water exposure. The ISR values 
decreased to 33.7% for tap water, 29.5% for saltwa-
ter, and 27.4% for geothermal water after 2nd cycle. 
These figures align closely with those observed 
after just 3  months of continuous water immer-
sion. Repeated loading exacerbates the damage and, 
which, with the progressive consumption of the avail-
able reactive particles in the UHPC sample, contrib-
ute to decrease the level of self-healing and stiffness 
recovery.

Nonetheless, it is worth highlighting that, despite 
experiencing multi cracking damage, UHPC demon-
strated a notable degree of toughness recovery fol-
lowing a self-healing period, even when subjected 
to harsh environmental conditions. This observation 
underscores the enduring effectiveness of the self-
healing mechanism.

Furthermore, Fig. 12 presents the calculations for 
equivalent tensile stress σeq. After the 1st recracking, 

σeq exhibit the highest value in tap water at 12 MPa. It 
is closely followed by saltwater, reaching at 9.8 MPa, 
and geothermal water, which has the lowest σeq value 
of 9.1 MPa. Following the 2nd cracking, these values 
are 11, 9.8, and 9.4 MPa, respectively, for the afore-
mentioned water environments. The calculated val-
ues in equivalent tensile stress, and their trends for 
the different loading and healing scenarios, provide 
further confirmation to the evidence, put forward e.g. 
in [34], that the mechanical crack healing phenom-
ena also occurs at the fibre-matrix interface level, 
affecting the recovery/persistence of the fibre-matrix 
bondand hence directly resulting into the calculated 
recovery of the mechanical capacity [34].

4.4  Relationship between the different self-healing 
indicators

Figure 13 plots the relationships between the indica-
tors. Their Pearson correlation coefficients (r) are 
more than 0.5, showing positive correlation. This fur-
ther confirms that the mechanical properties and the 
level of self-healing recovery are highly correlated. 
ICS is from a microscopic observation of the crack 
surface, while IVR is from a qualitative measure of 
internal crack closure. Both indicators show a very 
high correlation coefficient (r = 0.882), suggesting 
that crack healing exists not only on the crack sur-
face but also within the crack. This promotes further 
recovery of the mechanical properties. It is worth not-
ing that an ISR greater than 35% requires significant 
crack healing (ICS greater than 70%).

Fig. 11  Comparison of ISR values. (re-cracked samples are 
transparent bars)

Fig. 12  Comparison of equivalent tensile stress σeq
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Fig. 13  The relationship 
between the evaluation indi-
cators of self-healing effect
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In addition, Fig.  13d shows that the equivalent 
tensile stress σeq and ISR also exhibit a strong cor-
relation coefficient (r = 0.80). The increased level 
of self-healing also enhances the properties of the 
interface between the fibres and the matrix, allowing 
further recovery of the overall mechanical properties 
obtained.

5  Conclusions

This study conducted an investigation involving 
cracked UHPC samples exposed to diverse environ-
ments such as tap water, saltwater, and geothermal 
water, with the aim of evaluating the repeatability and 
stability of their healing capabilities under a series 
of subsequent cracking and healing cycles. The sam-
ples were subsequently exposed to different condi-
tions for periods of 1, 3, and 6 months. After each of 
these intervals, the samples were re-cracked and then 
subjected to same exposure conditions for an extra 2 
or 3 months, allowing for the repetition of the crack-
ing and healing process. The average crack widths of 
UHPC samples were 67.8 μm, 51.9 μm and 44.2 μm 
after initial cracking, 1st and 2nd recracking. The 
healing effectiveness was evaluated by means of vis-
ual analysis of crack closure as well as through the 
recovery of physical (Ultrasonic Pulse Velocity) and 
mechanical (stiffness and equivalent post-cracking 
stress) performance.

Overall, the study has revealed a self-healing 
which improved after the 1st crack/self-healing 
cycle, likely because of the possibility of exposing to 
the healing environment new unreacted fresh mate-
rial inside the cracks, and steadily declined after the 
2nd cycle, likely due to progressive consumption of 
the available reactive material and likewise progres-
sive closure and reduced further residual opening of 
the new cracks. Nonetheless, even after having expe-
rienced two cycles of healing/cracking, UHPC sam-
ples still maintained good levels of self-healing and 
mechanical property recovery regardless of the type 
of water they were exposed to. In detail:

1. The results related to recovery of ultrasonic pulse 
speed exhibit an incremental trend with pro-
longed exposure time, signifying the closure of 
cracks. Notably, healing is most pronounced in 
tap water and least effective in geothermal water. 

Furthermore, an increase in the UPV is evident 
following the 1st crack/healing cycle. How-
ever, velocity recovery experiences a significant 
decline when the samples undergo the 2nd crack-
ing/healing cycle.

2. A comparison of the Index of Crack Sealing 
values reveals a consistent increase in ICS with 
prolonged exposure time across all three environ-
ments. Following the 1st cracking/healing cycle, 
ICS values stand at 76.5% in tap water, 71.7% in 
saltwater, and 67.4% in geothermal water. These 
values exceed those observed in samples con-
tinuously exposed to the same water environ-
ment for 3 months. This phenomenon occurs as 
partially sealed cracks reopen, facilitating deeper 
water penetration and triggering extensive hydra-
tion reactions that lead to crack closure. After the 
2nd crack/healing cycle, a significant decrease in 
ICS is evident, with values of 88.4%, 54.9%, and 
48.4% for exposure to tap water, saltwater, and 
geothermal water, respectively.

3. Different levels of stiffness recovery have been 
observed in all samples. After 1 month of expo-
sure to tap water, saltwater, and geothermal water, 
the ISR values are 25.8%, 20.1%, and 15.6%, 
respectively, indicating that cracked UHPC has 
the capability to restore its mechanical proper-
ties. Notably, samples after the 1st cycle exhibit 
higher ISR values: 36.9% for tap water, 34.5% 
for saltwater, and 30.2% for geothermal water. 
However, after the 2nd cycle, ISR values decline 
to 33.7% for tap water, 29.5% for saltwater, and 
27.4% for geothermal water. This decrease is 
attributed to repeated loading, which increases 
damage and reduces the number of reactive par-
ticles in the UHPC samples, thereby diminishing 
both self-healing and stiffness recovery capabili-
ties.

4. Despite enduring multiple crack damages, UHPC 
samples continue to demonstrate a noteworthy 
degree of toughness recovery, attributed to the 
self-healing effect also at the level of fibre-matrix 
interface. This observation underscores the 
enduring efficacy of the self-healing mechanism, 
even in aggressive environmental conditions.
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