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A B S T R A C T   

This study investigates the self-healing capabilities of Ultra-High Performance Concrete (UHPC) under the 
combined influence of mechanical and environmental factors. Specifically, it delves into the long-term self- 
healing process in pre-cracked UHPC samples that endure continuous sustained tensile stresses across the cracks 
and are exposed to aggressive environmental conditions for one year. The results reveal that UHPC with narrow 
cracks exhibits a higher degree of self-healing, especially when exposed to tap water, where its self-healing 
capacity is most pronounced and improves with extended exposure. Furthermore, these self-healing mecha
nisms contribute to the restoration of mechanical properties and prevent chloride ion penetration by sealing the 
cracks. While a reduced level of self-healing is observed in saltwater and geothermal water exposure, prolonged 
exposure mitigates the inhibitory effect of aggressive ions on self-healing. SEM and EDS results provide evidence 
that samples subjected to extended exposure to salt and geothermal water exhibit a substantial presence of self- 
healing product-CaCO3. This study not only emphasizes that pre-cracked UHPC, when exposed to both me
chanical stresses and aggressive environments, can maintain excellent durability and mechanical strength due to 
its self-healing effect but also lays the foundation for evaluating the self-healing potential of cement-based 
materials under conditions representative of real-world structural scenarios. This is essential for advancing the 
integration of self-healing advantages into design concepts and performance-based verification approaches.   

1. Introduction 

Durability and sustainability are essential themes within contem
porary civil engineering and construction industries. They have a direct 
impact on the longevity of structures and maintenance costs [1–3]. 
Concrete, a brittle material, is prone to cracking under tensile forces, 
leading to durability issues. Coastal concrete structures, for instance, are 
at risk of seawater-induced chemical penetration and reinforcement 
corrosion, resulting in concrete cracking and spalling. 

As renewable energy sources gain prominence, new structural chal
lenges arise. Notably, the corrosion of cementitious materials due to 
geothermal water becomes a significant concern, especially in regions 
like central and southern Italy, where infrastructure plays a crucial role 
in harnessing geothermal energy resources [4–6]. The geothermal water 
contains high levels of sulfate ions, and these aggressive environments 
reduce the performance and safety of the structure, increase repair and 
maintenance costs, and potentially lead to structural failure. Therefore, 

the search for more durable materials and improved concrete perfor
mance to reduce cracking and prevent chemical attack has become a hot 
topic. Furthermore, this necessitates the development and validation of 
performance-based durability design methodologies to consistently 
factor in the actual advantages offered by these advanced materials. This 
shift away from the prevailing “deemed to satisfy” prescriptive ap
proaches, primarily reliant on material composition, currently domi
nating structural design codes, is imperative in addressing these 
challenges effectively. 

Ultra High Performance Concrete (UHPC) is an innovatively 
consolidated composite material composed of cement, fine aggregates, 
and fibres. It is engineered to achieve a dense internal structure and 
superior mechanical properties, particularly in terms of compressive 
strength, tensile deformation and energy dissipation capacity [7–10]. 
According to ACI Committee 239 [11], UHPC can achieve a compressive 
strength higher than 150 MPa at 28 days, significantly higher than 
conventional concrete. Moreover, UHPC exhibits a one-of-a-kind tensile 
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strain hardening response with a tensile strength in the range of 8–10 
MPa and a tensile strain capacity exceeding 0.2 % (yield strain of steel) 
when the appropriate dosage of fibres is added [12,13]. The stable 
multiple cracking of UHPC helps limit the width of each crack to 
0.02–0.03 mm in use phase scenarios [14,15]. 

Numerous studies have shown that the denser internal structure of 
UHPC allows for higher durability [16–20]. However, concrete cracking 
is unavoidable, even for UHPC and especially in the service condition, 
where structures are often subjected to multifold actions including 
mechanical loads, temperature and humidity changes, shrinkage and 
creep deformation and environmental actions including chemical at
tacks, which can cause cracks to form. When cracked UHPC is further 
exposed to a harsh environment, harmful ions from the surroundings can 
infiltrate through these cracks, leading to the deterioration of both the 
cement matrix and the fibre reinforcement. This can result in substantial 
degradation of UHPC and compromise its overall material characteris
tics, thereby limiting its ability to fully leverage its high-performance 
potential. Although some studies have focused on changes in the 
long-term durability of UHPC [21–23], there has been little research 
concerning the development of the durability of cracked UHPC under 
sustained load conditions. In contrast to ordinary (reinforced) concrete, 
where tensile properties are often overlooked in the design process, the 
ability of UHPC to maintain these properties over time is a critical factor 
for its application. Tensile properties are a defining design parameter in 
UHPC applications, and their continued preservation is vital for 
ensuring structural durability, intended as the structure’s ability to 
maintain the required level of performance throughout its intended 
service life and under expected structural service conditions. 

The self-healing properties of UHPC are also a crucial factor influ
encing its durability. Due to the low water-cement ratio, UHPC has an 
inborn autogenous self-healing capacity [24–30]. The formation of 
cracks in UHPC can activate its self-healing mechanism, through 
enabling water to penetrate the material and close the cracks by pro
ducing certain chemical products. This process helps to slow down the 
penetration of external aggressive media. In addition, some “stimu
lating” self-healing techniques have been used in UHPC, further pro
moting the self-healing reactions and eventually repairing damaged 
parts of the material [27]. For examples, Ahn et al. [31] prepared UHPC 
with 20 % Fly Ash (FA) and 7 % Silica Fume (SF) and a water/binder 
(w/b) of 0.26. After exposure to water for seven days, it was observed 
that the healing products could effectively fill cracks that had a width of 
less than 100 μm. In the presence and absence of silicate-modified cal
cium oxide-based expansive agents (SCEA), Wang et al. [32] conducted 
a comparative analysis of UHPC with a w/b of 0.2, and found that the 
samples containing SCEA demonstrated a significant reduction in crack 
width, from 180 μm to 70 μm. Lo Monte and Ferrara [33] suggested 
UHPC samples containing slag exhibited improved recovery of bending 
performance after up to six months of water exposure, which was 
attributed to more active hydration reactions of slag particles at a later 
age. 

To better understand the long-term durability mechanism of UHPC, 
it is crucial to consider the effect between the aggressive ions in the 
environment and the self-healing mechanism under mechanical load 
cracked state. This information is essential for establishing theoretical 
models and developing specification standards. The author previously 
summarized the effect of exposure environment on the self-healing 
performance of UHPC [27]. The previous research has rarely referred 
to the evolution of self-healing performance under the influence of both 
aggressive environment and loading. This paper aims to investigate the 
efficacy of the self-healing mechanism of pre-cracked UHPC in aggres
sive environments over a one-year period under sustained loading 
generating through-crack tensile stresses. The test samples were 
immersed in tap water, geothermal water and salt water, and the 
self-healing performance was evaluated using ultrasonic pulse velocity 
(UPV) tests, image processing techniques and Double Edge Wedge 
Splitting (DEWS) tests. Besides, a tailored set-up was designed, which 

enabled the sustained through crack tensile stress to be applied all along 
the examined exposure time. The morphology of the self-healing prod
ucts was observed and idented using scanning electron microscopy 
(SEM) equipped with energy-dispersive X-ray spectroscopy (EDS). The 
study highlights that pre-cracked UHPC under both mechanical and 
aggressive environments can maintain high durability and mechanical 
strength because of self-healing effect. It also paves the way for the 
assessment of the self-healing capacity of cement-based materials under 
conditions which represent through structural service scenarios. Such 
assessments are crucial for integrating the advantages of self-healing 
into design concepts and performance-based verification approaches. 

2. Materials and test methods 

2.1. Materials 

Table 1 displays the mix proportions of the UHPC employed in this 
study. The ratio of w/b (CEMI + slag) was 0.18 in order to create a dense 
and strong matrix. Moreover, 0.8 % by weight of crystalline admixture 
(Penetron Admix ®) was employed as a healing stimulator. The inclu
sion of crystalline admixture effectively enhances the healing capacity in 
concrete [34–37]. To gain tensile hardening properties, 1.5 % volume of 
straight steel fibers with lf = 20 mm and df = 0.22 mm (Azichem 
Readymesh MR 200 ®) were employed. Earlier researches by the au
thors [38–40] give additional details about the mix composition and 
pouring procedure. 

2.2. Preparation of the pre-cracking and sustained samples 

The experimental samples were cut from in-situ-fabricated slabs [4]. 
They were stored in a laboratory environment (RH = 90 %, T = 20 ◦C) 
for one year to reduce the effect of late hydration of the slag on the 
assessment of self-healing property. After cutting the thin plates into 
square specimens, the square specimens were precisely shaped into 
DEWS samples. The shape of DEWS is shown in Fig. 1.The thickness is 
30 mm and more information can be found in Ref. [38]. The DEWS test 
serves as an indirect tensile test method that has been shown to be an 
effective way to the straightforward identification of the tensile stress vs. 
Crack Opening Displacement (COD) constitutive relationship [41,42]; it 
is simple, clear and does not require back analysis, which is typically 
needed to determine the tensile constitutive relationship from bending 
test results. 

To start with, the DEWS samples were intentionally pre-cracked. 
Two Linear Variable Differential Transformers (LVDTs) on either side 
of the sample were installed, as shown in Fig. 2. The aim was to achieve 
two average COD values, specifically 0.1 COD mm for narrow crack 
openings and 0.3 COD mm for wider ones. The choice of COD was based 
on previous research findings to facilitate future comparative studies 
[27]. The loading was halted and the maximum force was recorded 
when the average COD reached the specified value (around 0.1 mm/0.3 
mm). 

To subject the pre-cracked DEWS specimens to sustained through- 
crack tensile stress, a custom load-holding device was designed, as 
shown in Fig. 3. The device includes four bolts, four adjustable metal 
plates (15 × 1.5 × 2.5 cm), two steel bars 100 mm long and 10 mm in 
diameter, and nuts. 

Initially, the pre-cracked specimen was centred in the device, and the 

Table 1 
Mixture proportion of UHPC.  

Constituents (kg/m3) 

CEM I 
52,5 R 

Slag Water Steel 
fibers 

Sand 
0–2 
mm 

Superplasticizer Crystalline 
Admixture 

600 500 200 120 982 33 4.8  
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top nuts were loosened while the bottom nuts were fastened. Next, the 
sample was subjected to compressive loading with the same speed of the 
pre-cracking test. The load applied to the sample matched the force 
recorded during pre-cracking at the desired COD value. Once the target 
load was attained, the "hold" button on the control console of the 
compression machine was pressed to maintain the force. The force was 
transferred to the metal plates which then forced the bolts through. Due 
to the adjustment of the top nuts on the bolts, the force was transmitted 
back to the specimen via the plates and bars, while the control screen 
showed that the load was decreasing. Once the reading values dropped 
to zero, the specimen was fully loaded up, and the device was locked. 

The entire re-loading testing procedure was completed within 5–10 min. 
After being “submitted” to the sustained load as described above, the 

samples were subjected to three exposure conditions: tap water, salt 
water (with a sodium chloride concentration of 3.3 %), and geothermal 
water sourced from a water tank in the cooling tower of a geothermal 
power plant in Chiudino, Tuscany. The geothermal water exhibited high 
levels of sulphates and chlorides, as shown in Table 2 [4,18,43]. 

The cracked and uncracked reference samples were exposed to three 
environments and four different exposure times were set: 1 month, 3 
months, 6 months and 12 months to investigate the evolution of self- 
healing properties at different times. Fig. 4 shows the test protocol 
and the number of samples. In each working condition, there are two 
samples. For example, two samples with a 0.1 mm COD were exposed to 
water for three months. 

2.3. Microscope imaging techniques for the closure of cracks 

The DinoLite digital optical microscope and its software, DinoLite 
Capture, were employed to record images of cracks in each sample to 
investigate the closure of the cracks. Since each image only recorded a 
small section of the crack, multiple images of the same crack were 
combined using Photoshop® to recreate the whole crack picture [38, 
44]. Fig. 5 illustrates the reconstructive procedure. Digital microscope 
images were taken at the beginning and at the end of each healing 
period. The reconstructed crack area, Acrack, was obtained using Pho
toshop’s magic wand tool to select and measure the area of the crack, 
while the crack length, lcrack, was determined with Photoshop’s mea
surement tool [44]. The average crack width, W, was obtained by 
dividing Acrack by lcrack. To evaluate the self-healing capability, an index 
of crack self-sealing (ICS) was established and calculated using Eq. (1). 

Index of crack self sealing=
Winitial − Wafter sealing

Winitial
(1)  

where winitial is the initial crack width; w after sealing is the crack width after 
sealing. 

After re-loading test, the initial crack widths were firstly calculated. 
Fig. 6 shows the distribution of crack width for samples in different 
scenarios. 

2.4. Ultrasonic pulse velocity test 

The UPV test is a widely accepted and commonly used method to 
evaluate the damage and self-healing performance of concrete [15,32, 
45,46]. The fundamental working principle of the UPV test is sketched in 
Fig. 7. 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 disconti
nuity, typically a crack in concrete, as a function of the depth and width 
of the same crack. For the experiments conducted in this study, the 
distance between the transmitter and receiver was kept constant at 100 
mm. The diameter of the transducer used for the test was 50 mm, and the 
frequency of the signal used was 50 kHz. The UPV tests were conducted 
on three types of samples: intact, pre-cracked, and sealed DWES samples 
after unloading. To calculate the wave velocity, the transmission time of 
the wave through the sample was recorded. An index of velocity re
covery (IVR) was proposed, as shown in Eq. (2), to compare the velocity 
of the sound waves through the intact, pre-cracked, and sealed samples 
[42]. Hence, the extent of damage and the effectiveness of the 
self-healing process can be determined. 

IVR=
UPVi

UPVintact
(2)  

where UPVi is the velocity of crack sample in i-th period; UPVintact is the 
velocity of intact sample. 

Fig. 1. Shape and dimensions of Double Edge Wedge Splitting test specimens. 
(Unit mm). 

Fig. 2. Test set-up of DEWS tests.  
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2.5. Final splitting test 

To investigate the recovery of mechanical properties of pre-cracked 
UHPC samples in different exposure environments, the loaded samples 
were removed from the loading device, after 1,3,6,12 months of expo
sure, and subjected to a final splitting tensile test. The specimens were 
loaded at the same rate as in the pre-cracking tests until the samples 
failed completely. The stress vs. crack open displacement curves were 
obtained from which an Index of Stiffness Recovery (ISR) was calculated 
as in Eq. (3) [15,33]. This calculation principle is demonstrated in Fig. 8 

ISR0 =
Kf

c − K0
u

K0
c − K0

u
(3)  

where K0
c is initial loading stiffness; K0

u is unloading stiffness; Kf
c is final 

loading stiffness after setting exposure time. 

2.6. Chloride penetration tests 

To evaluate the depth of chloride penetration, samples immersed in 
saltwater were analyzed, after the final failure tests, with silver nitrate 
(AgNO3) spraying tests. An AgNO3 solution at 0.1 mol/L concentration 
was sprayed on the fracture surface of the freshly split DEWS samples. 
The chloride-free portions took on a light brown color, whereas the 
chloride-contaminated parts changed to white or light gray [35]. After 
photographing the titrated regions with optical microscope, the pictures 
were processed with Photoshop to identify the color change border and 

Fig. 3. Set-up for sustained loading DEWS samples.  

Table 2 
Composition of the geothermal water.  

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

Quantity(in ppm) 0.2 4 0.13 19.8 0.3 1243 1523 0.3 2678 441  

Fig. 4. Test program.  
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Fig. 5. Schematic of extraction and reconstruction of cracks.  

Fig. 6. Distribution of crack width after re-loading test (The error bar is standard deviation).  

Fig. 7. Schematic diagram of UPV.  
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calculate the chloride penetration depth. 

2.7. SEM 

The microstructure and morphological changes of self-healing 
products in UHPC exposed to various environments, were analyzed 
using scanning electron microscopy (SEM, ZeissEvo 50P, ZEISS, Ober
kochen, Germany). SEM analysis was conducted on the specimens after 
3 and 6 months of exposure to different environments. The 10 × 10 × 10 
mm test samples were extracted from near the failed DEWS samples after 
final splitting test. SEM images were obtained in high vacuum mode 
using an accelerating voltage of 20 kV and a variable working distance. 
Moreover, energy dispersive X-ray spectroscopy (EDS) analysis was used 
in conjunction with SEM to determine the major elements distribution in 
the healing product. 

3. Results and discussion 

3.1. Index of crack self-sealing 

Fig. 9 shows the evolution of cracks width in tap water, salt water, 
and geothermal water at various exposure times, and Eq. (1) was utilized 
to compute the ICS, as shown in Fig. 10. The ICS are computed from two 
samples of the same exposure duration. To observe crack width changes 
in the early stages, the average ICS from all cracked samples can be 
examined at both 7 days and 14 days. The crack widths were categorized 
into narrow ( ≤ 0.1 mm) and wide (0.1–0.3 mm) ranges. As depicted in 
Fig. 10, with increasing exposure time, almost all cracks have healed 
significantly, and better healing outcomes can be achieved with 
extended healing times. Narrow cracks tend to heal faster and more 
effectively compared to wider ones. Among the three water environ
ments, samples exposed to tap water exhibited significantly better 
healing compared to those exposed to salt and geothermal water. In the 
case of samples with narrow cracks exposed to tap water, rapid crack 
closure was observed, with the value of ICS reaching 44.6 % after just 7 
days, ultimately achieving 100 % closure in only 3 months. Conversely, 
in salt water, the average value of ICS was 31.3 % after 7 days, and it 
took 6 months to achieve complete closure. In geothermal water, the 
value of ICS measured 19.3 % at 7 days, 89 % after 6 months, and even 
after 12 months of immersion, it reached an average of 97.2 %. Samples 
with wider crack had an average value of ICS of 98.4 %, 93.9 % and 83.6 
% after 6 months exposure to tap water, salt water and geothermal 
water, respectively. These results suggest that aggressive water envi
ronments have a detrimental effect on both the rate and extent of self- 

healing. It is important to note that, after a 12-month exposure, the 
ICS values can eventually reach 100 % for samples with wider crack 
widths exposed to salt water and 85.1 % for those exposed to geothermal 
water. This indicates that extended exposure periods can overcome the 
inhibitory impact of aggressive environments on the self-healing po
tential of UHPC. The effects of aggressive environment on the 
morphology and nature of self-healing products are going to be dis
cussed further in section 3.5. 

3.2. UPV test 

The average IVR, represents the extent of healing in the sample under 
various exposure times and environmental conditions. Fig. 11 shows the 
initial IVR values varied due to different degrees of sample damage. 
However, for the same COD group, the initial IVR had a relatively minor 
impact on the final IVR values. Besides, a gradual increase in the IVR was 
observed as the exposure time increased. Notably, the samples with 0.1 
mm COD showcased a more pronounced rate of as compared to those 
with 0.3 mm COD. The rate of increase was highest for samples with 0.1 
mm COD exposed to tap water, which was one after three months of 
exposure. This is likely due to water penetration inside the bulk matrix 
of the specimen which resulted in a broader delayed hydration reaction. 
Besides, for samples with 0.3 mm COD exposed to tap water, this value 
reached 0.98 in 6 months and 1 in 12 months. Conversely, samples 
exposed to saltwater and geothermal water manifested a slower recov
ery rate, implying a reduced degree of crack closure. The 0.1 mm COD 
samples exposed to geothermal water displayed a ratio of 0.9 in 3 
months, 0.93 in 6 months, and 0.99 in 12 months. This tendency aligns 
with the ICS analysis. The results emphasize the influence of different 
exposure environments on the healing rate and level. 

3.3. Mechanical properties recovery 

The calculations of ISR for all the tested samples were performed 
based on Eq. (2) and Fig. 8, for different environments and exposure 
time. Fig. 12 shows that after one month, all the samples under sustained 
loads displayed varying degrees of stiffness recovery, indicating that the 
cracks were not only sealed but healed as well, thus enabling the cracked 
UHPC to recover its mechanical properties owing to the effect of self- 
healing. Moreover, Fig. 12 (a) shows the ISR values of the 0.1 mm 
COD samples were found to be higher than that of the 0.3 mm COD 
samples. For example, after 3 months, the 0.1 mm COD samples were 
observed to have an ISR of 27.7 % upon exposure to tap water, whereas 
the 0.3 mm COD samples in Fig. 12 (b) had an ISR of 21 %. 

The results of ICS and UPV signify that smaller cracks lead to higher 
levels of self-healing. Furthermore, the mechanical recovery ability de
pends on the degree of sample damage. The same ICS values were ob
tained after up to 12 months, and samples with COD of 0.3 mm present 
lower ISR values than samples with a COD of 0.1 mm for same exposure 
conditions. This indicates that the higher degree of damage makes the 
mechanical property recovery more difficult. For comparison sake, it is 
worth citing a study by Lo Monte and Ferrara [33] who revealed that the 
pre-cracked beam, XA-CA, recovered over 60 % of its stiffness after 
being continuously exposed to geothermal water for one month, and 
almost reached 100 % recovery after 6 months. The primary reason for 
this difference in stiffness recovery was the formation of multiple cracks 
with widths less than 0.05 mm during the bending tests of the beams. As 
discussed earlier, narrower cracks are more likely to recover their 
strength. In contrast, the DEWS samples typically formed only 1–2 wider 
cracks after pre-cracking, which largely prevented residual crack width 
recovery under load. 

The recovery of mechanical properties was shown to be higher in 
samples exposed to tap water than others. Specifically, the ISR of the 0.1 
mm COD samples were observed to be 16.6 %, 15.4 %, and 12.5 % upon 
exposure to tap water, salt water, and geothermal water, respectively, 
after one month of exposure. Similarly, after 6 months, the ISR values 

Fig. 8. Definition of the index of stiffness recovery.  
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were 30.1 %, 29.6 %, and 24.9 %, respectively. However, after 12 
months exposure, the difference in ISR between samples with 0.1 mm 
COD was minimal, where it was 39.1 % in tap water, 38.8 % in salt 
water, and 36.1 % in geothermal water. Notably, some studies reveal 
that the recovery of mechanical properties can be improved by the effect 
of chloride ions [47–49]. That may be due to the generation of Friedel’s 
salt through the reaction of chloride ions with hydration products in 
concrete and/or an increase in roughness from mild corrosion of steel 
fibres, which may increase the friction between the fibres and the matrix 
[47,49–51]. 

Moreover, although ISR growth was promoted by prolonged expo
sure, the ISR rising rate decelerated over time. For example, the rate for 
samples exposed to 0.1 mm COD in tap water was 16.5 %, 9.2 %, 5 %, 
and 3.9 % per month for the 1st, 3rd, 6th, and 12th months, respectively. 
The reasons can be attributed to two main factors. Firstly, there is a 
reduction in active reactive substances within the concrete. Secondly, 
the self-healing process itself promotes further closure of the cracks, 
impeding the entry of external water required for healing. Previous 
studies have emphasized that when previously healed fractured concrete 
samples experience further cracking and undergo healing again after a 

Fig. 9. Variation of crack width in different environments and times.  
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certain period, the mechanical recovery of the concrete can be further 
enhanced. This is because the further opening of cracks allows water to 
penetrate the interior of the concrete once more [44,52]. It is vital to 
recognize that despite exposure to salt water and geothermal water, no 
degradation in the mechanical properties of cracked UHPC with sus
tained load was observed. This may be owing to UHPC’s high 

self-healing property and impermeability. 
The mechanical properties of DEWS were evaluated according to the 

post-exposure splitting test. Fig. 13 summarizes the variation of the peak 
stresses and Fig. 14 shows the evolution of the average stress-COD curve. 
This peak stress is highly variable. It is mainly controlled by the distri
bution and orientation of the fibres [41]. But the peak stresses did not 
differ significantly from those of the reference samples even when 
pre-cracking was subjected to sustainable loading and aggressive con
ditions, and no significant tensile stiffness degradation was observed, 
indicating that the material is highly durable and resilient. 

3.4. AgNO3 solution spray test 

Fig. 15 compares the results of the AgNO3 solution spray test for 
samples exposed to salt water with a concentration of 3.3 g/L at different 
exposure times. It was found that the wider the crack width and the 
longer the exposure time, the higher the depth of chloride ion pene
tration inside the UHPC. Fig. 16 further shows the average penetration 
velocity of chloride ions and compares the differences in crack closure 
levels for different samples. Although wider cracks resulted in higher 
chloride ion penetration velocities, the penetration velocity decreased 
significantly with increasing exposure time. This is mainly attributed to 
the fact that the cracks close under the influence of self-healing, thus 
preventing further chloride ion penetration. At the sample with 0.1 mm 
COD, the chloride ion penetration rate was 0.934 mm/month after one 
month of exposure to salt water, with a corresponding ICS value of 64.6 
%. After 6 months and 12 months, the penetration velocity decreased by 
36.4 % to 0.594 mm/month and by 55.5 % to 0.425 mm/month, and 

Fig. 10. Comparison of ICS (The error bar is standard deviation).  

Fig. 11. IVR from UPV tests (The error bar is standard deviation).  

Fig. 12. Comparison of ISR (The error bar is standard deviation).  
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their corresponding ICS values were 100 %. In addition, the difference in 
chloride ion permeation velocity between the wide and narrow cracks in 
the samples gradually decreased with increasing exposure time. At one 

month, the average chloride ion permeation velocity of the sample with 
COD of 0.3 mm was 2.25 times higher than that of the sample with COD 
of 0.1 mm. After 3 months, this ratio was 1.43, a decrease of 36.6 %, and 

Fig. 13. Evolution of peak stress recorded by final splitting test (The error bar is standard deviation).  

Fig. 14. Average stress-COD curves.  

B. Xi et al.                                                                                                                                                                                                                                        



Cement and Concrete Composites 145 (2024) 105355

10

after 12 months, the ratio was 1.38, a decrease of 38.5 %. Longer 
exposure times also allowed 100 % ICS values to be obtained even for 
wider cracks and improve chloride resistance. 

3.5. Morphology of self-healing products and distribution of elements in 
cracks 

Fig. 17 shows that after the samples were exposed to tap water for 3 
months, some self-healing products were found attached to the fibre 
surface, which were confirmed by EDS analysis to consist mainly of 
carbon (C), oxygen (O), and calcium (Ca) elements. Previous studies 
have also shown that the main component of the self-healing products is 
CaCO3 [35,53,54]. Additionally, the morphology of the products 
observed on the fibre surface exhibited a polyhedral structure, which is a 
characteristic feature of calcite - the most stable crystalline form of 
CaCO3 [55–57]. Upon further exposure of the samples to tap water for 6 
months, the fibre surface was found to be covered with numerous 
fragments of the matrix (Fig. 18). The fibres can act as deposition site for 
the healing products and this also results into a growth of the products 
along the fibre matrix interface which is beneficial to healing. The 

self-healing products possibly strengthen the bond between the fibre and 
matrix [58], leading to increased matrix detachment. 

After exposure of the samples to salt water for 3 months, EDS area 
map analysis was conducted, and Fig. 19 illustrates the major elements’ 
distribution in the matrix on the fracture surface. The image brightness 
indicated the concentration of chemical elements, with the brightest 
areas representing the highest element content. The analysis revealed 
that Cl− and Na+ elements were present in the matrix on the crack 
surface, mainly distributed at the interface between the steel fibres and 
the matrix. This indicates that chloride ions infiltrated the interior of the 
UHPC along the cracks and further reached the interface between the 
UHPC matrix and the steel fibres. Additionally, EDS analysis showed 
that the self-healing products were also CaCO3, but their morphology 
did not exhibit a clear polyhedral structure (Fig. 20). Qian et al. sug
gested that NaCl can slow down the crystallization of CaCO3 and reduces 
its thermodynamic and kinetic potential [59]. Moreover, NaCl hinders 
the growth of the (1 0 4) and (1 1 0) facets of calcite [59]. However, with 
prolonged exposure of the samples to salt water for 6 months, the fibre 
surfaces were also found to be covered with many matrix fragments, 
indicating a possible improvement in the bond at the fibre-matrix 
interface level (Fig. 21). 

For samples exposed to geothermal water, after 3 months, EDS 
mapping scanning results showed the distribution of sulfur (blue part) 
(Fig. 22). This is due to the high amount of sulfate ions contained in the 
geothermal water. For the fiber, it was observed that the surface of the 
fibers was very smooth and not many crystal particles were found 
covering it (Fig. 23). The sulfate was also able to reduce the precipitation 
rate of CaCO3 [60,61]. In geothermal water, the crystallization of CaCO3 
may be hindered by the dual action of sulfate and chloride ions. After 6 
months of exposure, some polyhedral CaCO3 particles were also found 
on the surface of the fibers (Fig. 24). 

The results from SEM and EDS revealed that the self-healing prod
ucts, whose main elements were detected as calcium carbon and oxygen 
almost irrespective of the exposure conditions, were mainly CaCO3, 
despite the exposure of the samples to different environments. When the 
samples were exposed to tap water, more polyhedral CaCO3 crystals 
could be found, indicating a higher crystallinity of the crystals. In 
contrast, when the samples were exposed to salt water and geothermal 
water, the crystallization rate of CaCO3 may have been reduced due to 
the influence of the chloride and/or sulfate ions. This also explains why 
exposure to tap water has a higher level of self-healing performance 
recovery than on exposure to others. Nonetheless, the prolonged expo
sure and the continuous progress of the healing was able to counteract 

Fig. 15. Comparison of depth of chloride penetration. (a) Sample with 0.1 mm COD in one month; (b) sample with 0.1 mm COD in 3 months; (c) sample with 0.1 mm 
COD in 6 months; (d) sample with 0.1 mm COD in 12 months; (e) sample with 0.3 mm COD in one month; (f) samples with 0.3 mm COD in 3 months; (g) sample with 
0.3 mm COD in 6 months; (h) sample with 0.3 mm COD in 12 months. 

Fig. 16. Relationship between chloride penetration velocity and ICS. ICS – 0.1 
and 0.3 mm COD for the histograms and Chloride depth/time – 0.1 and 0.3 
mm COD. 
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the possible lowering effects due to the aggressiveness of the exposure 
environment, even under sustained through crack tensile stress which is 
not favourable to crack healing. 

4. Conclusions 

This study examined the self-healing capabilities of UHPC under 

contemporary environmental and sustained mechanical conditions. The 
authors designed and constructed a sustained load setup to validate the 
impact of continuous tensile stresses and environmental exposure on 
UHPC through cracks. Various test methods and evaluation indices were 
employed to assess the evolution of UHPC’s self-healing performance. 
The following conclusions can be drawn from this investigation: 

Fig. 17. The images of SEM and EDS for the samples exposed to tap water in three months.  

Fig. 18. The fibre SEM image for the samples exposed to tap water in six months.  

B. Xi et al.                                                                                                                                                                                                                                        



Cement and Concrete Composites 145 (2024) 105355

12

1 With longer exposure, self-healing level improves significantly. 
Samples in tap water exhibit exceptional healing performance 
compared to saltwater and geothermal water. Narrow cracks 
immersed in tap water close rapidly, achieving complete closure 

(100 % ICS) in just 3 months. In saltwater, the average ICS reaches 
100 % after 6 months, while in geothermal water, it reaches 89 % in 
the same period. Aggressive environments noticeably affect self- 
healing rates and levels. For wider cracks, extended exposure (12 

Fig. 19. EDS elemental maps images for the sample exposed to salt water in three months.  

Fig. 20. The self-healing product SEM and EDS images for the sample exposed to salt water in three months.  

Fig. 21. The observation of steel fiber for the sample exposed to salt water in six months.  
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Fig. 22. EDS elemental map images for the sample exposed to geothermal water in three months.  

Fig. 23. The observation of steel fibre for the sample exposed to geothermal water in six months.  

Fig. 24. The self-healing product SEM and EDS images for the sample exposed to geothermal water in six months.  
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months) in saltwater and geothermal water allows ICS to reach 100 
% and 85.1 %, respectively, overcoming the inhibitory effects of 
aggressive conditions on self-healing.  

2 The IVR increased gradually over time. However, specimens in 
geothermal and saltwater showed slower recovery rates, indicating 
limited crack restoration. These results are consistent with the ICS 
analysis. 

3 The increase in ISR values indicates stiffness recovery despite sus
tained loading. The self-healing effect enables the cracked UHPC to 
regain its mechanical properties, resulting in an overall stiffness 
improvement of 20–40 % after 12 months. Samples with 0.1 mm 
COD exhibited higher ISR values compared to those with 0.3 mm 
COD. Samples exposed to tap water exhibited better mechanical 
property recovery than those exposed to saltwater and geothermal 
water. After 12 months, the ISR difference between samples with 0.1 
mm COD was minimal, and while prolonged exposure continued to 
boost ISR, the rate of increase gradually declined.  

4 The AgNO3 solution spray test revealed that wider cracks and longer 
exposure times led to deeper chloride ion penetration. Nevertheless, 
the rate of penetration significantly decreased as exposure time 
increased. This reduction primarily occurred because the cracks 
sealed themselves through self-healing, preventing further chloride 
ion penetration.  

5 SEM and EDS results revealed that the self-healing products in the 
samples primarily consisted of CaCO3, regardless of the environ
ment. In tap water, there were more polyhedral calcite-characterized 
CaCO3 crystals on fibre surface, indicating higher crystallinity. Upon 
exposure to salt and geothermal water for 3 months, the CaCO3 
crystallization rate declined due to chloride and/or sulfate ions’ in
fluence. However, even after 6 months of exposure, numerous 
polyhedral CaCO3 crystals were still present. The prolonged exposure 
and continuous healing process counteracted potential reductions 
caused by the aggressive exposure environment. 
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