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Abstract: This study investigated the mechanical responses and self-healing capability of incorporat-
ing superabsorbent polymer (SAP) particles in Fibre-Reinforced Ultra-High-Performance Concrete
(UHPC) mixes under repetitive flexural and sustained tensile loadings. UHPC with SAP addition of
0.3% and 0.4% of the binder ratio were studied along with a control UHPC mix. The methodology
included investigating the mechanical properties of these mixes under ambient, water, and 100%
of relative humidity (RH) curing conditions. In addition, the mechanical performance of ambient-,
water-, and 100% RH-cured prismatic specimens (100 mm × 100 mm × 500 mm) under repeated load
was studied under the same curing conditions. Prismatic specimens (75 mm × 75 mm × 500 mm)
were kept under cure conditions of wet and dry cycles with applied tensile load for 28 days for the
sustained tensile load. The results showed that incorporating SAP into UHPC enhances the elastic
modulus, flexural strength, and tensile strength. Also, mixes with SAP have exhibited compressive
strength above 120 MPa after 90 days. Furthermore, the load recovery of the prisms under repetitive
flexural load and prisms under sustained tensile loading demonstrated the self-healing efficiency of
SAP incorporated into the UHPC mixes higher than the control mix specimens.

Keywords: cracks; self-healing; superabsorbent polymer; ultra-high-performance concrete; sustained
loadings; mechanical properties; UHPC

1. Introduction

Ultra-high-performance concrete (UHPC) exhibits excellent ductile characteristics, pri-
marily due to the strain-hardening behaviour provided by steel fibres in the post-cracking
stage under tensile loads. It also possesses remarkable mechanical, ductile, and durability
features [1,2]. UHPC is widely applied in numerous construction projects, including con-
crete bridges and offshore towers [3,4]. However, the production of UHPC requires a low
water-to-binder ratio (w/b) of up to 0.2. Consequently, a significant amount of unhydrated
cement remains within the UHPC matrix, attributed to the limited availability of water
for complete hydration [5]. This low w/b ratio is also responsible for high autogenous
shrinkage, leading to the development of microcracks [6]. These cracks affect the internal
matrix configuration of the concrete and, as they widen due to shrinkage and applied loads,
increase the concrete’s permeability to aggressive chemicals accelerating concrete deteriora-
tion [7]. In response, many codes of practice such as ACI 224R-01 [8], have stipulated crack
width limits, especially for elements exposed to alternating wetting and drying cycles.

In light of these challenges, regular inspection, repair, and maintenance become crucial
to ensure the durability and extend the serviceable life of existing concrete structures. Given
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the tedious and costly nature of these processes, there is a growing need to develop in-built
repair techniques that involve autogenous healing and closing of cracks by incorporating
suitable self-healing agents. For example, nanoclay can be used to release water and hydrate
anhydrous cement particles [9]. Additionally, other materials like ground granulated blast
furnace slag (GGBS) and fly ash are known to promote the hydration process through the
emerging carbonation of calcium hydroxide (Ca(OH)2). Consequently, these innovations
enable the healing and sealing of cracks up to 0.1 mm in width [10–12].

Additionally, other healing agents can be utilised to prevent crack formation due
to enhanced autogenous shrinkage. These agents function by reserving water and then
releasing it later to internally cure the specimens when cracks occur. Lightweight aggregate
(LWA), capable of absorbing between 5% and 25% of its weight in water, can significantly
boost the internal curing mechanism. This effectively reduces autogenous shrinkage when
the internal relative humidity (IRH) reaches around 96% [13,14]. However, an even more
effective method of enhancing the healing mechanism involves incorporating a water-
absorbing agent into the concrete mix, such as superabsorbent polymer (SAP), which
can absorb water up to 1000 times its volume. The efficacy of SAP as an internal curing
agent was investigated by Liu et al. [15], where it was found that SAP particles release
water to prevent self-desiccation and enhance the hydration process [16,17]. Therefore, by
adding SAP to the mix, the autogenous shrinkage of low w/b ratio mixes decreases and
the formation of cracks can be effectively detained.

Superabsorbent polymers (SAPs) have been extensively investigated for their capacity
to heal cracks caused by applied loads, as reported in numerous studies. In normal
strength concrete (NSC), it was observed that cracks up to 0.3 mm could be sealed by using
SAP, although this was associated with a notable decrease in the compressive strength
of concrete [18,19]. This decrease occurs because SAP particles, after releasing water to
promote the self-healing mechanism, leave behind voids [20]. Furthermore, the self-healing
mechanism in high-strength concrete (HSC) with compressive strengths up to 100 MPa,
particularly in specimens with added SAP has been examined by Olawuyi [21] indicating
that the amount of SAP used in the concrete mix significantly affects mechanical properties,
such as a reduction in compressive strength by more than 25% due to the presence of
voids caused by SAP. Consequently, subsequent studies by Pourjavadi et al. [22], Savva
and Petrou [23], and Kang et al. [24] focused on optimising the SAP dosage to achieve an
ideal mix. These investigations revealed that a SAP-to-binder ratio ranging from 0.1% to a
maximum of 1% provides an effective balance between maintaining mechanical properties
and the healing efficiency of the SAP particles.

Recent investigations primarily concentrated on how SAP influences key properties
of UHPC, such as shrinkage [15] and tensile strength [25]. The addition of SAP has been
shown to significantly alter the shrinkage characteristics of UHPC, which is crucial for
minimising crack formation and ensuring structural integrity [15]. Moreover, the effect
of SAP on the tensile strength of UHPC was thoroughly explored, revealing insights into
how these polymers can enhance the overall mechanical performance of concrete [26]. This
body of research contributes substantially to the development of self-healing UHPC with
SAPs, making it a more versatile and robust material for modern construction needs.

Cracking the concrete under tension is inherently difficult as it is brittle which could
lead to an immediate failure of the specimens hence compressive tests are performed to ini-
tiate cracks; in recent studies, it was observed that the cracks occurred in the interfacial tran-
sition zone (ITZ) at around 70% of the compressive strength of the cubes [27–30]. However,
adding the steel fibre to the concrete matrix can enhance the ductility and allow the speci-
mens to be cracked in the tension face such as under three- and four-bending tests [31–34],
direct tensile strength [35,36], and splitting tensile strength tests [37,38]. Repetitive loads
were also introduced to create cracks and evaluate the self-healing mechanism [39–41].

The primary objective of this study was to conduct a comprehensive investigation into
the influence of SAP on the mechanical properties of UHPC. Given the limited experimen-
tal data available, this research aimed to explain the self-healing mechanisms of UHPC
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when incorporating a small amount of SAP, whereas previous studies have proved that
adding above 1% of SAP will rapidly deteriorate the mechanical performance of concrete.
Furthermore, a direct correlation between the microstructural modifications and the macro-
behaviour of UHPC mixes was established, both with and without SAP inclusion, to gain
deeper insights into how these variations affect the overall performance of the material. A
distinctive aspect of this study involved subjecting UHPC specimens containing SAP to
sustained tensile loading for a duration of 28 days, providing a novel approach to assess
the healing ability of these materials under continuous stress conditions. By addressing
these objectives, this study aimed to contribute significantly to the development of self-
healing UHPC, enhancing its versatility and robustness for contemporary construction
applications.

2. Experimental Programme

The full experimental programme is illustrated in Figure 1. Three different mixes
produced for the purpose of comprehensively evaluating the mechanical performance,
durability characteristics, microstructural analysis, and self-healing capabilities under
different curing conditions represent the most common curing conditions in real-world
scenarios without considering the aggressive conditions.
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2.1. Material Used

The two main binders of this study were Portland cement and ground granulated
blast furnace slag (GGBS); silica fume was used as a supplementary binder. The chemical
compositions for the binders are summarised in Table 1. Blended and dried sand with
high silica contents, sub-angular to rounded grains, and a diameter size ranging from
0.075 mm to 1.18 mm were utilised as fine aggregate. High-range water reducer (HRWR)
with 36% solid contents by mass (polycarboxylates superplasticiser (SP), ViscoCrete-10
type, Sika, Sydney, Australia) was used to enhance the workability of the mix. High-
strength microsteel fibre with a diameter of 0.2 mm and length of 13 mm with a tensile
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strength of 2500 MPa was utilised for ductility. The SAP type used in the mix is called
Polyacrylate/Polyalcohol Copolymer with a variation in the diameter size between 0.05
mm to 0.5 mm, which can absorb up to 60 g/g.

Table 1. Chemical composition by mass %.

Materials SiO2 TiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O P2O5 SO3

Cement 19.51 0.26 5.03 2.86 1.59 61.44 0.19 0.37 0.06 2.14
GGBS 35.10 0.57 13.59 0.98 5.36 41.52 0.14 0.33 0.04 0.10

SF 92.35 0.01 0.36 0.78 0.36 0.54 0.19 0.52 0.31 0.04
Quartz sand 93.48 0.04 0.06 0.06 0.03 0.02 0.039 0.02 0.01 0.01

2.2. Mix Proportion and Curing
2.2.1. Mix Procedures

The mixture details of UHPC are summarised in Table 2. The binder consists of
OPC and GGBS only where (s/b) represents the fine aggregate-to-binder ratio and w/b
represents the water-to-binder ratio, and SAP (%) and SP (%) refer to the percentage of the
binder. UHPC denotes the control mix without added SAP, whereas S0.3 and S0.4 denote
the concrete mix with a SAP dosage of 0.3% and 0.4% of the binder ratio. Initially, trial
mixes with varying water and SP contents were carried out to optimise the workability
of the wet mix so that it can be used in the further full-scale batches of the mix. For the
mixing procedure, the dry cementitious materials (OPC, GGBS, and SF), sand, and SAP
were mixed at room temperature for three minutes. Then, 90% of the water was added
for one minute, followed by the SP mixed with the rest of the water and added to the
mix. After that, the wet mixing was continued until the desired consistency was obtained.
Finally, the steel fibre was added to the mix for another three minutes to distribute the
fibres homogeneously to the mix. Note that the mixing time can vary from the mixes due
to the effect of added SAP dosages.

Table 2. Mix proportions.

Mix ID
Binder (%) Silica Fume

(%) s/b w/b * Added
Water/b

SAP (%) Steel Fibre (%)
(Volume Fraction) SP (%)

Cement GGBS

UHPC 85 15 25 1.1 0.166 0 0 1.5 4

S0.3 0.0129 0.3
S0.4 0.0172 0.4

* The additional water needed to address the absorption of the SAP is calculated based on the SAP’s absorp-
tion rate.

2.2.2. Curing

The fresh mix was poured into different moulds (cubes, cylinders, and prisms) and
then these were cured under three different curing regimes namely: (i) ambient curing in
the constant temperature chambers with 25 ◦C and 50% relative humidity (RH); (ii) water
curing in ambient room temperature and humidity conditions; and (iii) 100% RH curing in a
fog room. The specimens were demoulded after 24 h; curing commenced immediately and
the specimens were cured under the prescribed curing regimes until the day of testing. In
the case of reloading experiments, where the prisms were tested under the load again after
28 days, they were placed under the same curing condition after the initial loading stage.

2.3. Methods
2.3.1. Fresh Properties

The consistency test of all fresh mixes was conducted according to ASTM C1437 [42].
The unit weight of fresh concrete was obtained immediately after preparing the mixture by
using a cylindrical mould.
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2.3.2. Hardened Concrete

An MTS 300 kN closed loop Servo control testing machine with a data acquisition
system was used for the flexural and tensile strength tests. After 28 and 56 days, the flexural
strength test was conducted by testing a prismatic specimen (100 mm wide, 100 mm deep,
and 500 mm long). The applied load was controlled by using a displacement rate of
0.1 mm/min.

In order to evaluate the tensile strength of the mix, dog bone specimens were prepared
as shown in Figure 2, according to the details provided by Singh et al. [43]. The concept of
this specimen was to provide two gripping portions at the top and bottom and a shank in
the middle. The gripping portions were large enough, which were half the length of the
shank, to prevent any premature failure that could happen due to insufficient area. The
gripping portions were designed to gradually decrease the width to match the width of
the shank. Therefore, the purpose of this test was achieved by failing the specimen in the
shank area. Hence, four linear variable differential transformers (LVDTs) (two on each side)
were attached to the shank of the specimen to measure the strain and the crack opening. A
very low displacement rate control of 0.002 mm/min was utilised to gradually apply the
load and ensure that there was no quick and sudden failure in the specimen.
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The compressive strength and the modulus of elasticity of the concrete were evaluated
using cylindrical specimens (100 mm diameter × 200 mm height) according to the ASTM
C39 [44]. The modulus of elasticity test was conducted by bonding four strain gauges to the
specimens at their mid-height (two in the longitudinal direction and two in the transverse
direction). Moreover, LVDTs were also used on opposite sides to confirm the readings from
the axial strain gauges.

2.3.3. Durability Properties

Three-disc specimens each with a diameter of 100 mm and a height of 50 mm were
cut from a cylindrical specimen to evaluate the effective permeable porosity of each mix
according to the guidelines of ASTM C642 [45]. To achieve a constant mass, the specimens
were placed in the oven to be dried for 24 h at a temperature of 110 ◦C. Then, the initial
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weight (wi) was measured after placing the specimens at room temperature (25 ± 1 ◦C);
they were then submerged in water for four days to obtain the saturated weight (ws). The
water absorption was calculated by using Equation (1).

Water absorption, % =

(
ws − wi

wi

)
× 100 (1)

The sorptivity is an important feature in evaluating the water absorption and transmis-
sion via the capillary action of the concrete. The sorptivity test was conducted according to
the guidelines of ASTM C1585 [46]. Three cylindrical specimens with a diameter of 100 mm
and height of 50 mm were cut from the 28 day-cured cylinder for each mix. The specimens
were placed in the oven to be dried for three days at a temperature of 50 ◦C. Afterwards, the
specimens were left at room temperature (25 ± 1 ◦C) for 24 h to cool down. Subsequently,
they were put in a storage container and left again at room temperature for 15 days. A
waterproof tape was used to cover all the peripheral surfaces except the bottom surface to
protect the specimens from any flow of water. The base of the specimens was then drowned
with a level of water around 3 mm. The specimens were then measured at different intervals
up to 8 days. The sorptivity was thus evaluated according to Equation (2).

S =
I

t1/2
(2)

where t is the time-lapse in minutes, and I can be calculated from Equation (3) which is the
cumulative water absorption (per unit area of inflow surface, mm).

I =
∆mt

a × d
(3)

where ∆mt is the change in mass with time t in grams, a is the exposed area in mm2 of the
specimen, and d is the density of water in g/mm3.

2.3.4. Load Recovery Under 3-Point Bending Test

It is well-established that the UHPC mainly develops microcracks due to its dense
matrix [47]. To effectively quantify and control these cracks, two specific indicators were
employed to induce cracking in the specimens. The displacement ratio of the flexural
strength test was measured prior to conducting the test at approximately 85% of the
expected flexural displacement, the test was intentionally halted and the specimens were
returned to their initial curing regime for an additional 28 days. Moreover, post-initial
crack formation, each specimen was closely monitored to pre-empt any unforeseen failures.
Notably, the presence of steel fibres in UHPC may manifest as curve fluctuations in the
observed crack patterns due to the effect of the addition of steel fibres in the mix.

Two specimens were tested to evaluate the self-healing mechanism under repetitive
loading. Details of the first specimen along with the testing setup are illustrated in Figure 3.
For precise crack detection, a Crack Mouth Opening Displacement (CMOD) was employed
across a notch in this specimen and continuously monitored at a rate of 0.1 mm/min.
CMOD was utilised to measure the opening of the cracks inside the notched specimens.
The second specimen was unnotched and it was tested similarly to the notched specimen
without any CMOD measurement.
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2.3.5. Microstructural Observations

Backscattered electron (BSE) imaging was utilised to assess the compactness of UHPC
with and without SAP particles. The impact of SAP particles on the density of the mi-
crostructure including the interfacial transition zone (ITZ) was examined. The healing
product and the matrix of the UHPC were also performed at specific points on the samples
using energy-dispersive X-ray spectroscopy (EDX). For this, samples were collected from
-thenotched specimens after the second loading stage. To halt further cement hydration,
these samples were submerged in ethanol alcohol for three days and then oven-dried for an
additional three days to ensure complete dryness. Moreover, each sample was enclosed in
epoxy resin to create a stable mould and subsequently polished with sandpaper to prepare
them for the experiment.

Additionally X-ray diffraction (XRD) analysis was conducted to quantify mineral
phases in the mixes. Freshly broken samples were taken from the flexural strength test after
28 days and the notched pre-cracked specimens after 56 days of curing. These samples were
ground and prepared for the experiment. The ambient curing samples from all mixes were
selected to be the representative samples in this experiment. It can be argued that ambient
curing simulates realistically the condition in the internal parts of concrete elements. XRD
patterns were recorded with a PANalytical X’Pert Pro Multi-purpose Diffractometer using
Fe-filtered Co Kα radiation, an automatic divergence slit, 2◦ anti-scatter slit, and fast
X’Celerator Si strip detector. The diffraction patterns were recorded in steps of 0.017◦ 2θ
with a 0.5 s counting time per step for an overall counting time of approximately 30 min.
Qualitative analysis was performed on the XRD data using in-house XPLOT and High-Score
Plus (from PANalytical, Malvern, UK) search/match software. Furthermore, quantitative
analysis was performed on the XRD data using the TOPAS version 6 Rietveld analysis
software (from Bruker AXS, Melbourne, Australia).

2.3.6. Prisms Under Sustained Loading

Prismatic specimens with a cross-section of 75 mm × 75 mm and a length of 500 mm
were poured and then cured for 28 days under ambient curing conditions. The test set-up is
presented in Figure 4 for preparing and testing these specimens. The specimens were kept
under sustained tensile loading for 28 days. At the mid-height of the specimen, a groove
was made to measure the crack initiated by the applied tensile load. The cracking load was
applied for 28 days under wet and dry curing cycles of two days where conditions were
continuously altered. A water holder was designed specifically for this experiment to cure
the area that cracked. For the purposes of the measurement, two LVDTs were attached on
each side near the mid-height of the specimens. Moreover, a strain gauge was bonded to
the threaded rod for the purpose of measuring the induced stress in the specimens. These
strain values were converted to the equivalent stresses or loads according to the material
properties of the threaded rod.
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Initially, the specimens were subjected to a steadily increasing applied load until the
first crack existed and then it was lowered to 50%, 60%, or 70% of the maximum load
according to the results from the tensile strength tests; these reduced loads were sustained
for a different period of days. The loads were adjusted manually to avoid any potential
premature failure. Table 3 shows the different levels of loads and stresses that have been
extracted from the tension test of the threaded rod.

Table 3. Stresses and loads under tensile strength.

UHPC S0.4

Stress at First crack (MPa) 4.50 3.84
Max. Stress (MPa) 4.62 4.14
Equivalent load for max stress (kN) 24.26 21.74

3. Results and Discussion
3.1. Fresh Properties

Commercially available SAP was procured from a single source in Australia and was
mixed in its dry condition without any specific treatment. However, the effect of SAP
dosages and w/b ratio on density and consistency of the fresh concrete was investigated in
this study. Density is an important indicator of the strength and durability of hardened
concrete, whereas consistency improves compatibility consolidation and ease of placement.

Figure 5 illustrates the properties of the fresh concrete for all mixes. It shows that
adding SAP with extra free water resulted in a minor reduction in the density, a decrease
of 0.86% for S0.3 and 1.15% for S0.4 from the corresponding UHPC control mix. This was
due to the absorption of water by SAP during the mixing process as SAP can absorb up to
60 g/g. However, adding extra water to adjust for the water absorbed by SAP to maintain
the consistency did not enhance the consistency as can be seen in Figure 5. Note that the
control mix had 35% of consistency whereas the mixes S0.3 and S0.4 had a consistency of
33% and 37%, respectively. The main factor for changing the consistency of each mix was
the ability of SAP to absorb the water in the slurry, as reported previously [48].
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Figure 5. Fresh unit weight and consistency results.

3.2. Hardened Properties
3.2.1. Compressive Strength and Elasticity

Figure 6 presents the compressive strength for all mixes at different time intervals
(7, 28, 56, and 90 days) with varying conditions of curing (ambient, water, and 100%
RH). UHPC mix with ambient curing had the highest values across all ages. Note that
when correlated with the density results shown in Figure 7, the ambient-cured specimens
exhibited higher compressive strength values across all ages as the denser the concrete,
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the better the behaviour under compression. Also, the compressive strength decreased
with the increase in SAP dosages, specifically at the early stages. After seven days, the
ambient curing mix without SAP had a higher value than S0.3 and S0.4 by 28.8% and
37.3%, respectively. Furthermore, a similar trend was observed for both water-cured and
100% RH curing specimens. For instance, in the case of water curing, the decrease in
compressive strength was 12.5% for S0.3 and 21.2% for S0.4 compared to the corresponding
control specimens. It can also be seen from Figure 6 that the compressive strength increased
gradually with time in all mixes with different curing conditions. At 28 days, the ambient-
cured control specimen had the highest value, whereas the water-cured specimens yielded
the best values for UHPC mixes with SAP; the difference between the control mix and S0.3
was 5.9% whilst it was 6.8% for mix S0.4.
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Figure 6. Compressive strength for 7, 28, 56, and 90 days for all mixes and different curing conditions
(A = ambient, W = water, F = 100% RH).
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Further decline of the difference in compressive strength between UHPC with and
without SAP was noticed at 90 days; for example, for mix S0.3, the difference was 1.5%
which was negligible. This proved that SAP efficiently assisted in the further hydration
of the anhydrous cement particles with the increase in age [49]. On the other hand, the
decrease in compressive strength was caused by the voids made by SAP after the desorption
of water [50].

Table 4 summarises the modulus of elasticity values for the water-cured specimens
at 7 and 28 days along with the corresponding maximum strain. Overall, the specimens
with SAP exhibited higher stiffness than the control specimens without SAP. This was in
contrast to the compressive strength results, as the modulus of elasticity of S0.3 at 7 days
and 28 days showed an increase of 8.7% approximately. Therefore, it can be stated that
adding SAP leads to improved modulus of elasticity as adding SAP causes the closure of
microcracks and hence the stiffness of the concrete [51].

Table 4. Modulus of elasticity for all mixes for water curing on 7 and 28 days alongside the related
mechanical properties, water absorption, and volume of permeable voids.

Mix ID No. of Days Ec (GPa) Max. Stress
(MPa)

Max. Strain
(µε)

Water Absorption
(%)

Volume of
Permeable Voids (%)

UHPC
7 42.4 108.00 3173

28 46.2 125.79 2938 1.34 3.24

S0.3
7 46.3 95.71 2892

28 50.6 118.45 2818 2.38 5.46

S0.4
7 48.4 82.97 2385

28 47.4 112.40 2830 2.51 5.47

3.2.2. Flexural and Tensile Strength

Figure 8 shows the flexural strength results of all mixes after 28 days and 56 days. For
28 days, S0.3 under water curing had the best results with a flexural strength of 23.46 MPa
whilst for the control mix, the best results were recorded for the water-cured specimens.
Contrary to the previous results at 28 days, S0.4 had the highest value of flexural strength
under 100% RH with 19.65 MPa. For 56 days, the flexural strength of S0.3 was slightly
decreased under water curing. However, improved results were observed for ambient
and 100% RH curing mixes. For UHPC without SAP, a minor decrease in the flexural
strength for the water curing and almost no reduction in strength for the ambient curing
was observed. It is interesting to note an increase of 29.7% for the 100% RH-cured specimen.
For S0.4, the results fluctuated between an increase in water and ambient curing and a
decrease in the 100% RH curing conditions. The failure of all specimens occurred due
to the extensive formation of microcracks; the steel fibres influenced this behaviour as
they bridged the cracks, which yielded better strength. Hence, for flexural strength, a
combination of SAP and fibre led to better performance of UHPC with SAP which was
contrary to the compressive strength behaviour as SAP prevented self-desiccation which
decreased internal relative humidity [52]. Consequently, the microcracks could be limited
in the mixes with SAP.

The stress/strain relationship under the tensile load for all mixes under ambient curing
is shown in Figure 9. The behaviour of specimens under direct tensile load can be classified
into three levels: (i) the elastic region with the influence of fibre; (ii) the strain hardening
region where the curves fluctuate at the peak strength due to the presence of steel fibres
with an increase in the strain; and (iii) the strain softening process. Additionally, the fibre
bridging behaviour affects the behaviour regardless of the effect of adding SAP. The SAP
effect peaked with S0.3 with elastic behaviour until the peak stress. However, a drop of
about 21.5% in the strength happened immediately after the peak stress, which transformed
the curve to be in the strain hardening region with another drop to start the softening of the
specimen after reaching above 4000 µε. Alternatively, UHPC control and S0.4 specimens
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had lower strength but exhibited similar behaviour throughout. Interestingly, the S0.4 had
the best strain hardening behaviour among the specimens and at around 6000 µε, it held
a higher load. However, a rapid decline in S0.4 happened, whereas the other specimens
had a consistent decline. As mentioned previously in the flexural strength behaviour, the
benefit of SAP to prevent self-desiccation, which increases the internal curing along with
crack-bridging due to steel fibres to bridge the crack, helps in explaining the results of
tensile strength. Similar findings have been found in a previous study by Assmann and
Reinhardt [53].
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Figure 8. Flexural strength for all mixes at 28 and 56 days with different curing conditions.
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3.3. Mechanism of Self-Healing

The healing mechanism could be understood by applying the flexural load repetitively;
for this, the load was initially applied to initiate the cracks and then the specimen was
unloaded to subject it to a specific curing condition for a desired age. Figure 10 illustrates
the load/CMOD relationship under the three points bending test under different curing
regimes. The cracks were initiated by the application of the load. After unloading, the
specimens were subjected to the same curing condition for 28 days and then the load
was reapplied. During the test, the specimen under load was monitored carefully to
prevent premature failure as in some specimens, the crack opening did not attain the
desired value for the purpose of this healing study (0.2 mm measured via CMOD). The
results of ambient-cured specimens showed that S0.3 and S0.4 had a higher capacity for
load recovery after 28 days than the corresponding control specimens. For water-cured
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specimens, similar behaviour was also observed which confirmed the results found by Qian
et al. [54]. Qian et al. found that the recovery of water-cured specimens reached about 105%
of the original load. On the contrary, specimens under 100% RH curing showed comparable
results between the UHPC control mix and S0.3. However, the S0.4 mix exhibited better
performance in terms of load recovery. Hence, it can be concluded that the restoration of
load under different curing regimes and healing capacity were maintained by adding SAP.

Figure 11 presents the load recovery after the first loading and reloading after 28 days.
It can be clearly stated that the UHPC mixed with SAP performed better in the reloading
process. UHPC without SAP also increased the stress capacity after the first load. The
reason behind this recovery of load for UHPC could be related to two different components:
(i) the steel fibre could bridge the crack [51], and (ii) blast furnace slag can limit the crack
and improve its durability [55].

Furthermore, calcite formation in the cracks was noticed immediately after applying
the load for water-cured specimens of S0.3 as shown in Figure 12. This observation signifies
the self-healing mechanism due to the presence of SAP particles. The internal curing
provided by SAP enhanced the hydration products in the concrete matrix by realising the
water that formed Ca(OH)2 internally and reacted with carbon dioxide externally to form
the calcium carbonate (CaCO3), which is called calcite, to heal the crack efficiently [56].
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3.4. Durability Characteristics

Table 4 shows the results for water absorption and porosity by indicating the volume
of permeable voids after 28 days for all mixes. It can be seen that the water absorption
was higher in the mixes with SAP and increased with the increased SAP dosages as SAP
increased the porosity of UHPC and it was observed by Zhutovsky and Kovler [57] that
the very low w/b ratio also involved in this process could increase the porosity.

The absorption rate and sorptivity results are illustrated in Figure 13 which reveals
the mechanism of water migration through concrete and the absorption rate of the UHPC
control mix had a lower rate among the mixes. This finding correlates well with the results
of compressive strength, where UHPC had the highest values regardless of the curing
condition. It could be attributed to the capillary mechanism of UHPC, which prevents
water movement within the concrete. For both S0.3 and S0.4, the absorption rate was almost
similar whilst the results of sorptivity indicated that the initial absorption was higher with
the increase in SAP dosages. On the other hand, the sorptivity attained similar values for
all mixes with time. Therefore, it is evident that the outer layers of the specimens for mixes
with SAP effectively absorbed the water and then restrained the movement of water within
SAP particles or concrete.
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Figure 13. Sorptivity results of all mixes after water curing of 28 days: (a) the water absorption; and
(b) sorptivity.

3.5. Microstructure Investigation

For all mixes, BSE images recorded at 56 days are shown in Figure 14. Additionally,
EDX for specific points was plotted. The voids indicated by smooth dark spots are clearly
visible for the mixes S0.3 and S0.4 due to SAP particles. These voids will disintegrate the
concrete matrix which will correspondingly affect the mechanical strength specifically the
compressive strength as it can be observed in the compressive strength results. According
to the EDX magnification, SAP had a high amount of element C and the product formed
around SAP particles was calcium silicate hydrate (C-S-H) gel. Therefore, it is interesting
to see the C-S-H as the main product of healing around the SAP particles which shrunk
after the desorption of the water that can be extracted from the size of the SAP voids.
Independent of the curing regime, the region around SAP particles consists of CaCO3 and
Ca(OH)2 with a minimal gap which differs from the NSC as mentioned in [58]. Thus, SAP
particles densify the microstructure by enhancing the hydration products [51,59]. Evidently,
SAP creates voids and weakens the matrix of the UHPC but gradually SAP desorbs water
to hydrate the anhydrous cement particles around the voids to make C-S-H gel. Due to
the high amount of cementitious materials in the UHPC, SAP yields C-S-H gel as a healing
product which was proved to be the best product for the matrix that causes the concrete to
gain more strength [60].
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XRD results of the ambient curing of flexural strength test after 28 days and reloaded
notched specimens after 56 days are shown in Table 5 and Figure 15. While the amount of
SAP differed in each mix, the calculated chemical composition results were very close to
each other. However, UHPC-28 days had the highest amount of C3S composition followed
by S0.3–28 and S0.4–28. Therefore, the amount of the hydrated product in mixes with SAP
was greater than that without SAP. Calcite forming CaCO3 product for the healing purposes
was also reduced in S0.4 by 20%, S0.3 1%, and UHPC 12%. Therefore, S0.4 after 56 days
had produced more CaCO3. Ettringite which is responsible for forming the expansion for
the matrix, was seen in the quantitative data of mixes with SAP by Bentz and Jensen [61].
Interestingly, ettringite was also traced in the UHPC-56 days in this study. Furthermore,
the lower w/b ratio also led to further hydration of the anhydrous particles.

Table 5. Quantitative XRD results of the matrix of mixes (wt.%).

UHPC-28 UHPC-56 S0.3–28 S0.3–56 S0.4–28 S0.4–56

Portlandite 1.0 0.4 0.7 - - -
C3S 18.9 13.5 16.4 12.9 16.4 13.3

Quartz 63.3 69.1 67.9 70.7 64.2 72.0
Calcite 10.5 9.2 9.8 9.7 11.0 8.8
C4AF 3.5 2.9 3.1 2.6 3.4 2.4
C2S 1.8 2.4 1.4 1.5 2.4 0.7
C3A 1.0 0.8 0.8 0.9 1.0 0.7
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Table 5. Cont.

UHPC-28 UHPC-56 S0.3–28 S0.3–56 S0.4–28 S0.4–56

Ettringite - 1.8 - 1.8 1.5 1.4
Dolomite - - - - - 0.6
SUM (%) 100 100 100 100 100 100
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Figure 15. XRD spectra of the mixes after 28 and 56 days [A = alite, B = belite, C = calcite, and
Q = quartz].

3.6. Behaviour of the Prisms Under Constant Tensile Load

In Figure 16, the change in the displacement (the opening of the crack at the notched
area and average of two LVDTs values) over time is illustrated. For S0.4, the crack in
the specimen occurred on day 1 where the stability of the plateau implied there was no
dynamic variation in the crack closure. For the UHPC control mix, the crack was triggered
on day 9; this is due to the fact that the load was applied slowly to ensure there would not
be a premature failure. For all the specimens, the displacement almost remained constant
during the whole period except for the UHPC specimen, which raised slightly after day
9. The increase is due to the nature of the load, which was applied periodically to initiate
the cracks.

Figure 17 shows the stress throughout the entire test period. The load was applied
recurringly to achieve the cracking load. For S0.4, the stress reached around 8 MPa on day
1 and then it was lowered to 2 MPa, which corresponded to 50% of the load that caused the
crack based on the results extracted from the tensile strength experiment in Section 3.2.2.
The stress was increased cyclically on days 1, 3, 5, 7, and 9. At day 9, the stress remained at
2 MPa for up to 15 days. It is evident that the stress increased autogenously throughout
this interval as the healing capability of S0.4 was demonstrated by the surge in stress rather
than a reduction in displacement. For the UHPC control specimen, the load was increased
on the same days as S0.4 and the crack was initiated on day 9; the load was adjusted on day
12 to reach 50% of the cracking load. For the next 12 days, the load continued constantly,
and it was increased at the end of this period, which caused the failure of the specimen,
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implying no increase in the capacity of the specimen. Therefore, S0.4 was more effective at
healing the cracks and recovering the stiffness at the same displacement reading for both
wet and dry cycles.
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4. Conclusions

This study investigated the effect of incorporating SAP into UHPC mixes on the
self-healing performance of different mixes by conducting microstructure, mechanical prop-
erties, and durability experiments and also investigating self-healing ability under repeated
flexural loads and sustained tensile loads. Two different mixes of UHPC incorporating
varying ratios of SAP as well as a control mix without SAP were utilised for this study
with three different curing regimes for each mix. The major findings from this study are
as follows:

• Adding SAP to UHPC required additional water or superplasticiser to maintain the
consistency of the mix where the required amount of water depended on the size and
absorption capacity of SAP particles.
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• UHPC mixed with SAP exhibited less compressive strength than the corresponding
control mix without SAP, and the compressive strength exceeded above 120 MPa after
90 days for UHPC mixes with SAP. SAP leaves voids in the matrix after releasing the
water, which could significantly impact the microstructure of the matrix. However,
the release of the water later enhanced the hydration of the UHPC mix and led to the
improvement in the strength.

• Adding SAP particles improved the modulus of elasticity by closing the microcracks,
which led to the improvement in the stiffness.

• Regarding flexural and tensile strength results, S0.3 exhibited better results than the
mix without SAP in water-cured specimens. There was a decrease in self-desiccation
of the internal curing and a reduction in the occurrence of microcracks.

• The microstructure of the matrix of UHPC showed the formation of C-S-H gel around
SAP voids. Hence, the formation of C-S-H should increase the strength.

• Notched specimens of UHPC mixed with SAP had an overall better performance in
terms of load recovery and immediate closing of the cracks via the formation of calcite.

• Prisms under sustained tensile load for UHPC and S0.4 under wet and dry cycle
conditions also confirmed the previous results of self-healing ability after adding SAP.
The stress increased for S0.4 with time, indicating that the healing happened with
constant displacement readings.

• UHPC had better compressive strength due to the dense microstructure in its early
stages, and the addition of SAP reduced the compressive strength. However, the
addition of SAP showed superior results in tensile and flexural strength tests and also
the restoration of the stiffness of the healed concrete. Additionally, mixes with SAP
had enhanced the healing process, which could be the cornerstone of more durable
and sustainable concrete.

Finally, blending SAP into UHPC seems to have the potential of reduce the mainte-
nance required, reduce the cost-related expenses, and increase the life-span of the buildings.
However, Incorporating SAP into UHPC mixes investigation can be further investigated
under an aggressive environment such as sulphate attacks. Moreover, the technique of
testing the self-healing capability under sustained loadings can be expanded to extend the
duration of the sustained loadings.
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