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A B S T R A C T   

This study investigates the structural behaviour and self-healing performance of hybrid reinforced concrete (RC) 
beams, enhanced with a 1.5-cm-thick self-healing cover composed of bacteria-embedded strain hardening 
cementitious composite (SHCC), for its potential in crack width control and crack healing. The research focuses 
on the performance under both flexural and shear loading, examining aspects such as load-bearing capacity, 
surface crack pattern, crack propagation between layers, and healing effectiveness. Results demonstrate the 
successful activation of the healing function, alongside improvements in structural performance. Under flexural 
loading, hybrid beams exhibited greater load-bearing capacity and significantly improved crack control ability. 
The maximum crack width of the hybrid beams exceeded 0.3 mm at 124.7 kN load, whereas in the control beam 
the largest crack exceeded 0.3 mm at only 59.8 kN load. Under shear loading, while the influence of the cover on 
structural capacity was minimal, it notably improved post-peak ductility and energy dissipation. Interface 
delamination was not observed in both cases. The results of the current study demonstrate the potential of 
delivering the self-healing mechanism precisely where it is most needed, which presents a scalable and 
economically viable strategy for integrating self-healing technology into standard construction practices.   

1. Introduction 

Cracking in concrete is a common occurrence, as reinforced concrete 
structures are engineered to allow controlled cracking, enabling acti-
vation of the reinforcement. With appropriate reinforcement design, 
crack widths can be controlled and kept small, such that durability of a 
structure can be ensured throughout its intended service life. Conse-
quently, infrastructures with extended service life requirements or 
exposure to aggressive environments often necessitate a considerable 
additional amount of reinforcement, in excess of what the structural 
capacity demands, and a thick cover to mitigate the likelihood of cracks 
exceeding acceptable widths. This often results in significant economic 
and environmental burdens as a result of inefficient use of materials. 

Instead of designing extra reinforcement in excess of what the 
structural capacity demands, another strategy to ‘manage’ the risk of 
crack occurrence is to apply concrete with crack-healing capacity: self- 
healing concrete. Over the last decades, extensive research has been 
carried out either to stimulate the intrinsic/autogenous self-healing 
capacity of cementitious materials in general (e.g., via the use of min-
eral additives (Huang et al., 2014; Yang et al., 2009a), crystalline 

admixtures (de Nardi et al., 2017; Ferrara et al., 2014), or superabsor-
bent polymers (Snoeck et al., 2012)), or to develop novel autonomous 
self-healing mechanisms (e.g., via the application of micro- (Wang et al., 
2014), macro- (Mullem et al., 2020), or vascular-encapsulated polymers 
(Shields et al., 2021), minerals, or bacteria (Jonkers et al., 2010)). Since 
the effectiveness of all healing approaches depend on the crack width, 
there is also a growing trend to explore the self-healing potential in 
materials with intrinsic crack width control ability. One of such mate-
rials is known as Strain Hardening Cementitious Composites (SHCC) (Li, 
2019), which is a micro-fibre reinforced cement-based composite 
featuring high tensile ductility, enabled by the formation of multiple 
closely spaced micro-cracks that have an average crack width of only 
60–80 μm (Li et al., 2002). Researchers have shown that SHCC, designed 
with mineral additives, can have increased autogenous self-healing ca-
pacity (Yang et al., 2009b; Qiu et al., 2016). Moreover, it was proved 
that the speed and extent of healing can be even more enhanced by 
embedding bacteria in SHCC (He et al., 2022a, 2023a). 

Despite significant advancements in laboratory research, the use of 
self-healing concrete technologies in practical construction projects is 
still limited. This gap between research progress and real-world 
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application can primarily be attributed to three factors, the first being 
the considerable costs involved in implementation. Self-healing concrete 
requires the incorporation of specialized components, such as bacterial 
spores or encapsulated healing agents, which substantially increase the 
material cost compared to traditional concrete ingredients like cement, 
sand, and gravel (Bandeira Barros et al., 2023; Silva et al., 2015). 
Although self-healing concrete promises long-term economic benefits 
through reduced maintenance needs and enhanced durability, accu-
rately quantifying these advantages is challenging. Consequently, the 
immediate financial outlay often takes precedence in construction 
decision-making processes, where there is a marked preference for 
minimizing initial costs rather than investing in potential long-term 
savings. This necessitates the development of more cost-effective stra-
tegies for incorporating self-healing mechanisms into standard con-
struction practices. The second factor is related to ensuring the efficacy 
of self-healing mechanisms when scaling up from laboratory experi-
ments to full-scale concrete applications. Laboratory experiments typi-
cally focus on mortar specimens, which lack coarse aggregates present in 
concrete, thereby not fully simulating real-world conditions. When the 
proportion of healing agents, relative to the cement weight, remains 
unchanged in the transition from mortar to concrete, the inclusion of 
coarse aggregates dilutes the concentration of these agents. This dilution 
not only diminishes the healing capability but also decreases the prob-
ability of cracks intersecting the healing agents, thereby reducing the 
likelihood of activation. Such challenges underscore the need for opti-
mizing the distribution and concentration of healing agents to preserve 
the self-healing efficiency when applied at structural levels. The third 
factor is the environmental impact of self-healing concretes. According 
to a recent study (Justo-Reinoso et al., 2023), bacteria-based self-healing 
concrete has an 85% higher environmental impact per cubic meter than 
conventional concrete due to the nutrients and calcium precursors 
needed by bacteria. Thus, the study suggests using bacteria-based 
self-healing concrete specifically in the cover zone of concrete struc-
tures to enable wider crack widths and decrease non-structural steel 
usage, thereby reducing the structure’s carbon footprint. 

Integrating the previously discussed challenges, a viable solution 
emerges in the form of a composite system, which includes a reinforced 
concrete core protected by a self-healing cover-zone. This approach, 
illustrated in Fig. 1, highlights the strategic application of self-healing 
techniques only at the cover-zone, which controls the overall dura-
bility of RC structures. This focused application in the cover-zone en-
sures that the self-healing mechanism is precisely where it is most 
needed for enhancing durability, thereby presenting a scalable and 
economically viable strategy for incorporating self-healing concrete into 
standard construction practices. In addition, previous studies on SHCC/ 
RC hybrid elements have revealed superior cracking performance (He 
et al., 2023b; Mustafa et al., 2022), indicating conducive conditions for 
healing processes within these systems. However, it is noteworthy that 

the cracking behaviour hinges on the appropriate design of the interface 
between the layers. 

The aim of the current study is to assess the structural response and 
self-healing effectiveness of reinforced concrete (RC) beams featuring a 
self-healing cover zone. This cover zone consists of a 15-mm-thick layer 
of cover made of self-healing strain-hardening cementitious composite 
(SH-SHCC), designed to control crack width and promote crack healing. 
The SH-SHCC contains bacteria-embedded polylactic acid (PLA) cap-
sules and relies on bacteria-mediated calcium carbonate formation for 
crack healing. A total of 6 beams were prepared and tested, including 2 
reference RC beams and 4 hybrid beams containing a 15-mm-thick U- 
shape SH-SHCC cover. These beams were divided into 2 groups for 
testing, one subjected to flexural loading and the other to shear loading. 
Digital image correlation (DIC) was employed for all the beams to 
monitor the deformation of the beams and the development of cracks. 
Interface openings between the cover and the core were also monitored 
with linear variable differential transformers (LVDTs). Subsequent to 
testing, the beams were cut into smaller segments. Certain segments 
underwent epoxy impregnation to investigate crack propagation from 
the core to the cover, while others underwent one month of moisture 
curing. Surface crack patterns before and after healing were then 
compared to qualitatively assess the healing performance. 

2. Materials and tests 

2.1. Experimental design 

The testing protocol comprises two sets of beams: one exposed to 
flexural loading in a 4-point bending setup, and the other exposed to 
shear loading in a 3-point bending setup. In addition to investigating the 
load-deflection behaviour, each set of beams is tailored to address 
different testing objectives. For the beams subjected to flexural loading, 
the primary objective was to assess the potential of the SH-SHCC cover 
in enabling the development of fine cracks, thereby facilitating rapid 
healing. In the case of beams undergoing shear, emphasis is placed on 
evaluating the cracking behaviour and post-peak ductility. 

Each set of beams contains 3 specimens, including 1 conventional 
reinforced concrete beam as a reference specimen and 2 hybrid beams 
consisting of a 15-mm-thick U-shape SH-SHCC cover as shown in Figs. 2 
and 3. The reference beam in each set is denoted as Flex-R and Shear-R, 
and the reinforcement details were designed to ensure that they would 
fail in flexure and shear, respectively. The geometry and reinforcement 
details of the beams are given in Figs. 2 and 3. In both sets of beams, one 
stirrup was designed on each side outside the support region for easy 
handling of the beams. One hybrid beam in each set (Flex-1 and Shear-1) 
has a smooth interface between the bottom SH-SHCC layer and the 
reinforced concrete, while the other hybrid beam (Flex-2 and Shear-2) 
has a profiled interface which is made of a line of protruding shear- 
key from the SHCC layer. All interfaces between the cover and the 
core have been treated with a think layer of Vaseline to ensure their 
deformational compatibility. The shear-keys provide mechanical inter-
locking for structural integrity, while the Vaseline treatment allows 
controlled partial delamination between the SHCC and concrete layers, 
promoting deformation between the two layers. The design principles 
and geometric details of the pattern are discussed in our prior publica-
tion (He et al., 2023b). The pattern consists of equally sized and evenly 
spaced circular keys which have a diameter of 25 mm and a height of 10 
mm. The spacing between the keys is 25 mm, which is designed such 
that the largest aggregate in the concrete can fill into the gap between 2 
adjacent keys. 

2.2. Materials and sample preparation 

Table 1 shows the mixture compositions of SH-SHCC and concrete 
used in the current study. The mix design of the SHCC was developed in 
earlier research (He et al., 2022b). The self-healing performance of a Fig. 1. Schematic illustration of RC beams with the self-healing cover zone.  
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comparable mix was also extensively assessed (He et al., 2023a). Spe-
cifically, the modified SH-SHCC matrix has a water-to-binder ratio of 0.4 
and a filler-to-binder ratio of 0.5. Blast furnace slag (BFS) cement CEM 
III/B 42.5 N from ENCI (the Netherlands), consisting of 20–34 % clinker 
and 66–80% BFS, was used as binder and finely ground limestone 
powder Calcitec® from Carmeuse (Belgium) was used as filler. Silica 

fume was added to increase the bond strength between fibre and matrix 
(Chan and Li, 1997). A polycarboxylate-based superplasticizer (SP) 
MasterGlenium 51 produced from BASF (Germany) with 35.0% solid 
content by mass was used to reach desired workability. The fibre used in 
this study is ultra-high-molecular-weight polyethylene (UHMWPE) fibre 
with a length of 6 mm and diameter of 20 μm. Since the amount of fibre 

Fig. 2. Design details of the beams for 4-point-bending test [unit in mm].  

Fig. 3. Design details of the beams for 3-point-bending test [unit in mm].  

S. He et al.                                                                                                                                                                                                                                       
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has been addressed as the cause for workability, sustainability and cost, 
a separate study was carried by adjusting the mix design to reduce the 
amount of fibre from a typical 2%–1%. Owning to a thinner diameter 
and enhanced bonding due to the use of silica fume, the amount of fibre 
was reduced without sacrificing its tensile performance. Physical and 
mechanical properties of the fibre are presented in Table 2. The healing 
agent (HA) used is the self-healing bio-polymeric particles from Basilisk 
(the Netherlands). The HA is made of a poly-lactic acid (PLA) derivate 
matrix, bacterial spores of Bacillus cohnii-related strains and 
growth-required nutrient inorganic salts. 

All the hybrid beams in the current study were casted in 2 steps. In 
the first step, SH-SHCC cover were cast inside a plywood mould against a 
piece of foam fixed at the bottom of the mould (Fig. 4). The foams were 
glued with 10-mm-thick silicon rubber sheets having a reverse shape of 
the desired shear-key pattern at both side walls. By casting the SH-SHCC 
into the remaining gap, the fresh material will fill into the holes of the 
rubber sheet and then form the resulting protruding keys as shown in 
Fig. 4. Subsequently, the materials were covered with plastic sheets and 
cured at room temperature for one day. The hardened specimens were 
then removed from the moulds and transferred to a climate-controlled 
room (20 ◦C and 98% RH) for an additional 14 days of curing. In the 
second step, SH-SHCC covers were taken out from the climate room and 
placed into plywood mould. On top of the SH-SHCC covers, reinforce-
ment cages were placed with appropriate spacers. Subsequently, the 
concrete was cast and compacted using a vibration needle. The hybrid 
beams were then cured for 28 days in sealed conditions before testing. 

To prepare the SH-SHCC materials, dry powders excluding healing 
agents were initially mixed using a Hobart® mixer for a duration of 5 
min. Water, pre-mixed with 80% of SP, was gradually added to the 
mixture, continuously mixed until a uniform and consistent fresh paste 
was achieved. Following this, healing agents and fibres were gradually 
incorporated over a period of 5 min. Meanwhile, the remaining 20% SP 
was introduced to the mixture to offset any rheological changes resulting 
from fibre addition. The resulting fresh material was then cast into 
specialized moulds for the covers, as well as into polystyrene prism 
moulds (160 mm × 40 mm × 40 mm) and dog-bone moulds to determine 
compressive and tensile properties of the SH-SHCC material. To comply 
with recommendations from the Japan Society of Civil Engineers (JSCE) 
(Japan Society of Civil Engineers, 2008), dog-bone shaped specimens 
featuring a cross-section of 13 mm × 30 mm at the test zone were uti-
lized. The geometry details of the dogbone and the testing setup has 
been reported in our previous publication (He et al., 2022a, 2023b). All 
casting operations were conducted on a vibration table to expel trapped 
air and enhance material filling into the holes in rubber sheet. the curing 

conditions for the dog-bones and prisms are the same as those of the 
SH-SHCC covers in the hybrid beams. The curing conditions for the 
dog-bones and prisms are the same as those of the SH-SHCC covers in the 
hybrid beams. Concrete cubes measuring 150 mm × 150 mm × 150 mm 
were also prepared following NEN-EN 12930-3 (Testing of hardened 
concrete, 2019) standards to determine the compressive strength of 
concrete. 

2.3. Testing 

2.3.1. Structural tests of RC beams 
The beams underwent testing in a four- or a three-point-bending 

configuration, as depicted in Fig. 5a. Both tests were conducted under 
displacement control of actuator at a rate of 0.01 mm/s, which relies on 
the feedback from an external displacement control (EDC). The relative 
vertical mid-point deflection of the beams with respect to the supports 
was measured using a LVDT while deformation of the beams was tracked 
using DIC on both sides. DIC is a method that analyses images captured 
during loading to monitor and record the surface movement of a 
deforming solid (Crammond et al., 2013; Pan et al., 2009). Prior to DIC 
measurement, specific regions of the beam were painted white and 
adorned with a black speckle pattern applied using an air gun. Images 
for DIC were captured at 10-s intervals throughout the loading process, 
with a resolution of 0.08 mm/pixel. Subsequently, post-processing of 
DIC results was performed using a freely available version of GOM 
Correlate software. Given that interfacial delamination typically poses a 
concern for layered systems, LVDTs were arranged atop the hybrid 
beams to detect the interfacial opening between the core and the cover. 
For beams subjected to 4-point bending, the measuring point is posi-
tioned at the mid-span, whereas for beams undergoing 3-point bending, 
two sets of LVDTs were installed 10 cm away from the loading point as 
shown in Fig. 5b. 

2.3.2. Material property tests of SHCC and concrete 
The compressive strength of the SH-SHCC was assessed following the 

guidelines for mortar, as outlined in NEN EN 196-1 (European com-
mittee for standardization, 2016). Cube specimens measuring 40 mm ×
40 mm × 40 mm were cut from 40 mm × 40 mm × 160 mm prism 
specimens for this purpose. Uniaxial tension tests were conducted using 
a servo-hydraulic testing machine (Instron® 8872) with displacement 
control set at a rate of 0.005 mm/s. Prior to testing, the specimens were 
subjected to up to 0.2 MPa pre-stress after being positioned within a pair 
of tensile grips. Deformations were measured using two LVDTs with a 
gauge length of 80 mm. Tests ended when the applied tensile load 
decreased to less than 50% of the maximum load, at which point the load 
was released. The ultimate tensile strength (σult) was determined as the 
maximum tensile stress experienced by the specimen during the exper-
iment, while the tensile strain capacity (εult) was defined as the strain 
value at which the load dropped to 90% of the ultimate value. A total of 
four samples were tested to ascertain the tensile properties of SH-SHCC, 
and the results are presented in Table 3. 

2.4. Evaluation of healing performance 

Given that the primary purpose of the U-shape cover is to facilitate 
self-healing, the healing effectiveness of the hybrid beams was evalu-
ated. The self-healing performance was assessed by comparing surface 
crack patterns of a segment of the tested beam before and after a one- 
month healing period. This entailed examining beam segments before 
and after the healing period in a humid environment with a constant 
temperature of 20 ◦C. Photos of the cracked surface before and after 
healing were captured and digitally analysed. 

Table 1 
Mixture compositions of SH-SHCC and concrete [unit in kg/m3].  

Material SHCC Concrete 

CEM I 52.5 R – 260 
CEM III/B 42.5 N 842 – 
Silica fume 94 – 
Limestone powder 468 – 
Sand (0.125–4 mm) – 847 
Gravel (4–16 mm) – 1123 
PE fiber (vol%) 10 (1%) – 
Healing agent 20 – 
Water 374 156 
Superplasticizer 3 0.26  

Table 2 
Physical and mechanical properties of PE fibers.  

Length 
(mm) 

Diameter 
(μm) 

Density 
(kg/m3) 

Nominal 
tensile 
strength 
(MPa) 

Young’s 
modulus 
(GPa) 

Elongation 
at break 

6 20 980 3000 110 3%  

S. He et al.                                                                                                                                                                                                                                       
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3. Results and discussion 

3.1. Material properties 

Fig. 6 illustrates the typical stress-strain curves for SH-SHCC dog- 
bones. Notably, the mixture displayed significant tensile strain hard-
ening behaviour with the emergence of multiple fine cracks, as depicted 
in Fig. 6. Furthermore, Table 3 provides a summary of the mechanical 
properties of SH-SHCC and concrete. SH-SHCC demonstrated an average 
tensile strain capacity of 2.6 % and an average tensile strength of 2.8 
MPa. This combination of tensile properties ensured both the differential 
deformation between the cover and the core and the development of 
small cracks, which served to slow the penetration of aggressive ions 

Fig. 4. Preparation procedure of the SH-SHCC cover.  

Fig. 5. (a) Experimental set-up for beam specimens with DIC measurement on both sides and (b) LVDT sets for the measurement of interfacial opening.  

Table 3 
Results of uniaxial compression and tension tests.  

Mixture Compressive 
strength (MPa) 

First cracking 
strength 
(MPa) 

Ultimate 
tensile 
strength 
(MPa) 

Ultimate 
tensile strain 
(MPa) 

SHCC 60.2 ± 0.7 1.9 ± 0.3 2.8 ± 0.26 2.6% ± 0.4% 
Concrete 48.4 ± 2.0 – – –  

S. He et al.                                                                                                                                                                                                                                       
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while enabling swift and effective healing. In addition, the average 
compressive strengths of SH-SHCC and concrete were 60.2 MPa and 
48.4 MPa, respectively. Opting for a relatively stronger SH-SHCC over 
traditional concrete was intended to ensure the cover’s ability to with-
stand the stresses associated with demoulding, handling, and beam 
casting. This, in turn, opens up the possibility of utilizing the cover as 
lost formwork for the production of precast elements. Additionally, a 
stronger cover zone with a dense microstructure was anticipated to 
enhance the durability of the structural element. 

3.2. Structural performance 

3.2.1. Flexural behaviour 
Fig. 7a illustrates the comparison of load versus mid-span deflection 

responses for the beams tested under flexural loads. It is evident that the 
load-deflection relationship of the hybrid beams (Flex-1 & Flex-2) 
differed significantly from that of the reference reinforced concrete 
beam (Flex-R). The hybrid beams exhibited a higher tension stiffening in 
the stabilized cracking stage, and a higher load-bearing capacity 
compared to the reference beam, although their deflection at peak load 
were slightly lower. While the reference beam reached a maximum load 
of 116.64 kN, the hybrid beams achieved 145.69 kN and 159.29 kN, 
respectively. Despite its modest 15 mm thickness, the tensile stresses of 
the SH-SHCC cover played a significant role in contributing to the 
bending moment resistance of the beam. The lower deflection at peak 
load observed in the hybrid beam can be attributed to a diminished 
rotation capacity. This is due to the SH-SHCC cover’s ability to constrain 
the opening of non-dominant cracks in concrete, thereby restricting 
strain distribution in reinforcement and facilitating the localization of 
deformations in a single large crack. Similar behaviour has been noted in 
concrete beams strengthened by SHCC, ultra-high-performance con-
crete, and textile (He et al., 2023b; Schumacher, 2006; Oesterlee, 2010; 
Martinola et al., 2010). 

Moreover, it is found that the interface properties between the cover 
and the core influenced the structural response of the entire beam. 
Fig. 7b illustrates the evolution of interface opening, measured by 
LVDTs on the top surface of the hybrid beams. Dotted lines represent 
readings from individual LVDTs, whereas solid lines depict the averaged 
results for each beam. Load-deflection curves are also presented within 
the same graph, facilitating the correlation between interface openings 
and applied loads. It is evident that the average opening values for both 
beams remained consistently below 0.1 mm throughout the tests. 
Despite concerns regarding interfacial delamination in layered systems, 
both hybrid beams exhibited robust structural integrity throughout the 

testing. Still, the presence of a line of shear-keys at the bottom interface 
provided additional mechanical resistance, resulting in a 14 kN increase 
in load-carrying capacity. This enhancement probably stems from a 
more synchronized behaviour between the cover and the core, leading to 
the activation of more SH-SHCC (both from the bottom and from the 
side) to bear the tensile load. 

Fig. 8a depicts the crack patterns based on DIC principal strain 
analysis in the constant bending moment region for 4 key stages. These 
stages correspond to crack formation stage, stabilized cracking stage, 
reinforcement yielding stage, and ultimate stage of the reference beams. 
As can be seen, all beams failed as per design, exhibiting flexural tension 
failure characterized by flexural cracks on the tension side and concrete 
crushing on the compression side. The crack patterns reveal that the 
hybrid beams developed significantly more cracks compared to the 
reference beam. Unlike the reference beam, which exhibited only a few 
large cracks, the hybrid beams, equipped with the thin cover zones with 
microfibre reinforcement, displayed closely spaced fine cracks across the 
constant bending moment region. Additionally, the hybrid beam with 
bottom shear-key exhibited a higher number of cracks at all deflection 
levels, explaining its higher peak load capacity observed earlier. 

All hybrid beams demonstrated enhanced control over crack widths. 
In Fig. 8b, the development of the maximum crack widths along the 
bottom edge of the beams, as a function of deflection, is depicted. The 

Fig. 6. Stress-strain curves of SH-SHCC under direction tension test.  

Fig. 7. (a) Load-deflection response of the tested beams under flexural loading 
and (b) interface opening between cover and core (each solid lines are averaged 
values from 2 LVDTs, while dotted lines are results from individual LVDTs). 
Load-deflection curves are also presented within the same graph, facilitating 
the correlation between interface openings and applied loads. 

S. He et al.                                                                                                                                                                                                                                       
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maximum values correspond to the maximum crack width observed 
from the two side of beams by DIC. It is clear that the maximum crack 
width of the reference beam increased linearly with deflection. In 
contrast, for the hybrid beams, a distinct pattern of delayed crack width 
development was observed due to the generation of more cracks rather 
than the widening of existing ones. Consequently, the hybrid beams 
achieved higher load capacities while maintaining smaller crack widths 
(Fig. 8c). If a surface crack width limit of 0.3 mm is adopted as a 
benchmark, in line with the prescribed threshold in Eurocode 2 for 
reinforced concrete under quasi-permanent load across most exposure 
classes (excluding X0 and XC1), the reference beam exhibited maximum 
crack widths surpassing 0.3 mm at a load of 59.8 kN. Conversely, the 
hybrid beams managed to confine crack widths below 0.3 mm until 
reaching loads of 124.7 kN and 137.3 kN, respectively so after steel 
yielding. 

Given that both load levels were achieved subsequent to reinforce-
ment yielding, the quantity of reinforcement will be solely determined 
by the structural capacity necessary under the ultimate limit state. 
Therefore, no additional reinforcement will be required for the design 

pertaining to the service limit state. Moreover, this approach facilitates 
the efficient utilization of high-strength steel, where crack control 
consistently governs the design process. 

3.2.2. Shear behaviour 
Fig. 9a illustrates the load versus mid-span deflection curves for the 

beams subjected to shear loading. The purpose was to evaluate the 
reliability of the hybrid beams under shear. Shear-deficient beams 
without stirrups were thus made for the most critical situation where a 
very brittle failure is expected. Although all tested beams exhibited 
comparable peak loads, those with the SH-SHCC cover demonstrated 
higher stiffness after cracking and more ductile post-peak behaviour, 
marked by a gradual decrease in load. Post-cracking shear ductility re-
fers to the ability of the beam to continue deforming and absorbing 
energy after the initiation of major shear crack under shear loading. It is 
an index to measure of the capacity of the beam to resist sudden shear 
failure and to sustain large deformations without collapsing (Qi et al., 
2020). The post-cracking shear ductility of the beams can be expressed 
in terms of ductility factor (DF) as per Eq. (1). The DF has been defined 

Fig. 8. (a) Crack pattern development at critical stages (i.e., crack initiation, reinforcement yielding and peak load), (b) development. of maximum crack width 
versus mid-point deflection, and (c) relation between load and maximum crack width. 
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as the ratio of the deflection at failure load to the deflection at first di-
agonal crack load. 

DF=
Δu

Δf
(1)  

In which Δu is the deflection at the peak load, Δf is the deflection at the 
initiation of major shear crack. 

The DF values of the tested beams are summarized in Table 4. As can 
be seen, all hybrid beams exhibited higher DF than the reference beam. 
In RC members, the shear resistance of concrete elements depends on 
aggregate interlock mechanism, dowel action of the reinforcement, and 
uncracked compression zone. When SH-SHCC is applied on the lateral 
surface of the beams, the fibre bridging stresses in the SH-SHCC can be 
considered as an additional source of post-cracking shear resistance and 

thus contributed to an enhanced DF value. 
Energy absorption capacities of all tested beams are also provided in 

Table 4. Energy absorption was calculated by measuring the area under 
the load-deflection curves until the load drops to 85% of the peak load. 
The two hybrid beams exhibited roughly 27% and 100% higher energy 
absorption capacities than the reference beam, respectively. The in-
crease of energy absorption of hybrid beams was achieved due to higher 
deformation capacity and strain hardening characteristics of SH-SHCC. 
In addition, it was noticed that the shear key pattern at the bottom led 
to higher energy absorption increase. 

Crucially, the experiment revealed no delamination between the 
cover and the core. This is evidenced by Fig. 9b, where the measured 
interface opening from four locations near the loading point remained 
consistently below 1 mm throughout the test duration. Despite slight 
variability in individual measurements, the average values consistently 
stayed below 0.3 mm before reaching peak load. Similarly as observed in 
flexural tests, higher capacity was observed in sample with the shear key 
pattern on the bottom, in which also crack opening at the interface 
stayed smaller throughout the test (Shear-2). 

To capture the damage process of the beams, the evolution of crack 
pattern within the effective span at 3 critical moments (i.e., the forma-
tion of the first flexural crack, the initiation of major shear crack, and the 
ultimate state) for all the tested beams are exported based on DIC 
principal strain analysis and are shown in Fig. 10. The representative 
cracking moments are also indicated in the load-deflection curves by the 
vertical red lines. As can be seen, the crack patterns of the hybrid beams 
were largely different than the reference beam. Instead of forming 
sparsely spaced diagonal shear cracks, the hybrid beams with SHCC 
cover exhibited a unique crack pattern, which is characterized by the 
formation of bundles of fine cracks. It is possible that the dominate shear 
cracks formed in conventional concrete core were arrested by the SHCC 
layer and turned into multiple fine cracks in the SHCC. Although the 
capacity was not significantly affected (by 9.5% in increased in Shear-2 
beam), the hybrid beams can still benefit from the increased post-peak 
ductility conveyed by the formation of multiple micro-cracks. 

3.3. Crack propagation 

To further investigate the impact of the SH-SHCC cover in enabling 
the monolithic response in the hybrid structure and enhancing micro-
cracking formation, the tested beams were sawn into smaller sections 
(Fig. 11a), which were subsequently epoxy impregnated for visualizing 
the crack path. From the cross-section of the beams (Fig. 11b), the cover 
and the core can be distinguished: due to the high slag content in the SH- 
SHCC, the cover area appeared to be blueish/greenish. Furthermore, it is 
evident that concrete has densely filled the space between the shear 
keys, showcasing the successful implementation of the concept. 

To visualize how cracks propagate from the core to the cover, a 
corner piece was further cut out from the section. As can be seen from 
Fig. 11c, a major crack in the concrete core was successfully arrested and 
spread into multiple fine cracks both on the front and bottom sides of the 
cover. It’s important to note that cracks did not necessarily need to form 
in the concrete first in order to activate the SHCC layer. It can be that the 
bottom SH-SHCC, where tensile stresses are greatest, cracks first, which 
then initiates a crack in the concrete core. What’s crucial is that the 
multiple cracking behaviour of SH-SHCC ensures that a single large 
crack in concrete doesn’t propagate into an equally wide crack in the SH- 

Fig. 9. (a) Load-deflection response of the tested beams under shear and (b) 
interface opening between cover and core (each solid lines are averaged values 
from 4 LVDTs, while dotted lines are results from individual LVDT). Load- 
deflection curves are also presented within the same graph, facilitating the 
correlation between interface openings and applied loads. 

Table 4 
Summary of structural responses of tested beams under shear.  

Beam ID Flexural crack formation Major shear crack initiation Ultimate point Ductility factor Energy absorption (kN⋅mm) 

Load (kN) Deflection (mm) Load (kN) Deflection (mm) Load (kN) Deflection (mm) 

Shear-R 16.0 0.21 38.9 0.44 103.7 3.55 8.54 530.8 
Shear-1 17.5 0.22 40.2 0.40 103.7 3.28 11.0 672.5 
Shear-2 20.2 0.21 43.7 0.46 113.5 4.09 11.2 1096.2  
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SHCC, thereby arresting the crack propagation. 
Upon closer examination of the cross-section depicting the crack 

path toward the bottom surface (Fig. 11d), it is evident that the entire 
section of the SH-SHCC cover is engaged, with evenly distributed fine 
cracks forming beneath the primary crack in the concrete. By spreading 
the centralized deformation to the whole section, not only healing can 
happen must easier and faster, but the effective crack width that governs 
the speed of ion diffusion from the outer environment to the rebar is 
significantly reduced. This concept is presented schematically in 
Fig. 12a. It has been demonstrated by many that cracks represent spatial 
discontinuities in which the transport of moisture and chlorides is sig-
nificant and that the effect of cracking on durability is significantly 
dependent on the crack width (Gérard and Marchand, 2000; Ismail et al., 
2008; Jacobsen et al., 1996). Therefore, even if the cover did not have a 
healing ability, only the reduction of effective crack width can increase 
the durability of the structural elements. It is also important to 
emphasize that assessing the effective crack width in hybrid structures 
becomes challenging. Interfaces introduce non-linear deformation that 
can redirect cracks into configurations where propagation becomes 
more challenging. As depicted in Fig. 12b and c, the ultimate failure 
crack in concrete was diverted within the cover, yet connected by a fine 
interfacial crack between the cover and the core. The impact of interface 
opening on moisture and chloride ingress remains unclear. 

3.4. Healing performance 

Fig. 13 presents a comparative analysis of the bottom surface of a 
beam segment before and after the healing process. Binary images, 
highlighting the crack patterns, accompany the original photos. To 

ensure fairness in comparison, identical thresholds were applied to 
generate the binary images. As can be seen, the results reveal obvious 
healing of most cracks after a one-month period, indicating the effec-
tiveness of the self-healing mechanism. However, it is evident that not 
all cracks fully healed within this timeframe. Larger cracks may require 
more time for complete recovery. Also, the random distribution of 
healing agents within the matrix may result in certain areas of cracks 
lacking sufficient agents to facilitate healing. Consequently, healing in 
these regions relies on autogenous healing of SHCC and bacterial 
migration from other parts of the cracks, leading to prolonged healing 
durations. Nevertheless, since the diffusion rate of most ions depends on 
the crack width (Yoon and Schlangen, 2014), even partially healed 
cracks are expected to contribute to an increase of durability. 

It is important to emphasize that the healing agents utilized in this 
study are commercial products with a tailored particle size of approxi-
mately 1 mm. This design is specifically crafted to facilitate the healing 
of relatively large cracks commonly encountered in reinforced concrete 
structures. Notably, when employing the SH-SHCC cover, as shown in 
this study, smaller crack widths at similar loads can be expected. 
Therefore, adjustments in the particle size of the healing agents could be 
made accordingly. Decreasing the particle size of the healing agents 
would result in a higher number of particles per unit volume of concrete 
at the same dosage. Consequently, this increases the likelihood of cracks 
intersecting with healing agents, enhancing the overall healing efficacy. 

In summary, our study demonstrates the successful activation of the 
healing function, alongside improvements in structural performance 
such as cracking behaviour, load-bearing capacity, and ductility. This 
challenges the previous perception that incorporating healing might 
inevitably compromise concrete’s mechanical properties. Through 

Fig. 10. Crack pattern development at critical stages (i.e., flexural crack initiation, shear crack initiation and peak load).  
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strategic deployment of the self-healing mechanism, our research pre-
sents a scalable and economically viable strategy for integrating self- 
healing concrete into standard construction practices. 

4. Conclusions 

An experimental study was performed aiming to investigate the 
structural and healing behaviour of hybrid reinforced concrete beams 
with a self-healing cover made with bacteria embedded SHCC. Struc-
tural behaviour, surface crack pattern, and crack propagation between 
the reinforced concrete core and U-shaped SH-SHCC cover were studied. 
A qualitative assessment of the crack appearance before and after 
healing was also presented. The main findings of the current study are.  

1. Under flexural loading, hybrid beams with the cover exhibited an 
enhanced crack control capability and higher load-bearing capacity 
(up to 35% greater) compared to the control beam. The maximum 
crack width of the best performing hybrid beams exceeded 0.3 mm at 
approximately 137 kN, whereas in the control beam, it exceeded 0.3 
mm at only 63 kN load. The reduced crack width is expected to 
largely facilitate crack healing in the cover zone. 

2. Under shear loading, the cover had minimal effect on structural ca-
pacity but affected cracking behaviour. It also enhanced post-peak 
ductility and energy dissipation capacity. In addition to the flex-
ural cracks, the cover has been demonstrated to effectively distribute 
rapidly formed shear cracks into multiple fine cracks.  

3. Delamination between the cover and core was not observed under 
both flexural and shear failure modes, a result attributed to the 

deformational capacity of the SH-SHCC and the tailored interface 
profile, specifically the shear-key pattern.  

4. Characterization of the crack path from the concrete core to the 
cover confirms that the SH-SHCC cover can not only effectively 
spread a major crack in concrete into multiple fine cracks within the 
SHCC but to also block the main transport path by diverting the crack 
paths. This distribution of a major crack into multiple fine ones en-
hances the likelihood of the crack plane intersecting with the healing 
agent, while simultaneously decreasing the average crack width, 
thus facilitating easier healing.  

5. Evident crack healing was observed after a period of 1-month moist 
curing. Despite that not all cracks had fully closed within this time-
frame, those that remained were visibly shorter and smaller, indi-
cating a positive progression of healing. While the current study 
primarily examined the structural behaviour and visually assessed 
the performance of healing, future studies are encouraged to explore 
the influence of healing on durability-related indicators of hybrid RC 
elements, such as the chloride ingress or carbonation induced 
corrosion. 

Fig. 11. (a) Tested beams after sawing (beam length: 1 m), (b) cross-sectional image of a section demonstrating the covered system, (c) corner piece cut from the 
beam section after epoxy impregnation, (d) front surface of the corner specimen under UV light to highlight the crack path. 
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Fig. 12. (a) Schematic illustration depicting how SHCC cover obstructs the pathway for external ions to reach the rebar, (b) optical microscope image of an epoxy 
impregnated specimen sawn from tested beams, and (c) the same specimen under UV light for highlighting the crack path. 

Fig. 13. Visual comparison of crack patterns on the bottom surface of tested beams before and after healing.  
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