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ARTICLE INFO ABSTRACT

Keywords: In the current study, experiments and numerical simulations were carried out to investigate the cracking

SHCC behavior of reinforced concrete beams consisting of a very thin layer (i.e., 1 cm in thickness) of SHCC in the

Crack width control concrete cover, tension zone. A novel type of SHCC/concrete interface that features a weakened chemical

E;tcﬁce model adhesion but an enhanced mechanical interlock bonding was developed to facilitate the activation of SHCC. The
study involved testing hybrid SHCC/concrete beams that have various types of interfaces. The results were
compared to the control reinforced concrete beams that do not have SHCC in the cover. Four-point bending tests
were performed with the beams and Digital Image Correlation (DIC) was utilized to track the development of
crack pattern and crack width. Results show that hybrid beams possessed similar load bearing capacity but
exhibited a significantly improved cracking behavior as compared to the control beam. With a 1-cm-thick layer of
SHCC, the maximum crack width of the best performing hybrid beam exceeded 0.3 mm at 53.3 kN load, whereas
in the control beam the largest crack exceeded 0.3 mm at 32.5 kN load. The hybrid beam with the proposed new
interface formed 10 times more cracks in SHCC than the hybrid beam with a simple smooth interface and had an
average crack width less than 0.1 mm throughout the loading. The lattice model has successfully showcased its
ability to predict and offer valuable insights into the fracture behavior of hybrid systems. The simulation results
indicate that the presence of a weak interface bond, coupled with mechanical interlocking, can effectively
facilitate the activation of SHCC, resulting in the formation of more cracks and a delayed progression towards the
maximum crack width. As the volume ratio of SHCC used in the hybrid beams is only 6%, the current study
highlights the strategic use of minimum amount of SHCC in the critical region to efficiently enhance the per-
formance of hybrid structures.

1. Introduction

Concrete structures are designed to meet both ultimate limit state
(ULS) and serviceability limit state (SLS) criteria. While the ULS ad-
dresses structural safety and stability, the SLS are essential for appro-
priate function and durability of concrete structures. Within the SLS
design, the attention is paid particularly to the analysis and control of
cracks. Cracking in concrete is an accepted phenomenon and does not
have to cause problems if it remains within limits. These limits are laid
down in codes describing what are acceptable crack widths for concrete
structures in specific environments. Depending on the concrete mix
composition, the reinforcement and the cover can thus be designed in
such a way that the durability of the structure is secured within its
designed service life. However, for infrastructure projects requiring
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extended service lives or operating in aggressive environments, sub-
stantial reinforcement is necessary to ensure an acceptable probability
of having cracks remaining within the desired limits. Unfortunately, this
often results in significant economic and environmental burdens.
Instead of designing reinforcement in excess of what the structural
capacity demands, another strategy to control crack is by applying Fiber
Reinforced Concrete (FRC). In recent years, the application of FRC in
concrete structure/infrastructure has become increasingly popular
[1-3]. Many research have demonstrated that FRC can significantly
improve the behavior of structural elements at SLS with respect to crack
width control [4,5]. Among all FRCs, the Strain Hardening Cementitious
Composite (SHCC) or Engineered Cementitious Composite (ECC),
initially developed in the 1990s based on the micro-mechanics theory
[6], possesses the most desirable crack control ability as it can exhibit
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multiple micro-cracking behavior (i.e., average crack width of 60-80
pm) with strain hardening response even at a tensile strain of more than
3% [7]. The ability to strain-hardening and to self-controlling the crack
width makes SHCC a promising candidate for improving the resilience
and durability of structural members. However, due to the high material
cost of SHCC, complete replacement of reinforced concrete (RC) with
SHCC is not economically feasible for most construction projects.
Applying SHCC material only locally is a potential solution.

To investigate the possibility of combining SHCC and conventional
concrete, various studies have developed hybrid systems using SHCC
and RC for different structural members. These include the use of SHCC
on the lateral surface of a beam for shear strengthening [8], on the
tension side for flexural strengthening [9-11], or as a permanent
formwork by pre-casting SHCC for the strengthening of both shear and
flexural resistance [12]. Similarly, SHCC was also used together with
FRP to form hybrid RC beam with enhanced flexural performance
[13-15]. Furthermore, the same idea of combining SHCC with other
material has also been employed with cold-formed steel to produce
composite beams [16,17] and composite columns [18] with improved
structural performance. Beside structural performance, the crack width
control ability of SHCC/RC hybrid members was another focus [19].
Recently, the cracking performance of SHCC/RC hybrid beams under
flexural loading was investigated [20]. The study adopted a 7-cm-thick
layer of SHCC in the tensile zone of a 20-cm-high beam with rein-
forcement embedded in the SHCC and confirmed that the use of SHCC
can sufficiently reduce crack width, thereby rendering the reinforce-
ment design independent of the SLS criterion. However, the amount of
SHCC used in this hybrid system is still relatively large, comprising 35%
of the whole beam by volume. Given that the material cost of SHCC is
roughly 3 times of the cost of reinforced concrete [21], a 35% concrete
replacement ratio by SHCC will incur a significant amount of additional
cost. For the other related research, the replacement ratio of the SHCC is
usually higher than 35% and can sometimes go to more than 50%, which
is even less economically attractive. It is, therefore, desirable to inves-
tigate the effectiveness of a SHCC/RC hybrid system with much reduced
amount of SHCC.

In a hybrid element, the interface between different materials plays a
crucial role in determining its performance. Many studies have therefore
been conducted to enhance the integrity of concrete-to-concrete bonds
[22,23]. Engineering methods such as roughening the existing concrete
surface through high-pressure water jetting, sandblasting, or acid
etching have been proposed [24]. Additionally, techniques like creating
grooves [25], applying bonding agents [26], or incorporating steel
reinforcement across the interface [27] have all been proven effective in
improving the interfacial adhesion between concrete and concrete.
However, the design of SHCC/concrete hybrid structural elements pre-
sents a challenge in terms of interface properties. This challenge arises
due to the conflicting demands between preserving structural integrity
and activating SHCC. While a strong interface is typically preferred to
prevent delamination between the two layers, the formation of multiple
cracks in SHCC necessitates a certain degree of laterally unrestrained
deformation, which often requires a weak interface [25,28]. Conse-
quently, a new type of interface between SHCC and concrete is needed to
strike a balance between these conflicting demands.

The need for developing reliable models for structural interfaces and
advanced modeling of hybrid concrete structures are widely recognized.
Finite element analysis (FEA) is a widely used numerical technique for
studying the mechanical response and performance of structures
adopting novel material such as SHCC. Researchers have used FEA to
study various aspects of SHCC structures, including the prediction of
load-displacement responses [29,30], crack propagation patterns
[31,32], and the influence of different parameters (such as fiber content,
fiber type, and interface properties) on the performance of SHCC
members [33]. Compared to FEA, discrete lattice models show advan-
tages in terms of concrete fracture analysis, especially in modeling the
crack propagation [34,35]. The lattice modeling approach is widely
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used in material research for simulating fracture [36] and even transport
processes [37] in cement-based systems. Recently there has been some
attempts in using the lattice modeling approach to simulate the struc-
tural behavior of reinforced concrete, which demonstrate the potential
of using lattice model to explore and understand the fundamental
mechanisms in structural members.

To solve the above-mentioned issues, a combined experimental and
numerical study was carried out to investigate the cracking behavior of
reinforced concrete beams consisting of a very thin layer (ie, 1 cm in
thickness) of SHCC in the concrete cover zone. As part of a broader effort
to improve the applicability and cost-effectiveness of concrete structures
with self-healing ability [38], this study focuses on developing hybrid
concrete beams featuring small cracks for an improved self-healing po-
tential. In specific, to balance the conflicting requirements of main-
taining structural integrity and maximizing SHCC activation, a novel
interface design was developed. This design incorporates protruding
teeth (shear-keys) on the SHCC surface and a Vaseline surface treatment
(Fig. 1). The concept behind this approach is that the shear-keys offer
mechanical interlocking to ensure overall structural integrity of the
hybrid beams. Meanwhile, the Vaseline treatment allows the SHCC
material between two lines of shear-keys to deform freely in relation to
the concrete layer above it. In this way, a new interface condition which
allows a controlled extent of partial delamination between the two
layers can be achieved. For comparison purposes, interfaces with only
the shear-key pattern but not the Vaseline treatment, as well as a smooth
interface without any modification, were also made and applied to
produce hybrid beams. The three hybrid SHCC/concrete beams with
different interfaces were then tested and compared with a control
reinforced concrete beam without SHCC. The beams were tested in four-
point bending configuration, while Digital Image Correlation (DIC) was
used to monitor the development of crack pattern and crack width.
Furthermore, a fracture model (i.e., a discrete type of lattice model [34])
was also used to acquire insight into the influence of the interface
strength on the crack width and crack pattern of hybrid beams and to
provide insights in how to further optimize the interface and thereby the
behavior of the hybrid system.

2. Materials and tests
2.1. Experimental design

The experimental program consists of testing four 1.9-meter-long
beams, including one conventional reinforced concrete beam as a
reference specimen and three hybrid beams consisting of a 1-cm-thick
SHCC layer in the tensile zone. The geometry and reinforcement de-
tails of the beams are given in Fig. 2. One hybrid beam has a smooth
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Fig. 1. Schematic illustration of (a) the smooth interface and (b) the proposed
new interface with strong mechanical bond but weak chemical adhesion.
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Fig. 2. Geometries and reinforcement details of the reference beam and the hybrid beams with different interface types. All dimensions are in mm.

interface between SHCC and reinforced concrete, while the other two
hybrid beams have a profiled interface, which is made of a pattern of
protruding teeth (shear-key) from the SHCC layer. The interface pattern
consists of equally sized and evenly spaced cylindrical keys, which have
a diameter of 2.5 cm and a height of 1 cm. The clear distance between 2
adjacent keys is 2.5 cm, which is selected such that the largest aggregate
in the concrete can fill into the gap. The shear-keys are designed to
provide adequate mechanical interlocking between the SHCC and the
concrete layers so to ensure the structural integrity of the hybrid system.
The image at the bottom of Fig. 2 shows the design of the shear-key
pattern. Furthermore, within the two hybrid beams having profiled
interface, one beam has a purposely weakened interfacial bond, which
was realized by applying a thin layer of liquid Vaseline on the profiled
side of the SHCC laminate. This treatment is to reduce the chemical
adhesion between SHCC and concrete and to promote local debonding.
The aim for combining the Vaseline treatment and the shear-key profile
is to fully utilize the tensile strain capacity of the SHCC by allowing a
controlled degree of differential deformation between the SHCC and the
concrete, as schematically illustrated by Fig. 1. In the following text, the
reference beam is referred as Ref and the hybrid beams with smooth
interface, profiled interface and Vaseline treated profiled interface are
referred as Smooth, Profile and Vaseline, respectively.

The geometry of the beams was adopted from previous studies
[10,20]. The beams are 1900 mm long, 150 mm wide and 200 mm high.
For the hybrid beams, the bottom 10 mm of concrete is replaced by
SHCC. The reason why the hybrid beams in the current study only have
the SHCC layer in the bottom cover is for easy examination of the
different crack patterns in SHCC and in concrete. Cracks on the front and
back sides of the beams are not considered to govern the durability,
because the SHCC layer will eventually be applied in the 4-side cover
zone of the entire beam for an all-around protection. All the beams have
the same reinforcement configuration with 3 ®8 ribbed rebars at the
bottom and 2 ®8 ribbed rebars at the top (as shown in Fig. 2). The clear

cover depths for all the beams are 31 mm. To allow the development of
cracks in the constant moment region, the percentage of longitudinal
reinforcement was kept low (0.61%). The stirrups of ®8@150 are pro-
vided in the shear span to ensure that the beams fail in flexure. The
central stirrup on both sides is extended upward for easy handling of the
beams.

2.2. Materials and sample preparation

Table 1 shows the mixture compositions of SHCC used in the current
study. The mix design of the SHCC was developed in the group previ-
ously [39,40] and features a high tensile strain capacity of more than 4%
under direct tensile test after 28 days of moisture curing. The SHCC
matrix was produced with a filler-to-binder ratio of 0.5 and a water-to-
binder ratio of 0.4, using blast furnace slag (BFS) cement CEM III/B 42.5
N from ENCI (the Netherlands) as the binder and finely ground lime-
stone powder Calcitec® from Carmeuse (Belgium) as the filler. A
polycarboxylate-based superplasticizer called MasterGlenium 51, man-
ufactured by BASF (Germany) with 35.0% solid content by mass, was
added to achieve the desired workability. The fiber used in this SHCC
mixture is Polyvinyl Alcohol (PVA) fiber at an amount of 2% by volume.

Table 1

Mixture compositions of SHCC and concrete [unit in kg/m3].
Material SHCC Concrete
CEMI52.5R - 260
CEM III/B 42.5 N 1060 -
Limestone powder 530 -
Sand (0.125-4 mm) - 847
Gravel (4-16 mm) - 1123
PVA fiber 26 -
Water 424 156
Superplasticizer 2 0.26
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The fiber was sourced from Kuraray (Japan) with 1.2% oiling coating by
weight, and its mechanical and physical properties are presented in
Table 2. The mixture composition of concrete is also provided in
Table. 1.

All the hybrid beams in the current study were cast in 2 steps. In the
first step, smooth SHCC laminates were cast vertically by using a
plywood mold (Fig. 3a) having pockets/slots with an opening of 10 mm.
As compared to casting the SHCC laminates in the lie-flat manner,
casting a thin laminate vertically allows a more precise control on the
thickness of the laminate, which is vital to the current study. The SHCC
laminates with shear-keys were prepared by a similar mold but with an
opening of 20 mm (Fig. 3b). The 20-mm-thick slot contains a 10-mm-
thick silicon rubber glued to one side wall having a reverse shape of
the desired shear-key pattern (Fig. 3c). By casting the 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 by Fig. 3d.
All the laminates were cured for 14 days in a climate room (20 °C and >
98% RH) before casting of concrete. In the second step, SHCC laminates
were taken out from the climate room and placed into plywood mold. On
top of the SHCC laminates, reinforcement cages were placed with
appropriate spacers. After the preparation, the concrete was cast and
compacted using a vibration needle. The hybrid beams were then cured
for 28 days in sealed conditions before testing. The reference reinforced
concrete beam was cast along with this second phase.

To prepare the SHCC materials, dry powders were first mixed by a
Hobart® mixer for 5 min. Water pre-mixed with 80% of SP was slowly
added into the mixture and mixed until the fresh paste was homogenous
and consistent, followed by the addition of fibers within a duration of 5
min. Meanwhile, the remaining 20% SP was added into the mixture to
compensate for the rheological loss due to the addition of fibers. Af-
terward, the fresh SHCC was cast into the special molds for the lami-
nates, as well as into polystyrene prism molds and dog-bone molds for
the determination of compressive and tensile properties of the SHCC
material. All the casting work was performed on a vibration table to
remove entrapped air and to improve the filling of fresh SHCC into the
holes of the rubber sheets. The materials were then covered with plastic
sheets and cured at room temperature for one day, after which the
hardened specimens were removed from the molds and cured in a
climate room (20 °C and > 98% RH) for another 14 days. After the
specimens were removed from the climate room, the SHCC laminates
were placed into the beam molds for the preparation of hybrid beams,
and the dog-bone and prism specimens were sealed with plastic bag.
This is to ensure that the curing histories of the dog-bones and prisms are
comparable to that of the SHCC laminates in the hybrid beams. Concrete
cubes of 150 mm x 150 mm x 150 mm were prepared following NEN-
EN 12930-3 [41] to determine the compressive strength of concrete.

2.3. Testing

All the beams were tested in a four-point bending test setup (Fig. 4a)
under displacement control at a rate of 0.01 mm/s. The deformation of
the beams was monitored within the constant bending moment region
by using Digital Image Correlation (DIC) for both sides, while the rela-
tive vertical mid-point deflection of the beams with reference to the
supports was measured by a Linear Variable Differential Transformer
(LVDT). DIC is a measurement technique that processes pictures taken
from cameras to track and record the surface motion of a deforming

Table 2
Physical and mechanical properties of PVA fibers.
Length  Diameter  Density Nominal Young’s Surface oil-
(mm) (um) (kg/m3) tensile modulus content (wt.
strength (GPa) %)
(MPa)
8 39 1300 1640 41.1 1.2
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solid. The regions of the beam for DIC measurement were first painted in
white and sprayed with a black speckle pattern by using an air gun.
Images for DIC were captured throughout the loading at 10-second in-
tervals at a resolution of 0.08 mm/pixel. Post-processing of DIC results
was carried out with a free version of GOM Correlate software.

The compressive strength of the SHCC was measured in accordance
with NEN EN 196-1 [42] by using 40 mm X 40 mm x 40 mm cube
specimens cut from prism specimens. Uniaxial tension tests were per-
formed by using a servo-hydraulic testing machine (Instron® 8872)
under displacement control at a rate of 0.005 mm/s. Dog-bone shaped
specimens recommended by the Japan Society of Civil Engineers (JSCE)
[43] with a cross-section of 13 mm x 30 mm at the test zone were
adopted. During tests, the specimens were placed inside of a pair of
tensile grips and then slightly pre-stressed before testing. The de-
formations were measured with a gauge length of 80 mm with two
LVDTs fixed on both sides of the specimens as shown by Fig. 4b. Tests
were stopped by releasing the applied tensile load after the tensile load
dropped to less than 50% of the maximum load. The maximum tensile
stress experienced by the specimen during this experiment is called the
ultimate tensile strength (o), and the strain value when the load drops
to 90% of the ultimate value is taken as the tensile strain capacity (eqyj)-
Four samples were tested for the determination of the tensile properties
of SHCC. The average and the standard deviation of the results are
reported.

3. Experimental results
3.1. Material properties

Fig. 5 shows the typical tensile stress—strain curves of SHCC dog-
bones cured comparably to the SHCC laminates in the hybrid beams.
The tensile testing process of SHCC consists of three phases. In the first
phase, the material undergoes a linear elastic phase, characterized by a
straight line with a slope equal to its Young’s modulus. In the second
phase, cracks begin to successively form while load continues to in-
crease. This phase is characterized by the sequential formation of mul-
tiple parallel cracks, which results in temporary load drops and
contributes to inelastic deformation. The final phase is marked by the
occurrence of the final fracture, which signals the exhaustion of the
fiber-bridging capacity of the composite and defines its ultimate
strength. As can be seen, the mixture exhibited pronounced tensile strain
hardening behavior with the formation of multiple fine cracks as shown
by the inset of Fig. 5. Table 3 summarizes the mechanical properties of
SHCC and concrete. The average tensile strain capacity of SHCC is 3.2%
and the average tensile strength is 4.1 MPa. The average compressive
strengths of SHCC and concrete are 67.5 MPa and 47.5 MPa respectively.
The adoption of a relatively stronger SHCC as compared to concrete is to
ensure that the thin laminates can withstand the loads caused during
demolding, handling and beam casting. A stronger cover zone with
dense micro-structure is also expected to be favorable to the durability of
a structural element.

3.2. Structural behavior

Fig. 6 shows the comparison of load deflection response and
maximum crack width development between the beams. As can be seen
from the solid lines, load-deflection curves of the hybrid beams were in
general similar to the curve of reference reinforced concrete beam. Only
that the first-cracking loads of all the hybrid beams were slightly higher
than that of the reference beam, which is expected given that the SHCC
can provide additional bridging force even after the concrete is cracked.
After cracking, the stiffness of the beams was reduced and no significant
difference between the stiffness of the hybrid beams and the reference
beam can be noticed. The next turning point is when the load ceased to
increase linearly with increasing deflection, which marks the starting
point of reinforcement yielding. In this stage, a slightly more
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pronounced tension hardening behavior can be noticed for the hybrid
beams compared to reference beam due to the contribution of SHCC in
tension. The last stage is when the load started to decrease as marked by
the square markers on the curves, which indicates the onset of the failure
stage of the beams. As can be seen, all the tested beams have similar load
carrying capacity. While the maximum load for the Ref beam is 58.9 kN,
the load bearing capacity for the Smooth, Profile and Vaseline hybrid
beams are 58.2 kN, 59.7 kN and 57.7 kN, respectively. The difference is
only 3 percent over the highest load value. This is as expected because
all the beams have the same reinforcement and the contribution from
the 1-cm-thick SHCC layer to the resistance moment is small.

Still, the curves after the reinforcement yielding are noticeably
different depending on the interface type. For the Ref and Smooth
beams, the loads increased monotonously with increasing deflection,
followed by a quick drop after reaching the ultimate load. On the con-
trary, the loads of the Profile and the Vaseline beams first increased and
then decreased at an almost identical speed for a similar amount of
deflection, displaying a roughly symmetric and concave shape along the
vertical line passing the maximum point. This difference means that the
Profile and Vaseline beams reached their maximum loads at much
smaller deflections than the Ref and Smooth beams. As compared to the
Smooth beam whose mid-point deflection is 26.4 mm when the load is at
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Fig. 5. Stress—strain curves of SHCC under direction tension with an inset
image showing a typical crack pattern of a dog-bone specimen after test.

Table 3
Results of uniaxial compression and tension tests.
Mixture Compressive First cracking Ultimate Ultimate
strength (MPa) strength tensile strength  tensile strain
(MPa) (MPa)
SHCC 67.5 + 0.7 3.7+0.3 41+04 3.2%+0.7%
Concrete  47.9 &+ 2.0 - - -

its maximum, the equivalent deflection for the Vaseline beam is only
14.3 mm. This is probably because that, in the beams with a profiled
interface, the cracks in concrete developed at lower loads for that the
shear-key might have provided a splitting force to open up a crack,
resulting in an early crack localization and an accelerated elongation of
the reinforcement. Also because of the presence of the shear-key, the
crack patterns in the SHCC are much more complex in the hybrid beams
with profiled interface as shown by Fig. 7. It is thus possible that the
SHCC was activated earlier than the Smooth and Ref beams as a result of
the stress concentration and the additional tensile force developed due
to the shear-keys.

More importantly for the aim of this study, it can be seen from the
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dashed lines in Fig. 6a that all hybrid beams show improved crack width
control ability. The dashed lines in Fig. 6a show the development of the
maximum crack widths along the bottom edge of the beams with
increasing deflection as calculated from the DIC results from both the
front and back sides of the same beam. The maximum values were taken
from the side with larger crack widths. As can be seen, the reference
beam showed maximum crack widths exceeding 0.3 mm at a load of
32.5 kN. In contrast, the hybrid beams with smooth, profiled, and
Vaseline-applied profiled interfaces were able to contain crack widths
below 0.3 mm until loads of 40.6 kN, 51.0 kN and 53.3 kN, respectively.
This paper adopted a surface crack width limit of 0.3 mm, which is the
prescribed threshold in Eurocode 2 [44] for reinforced concrete under
quasi-permanent load across all exposure classes, except for X0 and XC1.
For the best performing hybrid beam (i.e., the Profile beam), its load at
0.3 mm crack width reaches 89.3% of its ultimate capacity. Fig. 6b
summarizes the loads and deflections for the tested beams when the
maximum crack width reached 0.3 mm. Though the hybrid beams all
exhibited a deferred opening of cracks in SHCC, it is obvious that the
hybrid beams with a profiled interface (i.e., the Profile and Vaseline
beams) have a superior crack width control ability. Not only the loads at
0.3 mm crack width of the Profile and Vaseline beams were higher than
the Smooth beam, a 0.3-mm-wide crack also happened at a much larger
deflections for the Profile and Vaseline beams (i.e., at 6.2 mm and 6.3
mm respectively) as compared to the Smooth beam which reached the
0.3 crack width at only 3.6 mm. This deflection value is only slightly
higher than that of the Ref beam, showing that the crack width control
ability of the SHCC material was only marginally activated in the
Smooth beam.

To further investigate the different behaviors of the hybrid beams in
terms of the crack development, the evolution of crack pattern in the
constant bending moment region at 30 kN, 50kN and ultimate load for
all the tested beams are shown in Figs. 8-10. The crack patterns are
obtained by DIC principal strains analysis with a unit in percentage. The
moments at which the crack patterns were recorded are shown by the
circle markers at the load-deflection curves next to the respective crack
pattern image. As shown by the crack patterns, all beams exhibited first
flexural cracking, followed by crack opening and then a final failure of
concrete in the compression zone. By comparing Fig. 8a and 8b, it is
found that the SHCC layer has very little influence on the cracking
behavior of the beam when a smooth interface is adopted. Branching of
cracks from concrete to SHCC was observed only to a very limited extent
as shown in Fig. 11a and 11b, which are zoom-in images of the strain
field at the SHCC/concrete interface. The locations from where the
images were captured are marked in the crack pattern of Smooth beam
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Fig. 6. (a) Load-deflection-crack width response of all tested beams and (b) summary of load and deflection values when the maximum crack width exceeds 0.3 mm

for each beam.
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(Fig. 8b) at 50 kN. As can be seem from the zoom-in images, cracks from
concrete can be spread into only 2-3 smaller cracks in SHCC and no
delamination can be observed between the 2 layers, resulting in an
extremely narrow cracked zone in the SHCC. This indicates that the
adhesion between SHCC and concrete at smooth interface is so strong
that the debonding is thoroughly resisted, causing only a small portion
of SHCC to be activated and an early localization of cracks in SHCC. This
restricted crack-distributing behavior also explains the limited crack
width control ability of the SHCC layer in the hybrid beam with a
smooth interface.

Fig. 9 and Fig. 10 show the crack pattern of the hybrid beams with
profiled interface (i.e., Profile and Vaseline beams). The vertical lines in
white color in the crack pattern images show the positions of the cracks
in the SHCC along the length of the constant bending moment of a beam.
As can be seen, both beams exhibited considerably more cracks in the
SHCC as compared to the Smooth beam. Unlike the crack pattern of the
Smooth beam, the thin SHCC layer with a distinct cracking behavior
from that of concrete can be easily noticed at the bottom of the Profile
and Vaseline beams. The zoom-in images at the Concrete/SHCC inter-
face (Fig. 11c, 11d and 11e) also show that the cracks from concrete
were largely arrested in both the Profile and Vaseline beams and that the
branching of cracks were much more obvious than that of the Smooth

beam. The reason for the better crack performance of the SHCC with a
profiled interface is probably that the presence of shear-keys can lead to
a non-uniform load transfer between the concrete and the SHCC layer. In
such a case, stresses may have concentrated around the shear-keys even
at a low load level and thus leaded to a relatively early local delami-
nation near shear-keys as shown by the crack patterns at 30 kN, which
then facilitated the activation of SHCC and the formation of micro-
cracks. It might also be that, due to interlocking profiles, more cracks
in concrete can be triggered and thus results in smaller crack width in
concrete, which will certainly ease the burden of SHCC to distribute the
concrete cracks locally. Furthermore, because of the additional shear
stress taken by the shear-key, the tensile stress in the SHCC layer is ex-
pected to be higher than that of a smooth interface, which may have
further encouraged cracking in the SHCC.

In addition, by comparing the crack patterns between the Profile
beam and the Vaseline beam, it can also be found that a higher portion of
the SHCC was activated in the Vaseline beam than the Profile beam. By
comparing the zoom-in images of the Profile beam (Fig. 11c and 11d)
and the Vaseline beams (Fig. 11e), it can be found that delamination
between SHCC and concrete is more pronounced in the Vaseline beam
than in the Profile beam, which might have led to the activation of a
wider portion of SHCC and the formation of more cracks. As can be seen
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from the histograms right to the crack pattern in Figs. 9 and 10, the
number of cracks in the SHCC layer of the Vaseline beam is almost two
times that of the Profile beam for all the three load levels. This dem-
onstrates that a purposely weakened interface can indeed facilitate the
activation of SHCC in a hybrid structure by allowing differential

deformation between the SHCC and concrete layers.

The width of the cracks formed in the SHCC layer of the hybrid
beams were also calculated and overlapped over the crack pattern im-
ages as the cross makers in Figs. 9 and 10. The y-values of the makers
represent the individual crack width while the x-values correspond to
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Fig. 11. Zoom-in images of the crack pattern at interface between concrete and SHCC for all the hybrid beams at 50 kN load. Scale bar = 1 cm.

the locations of each crack along the beams. From the figures, it can be
clearly seen that the majority of cracks formed in SHCC are micro-cracks
smaller than 0.3 mm even at the ultimate loads. Also, it can be found
that even though the localized cracks were widened significantly at high
loads, most of the cracks formed in SHCC stayed small (i.e., to well below
0.3 mm) for all load levels. Fig. 12a and 12b quantitatively show the
distribution of crack width in the Profile and the Vaseline beams with
increasing deflection. As can be seen, though the maximum crack width
increased quickly with increasing deflection, the average crack width
stayed stable around 0.1 mm. Except for only a few cracks that went
larger than 0.3 mm, most of the cracks remained below 0.2 mm wide.
Fig. 13a shows a comparison of average crack width between all the
tested beams. Unlike the Profile and Vaseline beams, the average crack
widths for the Ref and Smooth beams increased almost linearly with
increasing deflection, which again proves that a smooth interface in a
SHCC/RC hybrid system is not desirable as the crack control ability of
SHCC cannot be sufficiently triggered. Besides, it can be seen that the

Vaseline beam has the lowest average crack width among the 4 tested
beams, which should be a direct result of having more cracks. Since the
safety and reliability of a structure are typically evaluated using a
probabilistic approach, it can be concluded that the Vaseline beam is the
best performing beam as it has the lowest probability of surpassing the
crack with limit of SLS. This is due to its superior performance in
restricting both the ‘maximum’ and ’average’ crack widths, ultimately
resulting in a reduced likelihood of exceeding the limit state.

Fig. 13b shows the change of crack number with increasing deflec-
tion for all the beams. As expected, the Vaseline beam has the highest
number of cracks for almost the entire test period. The max crack
number of the Vaseline beam is about 160% of that of the Profile beam
and 10 times more than the Smooth and Ref beams. Furthermore, it can
also be seen that the crack number of Vaseline beam kept increasing
until a much larger deflection than the rest of the beams. While the Ref
and the Smooth beams stopped forming more cracks at a deflection
around 3 mm, the Vaseline beam reached its maximum crack number at
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a deflection of 15 mm, which is also much larger than the 10-mm-deflec-
tion at which the Profile beam stopped generating more crack. The su-
perior performance of the Vaseline beam again demonstrates the
advantage of having a chemically debonded but mechanically connected
bond behavior to the crack width control performance of SHCC/RC
hybrid structural elements.

One possible issue with the use of a purposely weakened interface for
a hybrid structure is the risk of having complete delamination, which
might severely damage the structural integrity. To investigate the extent
to which the delamination was influenced by the Vaseline treatment, the
deformation of the Profile and Vaseline beams in y-direction from the
DIC analysis at different load levels is presented in Fig. 14. To highlight
the delamination degree, only the lower parts of beam near the inter-
face, instead of the full height of the beam, are presented. The relative y-
direction displacement between the 2 layers at several critical sections
(as marked by the dashed lines) are also given in the line plot below the
respective DIC images. As can be seen from the DIC strain fields in
Fig. 14a and 14b, the Vaseline treatment has indeed led to a wider range
of delamination even at lower deformation. However, a full delamina-
tion did not occur as the two layers were still tightly bonded at some
locations along the interface, where the shear-keys might stay. Fig. 14
also shows the opening of interface at several critical sections as marked
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by the dashed line, as referred by P1-5 and V1-5 in the Profile and the
Vaseline beam, respectively. As can be seen, both beams exhibited a
controlled degree of delamination, ie., the opening of the interface
remained stable with increasing deflection. However, it can be seen that
the maximum opening of interfacial crack of the Vaseline beam expe-
rienced an abrupt increase when deflection reached around 16 mm. This
is because at this moment the beam has already passed its ultimate load
and the crack in SHCC has started to localize fast. Still, it can be observed
that, as long as the Vaseline beam did not reach its ultimate load (ULS
scenario), the opening of interface crack was restricted below 0.3 mm,
securing the structural integrity of the hybrid system.

Based on the above experimental results, it can be concluded thata 1-
cm-thick SHCC layer can be very effective in controlling the crack width
of a hybrid beam, as long as the interface is properly designed. The new
interface type of having a shear-key pattern and a layer of Vaseline is
also successfully demonstrated to enable a tailored bonding mechanism.
However, it is still not clear to what extent has the Vaseline treatment
reduced the interface bond and whether it is beneficial for the interface
properties to be as weak as possible. Application of numerical testing,
validated with experimental observations, might be beneficial as it can
provide insights into the influence of a single parameter which is diffi-
cult to precisely control in an experimental study. It is thus decided to



S. He et al.

P2 P3 P4 P5
30 kN H H HARA hi e . [%]
DIC strain in y:direction 2500
50 kN i
=1.non
Ultimate 0.000
100 300 400 500
Length of constant bending moment region (mm)
12 W 60
tima
—e—P1
——P2
P P3 150
E —e—P4
E 09 |—e—ps5
= Max
] 140
= Load
| 5
S osf {30 8
c —_
o =
2 <
c <
£ 20
o
[}
o

Mid-point deflection (mm)

(a)

Engineering Structures 292 (2023) 116584

Vaseline

V1 V2 V3 V4 V5
i f [%]
30 kN 2500
50 kN =1‘nnn
Ultimate , . ; o000
100 300 400 500
Length of constant bending moment region (mm)
1.2 T T 60
_ 150
£
£
L
3 440
=
<
8 o
g 130 8
c —
9 =
g 2
£ 4120
T
[
[a}
410
0

10
Mid-point deflection (mm)

(b)

15

Fig. 14. DIC strain in vertical direction near the RC/SHCC interface at 30kN, 50kN and ultimate load as well as the vertical opening of delaminated positions for (a)

Profile beam and (b) Vaseline beam.

conduct numerical study to answer the above-mentioned questions.
4. Numerical simulations
4.1. Introduction

The lattice modeling approach has been extensively utilized in ma-
terial research to simulate various phenomena in cement-based systems,
including fracture [34,35], moisture transport [45], chloride diffusion
[37] and 3D printing process [46]. Recently, the lattice model was also
extended to simulate the structural behavior of reinforced concrete
structural elements [20,47]. Adopting a similar approach, the lattice
model was also used in the current study to examine the cracking
behavior of the SHCC/RC hybrid beams. The aim of this numerical study
is to quantitatively investigate the influence of interface properties on
the activation of SHCC and on the crack width development.

In a lattice model, the material is discretized as a network of truss or
beam elements connected at the ends. In most cases, elements have
linear elastic properties. In each loading step, the element having the
highest stress-to-strength ratio is removed from the system. The system
is then updated due to the damage of losing one element. The analysis
procedure is repeated until a pre-determined failure criterion (i.e., in
term of either load or displacement) for the simulated specimen is
achieved. In certain situations where plasticity has to be introduced (e.
g, elements of reinforcement, the interface between steel and concrete,
and SHCC), multi-linear constitutive relationship is assigned to those
elements as pairs of stiffness and strengths. Each pair represents a point
on the stress—strain curve of the material and is referred as a segment.
For those elements, the stiffness decreases gradually when the stress in
an element reaches its strength. This occurs by moving from one
segment to the next, in contrast to the complete removal from the mesh
for (brittle) materials having single segment. In this way, stress-strain
responses and realistic crack patterns of both brittle and ductile material
can be obtained. For a detailed description on the procedure of con-
structing a lattice model for structural application, please consult [20].

To build lattice models of hybrid beam with a profiled interface,
SHCC laminates with shear-keys were first modelled in lattice. Due to
the limitation of the mesh size (i.e., 10 mm), the cylindrical shear-keys
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were modelled as prisms following an equivalent pattern as shown in
Fig. 15a. The resulting lattice model of a profiled SHCC laminate can be
seen as Fig. 15b. The length of the simulated SHCC laminate is 1.5 m so
that only the effective span of the beam is modelled. Fig. 15c shows the
resulting model of a hybrid beam. The model consists of 5 types of el-
ements, namely Concrete, SHCC, Reinforcement, SHCC/Concrete
Interface and Concrete/Reinforcement Interface. A total of six simula-
tions were carried out in this study, including one reference reinforced
concrete beam (designated as R) and five hybrid beams. Within the five
hybrid beams, one beam is with a smooth interface (designated as S),
while the remaining four beams are with a profiled interface but with
different SHCC/Concrete interface properties (designated as P75, P50,
P25 and P10, with reducing strength of interface elements). A list of the
simulated models can be found in Table 4.

4.2. Model inputs

The lattice elements are assigned mechanical properties (i.e., stiff-
ness and strengths) based on the materials they represent. In this study,
all lattice elements are cylindrical and have a circular cross-section. The
radius of these elements is determined iteratively to match the global
elastic modulus obtained in the lattice simulation with the input of
elastic modulus in a direct tension test. This iterative process ensures
that the stiffness of the members is simulated accurately. The strengths
in the lattice model are determined by inverse modeling, which means
that they are adjusted such that the response of the simulated test
matches the experimental results [36]. Table 5 shows a list of input
properties for lattice simulation. The compressive strength of concrete is
simulated to be 47.5 MPa based on experimental results. Although the
tensile strength and elastic modulus of concrete are not directly tested,
they are estimated using analytical expressions provided by Eurocode
[44] and simulated accordingly. The reinforcement is simulated as a
bilinear hardening material, with a yield strength of 500 MPa and an
ultimate strength of 550 MPa, consistent with the properties of B500
steel employed in the experiments. The assumed ultimate strain capacity
of the applied reinforcement is 4.5%, in accordance with the provisions
of Eurocode [44]. To capture the ductility and bond slip behavior of the
reinforcement, the Rebar-Concrete interface elements are defined using
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Table 4 Table 5
Interface properties of performed six lattice simulations. Material properties as inputs for lattice simulations.
Simulation models ~ Property of interface elements as a fraction of concrete Materials Segment  Modulus E  Tensile Compressive
elements (GPa) strength f; strength f. (MPa)
Modulus E Compressive strength f.  Tensile strength f; (MPa)
R - - - Concrete - 32.00 4.0 70.0
75 100% 100% 75% SHCC 1 17.00 4.0 100.0
P75 100% 100% 75% 2 10.00 3.5 0.1
P50 100% 100% 50% 3 0.30 2.5 0.1
P25 100% 100% 20% 4 0.20 2.5 0.1
P10 100% 100% 10% 5 0.15 3.0 0.1
6 0.12 4.0 0.1
7 0.10 4.0 0.1
15 segments, as outlined in Table 5. A similar elastoplastic definition for Reinforcement 1 200.00 500.0 500.0
the Rebar-Concrete bond was utilized in a previous study [47]. 2 22.00 525.0 525.0
The input G £ SHCC determined f imulated 3 12.00 550.0 550.0
_ The input properties o were determined from a simulate Reinforcement/ 1 47.00 6.0 6.0
direct tension test on a 10 mm x 100 mm x 200 mm thin plate model Concrete
(Fig. 16a), which has the same thickness as the SHCC layer in the hybrid Interface
beam model. SHCC is defined using 7 segments such that the modelled 2 9.00 12.0 12.0
SHCC exhibits similar stress—strain response as obtained experimentally z ;‘33 ;Z'g g‘g
(Fig. 16b) with realistic multiple cracking behavior (Fig. 16b). The 5 1.00 20.0 20.0
modelled SHCC also has good crack width control as shown by Fig. 16b, 6 0.70 35.0 35.0
where the maximum crack width in SHCC at ultimate strain level is 7 0.50 40.0 40.0
below 50 pym as commonly observed in experiments. However, the 8 0.40 46.0 46.0
- . ) . 9 0.30 52.0 52.0
simulated SHCC has lower ductility (blue line) as compared to experi- 10 0.20 58.0 58.0
ments (orange line), which might be because of the relatively large mesh 1 0.10 58.0 58.0
size adopted in the study. As this study focuses more on analyzing the 12 0.05 48.0 48.0
maximum crack width in SHCC rather than ductility, the modeling 13 0.03 39.0 39.0
. . s 14 0.02 29.0 29.0
roach rib: rlier has been sel . However, it is wor
approach described earlier has been selected. However, it is worth 1s 0.01 20.0 200

noting that this approach may underestimate the ductility of the simu-
lated hybrid beams.
In order to simplify the inputs for the SHCC/Concrete interface, the
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Fig. 16. (a) Lattice model of a uniaxial tensile test for the calibration of SHCC material properties and (b) comparison of simulated and tested stress—strain response.

strength values of the interface elements are expressed as a percentage of
the strengths of concrete elements. The stiffness of the interface is kept
the same as that of concrete. For simulation of the hybrid beams with
smooth (S75) and untreated profiled interface (P75), the tensile strength
of interface elements is assigned as 75% of the concrete properties. The
remaining three hybrid beams have interface elements with decreasing
tensile strength of 50% (P50), 25% (P25) and 10% (P10) of the tensile
strength of concrete elements, while the compressive strength of inter-
face elements in all simulated beams is assigned as 100% of the concrete
properties. Assigning higher strength in compression is to simulate the
condition of a physical contact, in which the interface is, in theory, able
to transfer infinite load, as long as the materials on both sides do not fail.

4.3. Simulation results

The results of the simulation for reference reinforced concrete beam
(R) are considered for verification of the model. The load—deflection-
maximum crack width response of tested and simulated reinforced
concrete beam is compared in Fig. 17a. It can be seen that the selected
modeling choices are in general able to simulate the load deformation
response, despite the fact that the model has slightly overestimated the
stiffness of the beam after concrete cracking. Also, the simulated

60 T : > — 12
50 [ q 1 11
40 [ 108 E
Z £
= - =
S 30 A 406 =
® i ~
(=} U
= d
x
20 1 Load - Simulation 104 2
___________ Load - Experiment -
0.3 mm . . .
10 ¢ —&— Max crack width - Simulation |0
Max crack width - Experiment
o L 1 1 o
0 5 10 15 20

Deflection (mm)

(@)

maximum crack widths are in good agreement as compared to experi-
mental observations throughout the loading. Since crack width predic-
tion and general insight into fracture behavior are the aims of this study,
the described modeling approach was thus adopted. Because of the same
reason, the simulations were only continued until the deflection reached
15 mm, as the max crack widths always exceed 0.3 mm at a deflection
smaller than 15 mm. Fig. 17b shows the load-deformation results of all
simulated beams. It can be seen that the influence of the SHCC layer and
the interface properties can hardly be noticed, which is in agreement
with the experimental observation as shown by Fig. 6a. Fig. 18 show the
damage patterns from the lattice simulation for the reference beam R
(Fig. 18a) and for the hybrid beam with the weakest profiled interface
P10 (Fig. 18b). If these patterns are compared with the DIC results of Ref
beam and Vaseline beam, it can be seen that the lattice simulations are
able to develop similar crack pattern, with accurate crack spacing and
crack number in the constant moment region. The debonding between
the concrete and the SHCC in the Vaseline beam as observed by DIC is
also well captured by the lattice simulation (Fig. 18b). Furthermore, the
formation of multiple cracks in SHCC as observed from the bottom of the
simulation is also consistent with the large number of cracks (Fig. 13a)
as counted by DIC, which again proves the applicability of the current
modeling approach.

70 T T

Load (kN)

0 1 :
10

Deflection (mm)

(b)

Fig. 17. (a) Comparison of simulation results and experimental results for the reference beam and (b) load deflection responses of all simulated beams.
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Crack pattern of Ref beam from DIC
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Crack pattern of Vaseline beam from DIC

Simulated crack pattern of R beam
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Fig. 18. Comparison of crack patterns from DIC and lattice

Fig. 19 shows the development of maximum crack width for all the
simulations. The reference beam R has the largest crack width for all the
deformations, followed by the hybrid beam with smooth interface. The
simulation results of the profiled hybrid beams (P75-P10) demonstrate
clearly that, by reducing the tensile strength of the interface elements,
the development of the maximum crack width can be delayed. The
profiled hybrid beam with the lowest tensile strength has the best crack
width control performance among the six simulated beams. Fig. 20
shows the crack pattern of the simulated beam. A clear trend can be seen
that, by gradually reducing the tensile strength of the interface elements,
the degree of delamination increases, leading to the formation of more

05
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o
w

Max crack width (mm)
o
N}

01

0 L L L .
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Deflection (mm)

Fig. 19. Development of the maximum crack width for all the simulated beams.
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I Simulated crack pattern of P10 beam
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model for (a) Ref beam and (b) Vaseline hybrid beam.

cracks in the SHCC. Fig. 21 shows the damage condition of only the
interface elements and the SHCC elements. It can be found that a lower
tensile strength results in the damage of more interface elements, and
the number of cracks formed in SHCC increases with decreasing strength
of the interface. To conclude, the simulation results demonstrate that,
when the mechanical interlocking is provided, a weak interfacial bond
between SHCC and concrete can indeed promote the activation of more
SHCC and thus results in the formation of more cracks and a delayed
development of maximum crack width.

5. Conclusion

A combined experimental and numerical study was performed aim-
ing to investigate the cracking behavior of hybrid reinforced concrete
beams enhanced with a very thin layer of SHCC in the cover zone, and
also to verify the performance of a newly developed interface profile.
Structural behavior, crack pattern and crack width development of the
hybrid beams with different interface were tested and compared to the
control reinforced concrete beams. The main findings of the current
study are:

1. A 1-cm-thick SHCC layer can be very effective in controlling the
crack width of a hybrid beam, as long as the interface is properly
designed. As the volume ratio of SHCC used in the hybrid beams is
only 6%, the current study demonstrates the feasibility of using
minimum amount of SHCC in the critical region to efficiently
enhance the performance of hybrid structures.

2. With a 1-cm-thick layer of SHCC, the maximum crack width of the
best performing hybrid beam exceeded 0.3 mm at 53.3 kN load,
whereas in the control beam the largest crack exceeded 0.3 mm at
only 32.5 kN load. This 64% increase in load at the critical crack
width means that the amount of reinforcement can be largely
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reduced, if the excess reinforcement is not necessary for structural
capacity.

. A smooth interface is not desirable as it can only marginally delay the
crack width development. The hybrid beams with a profiled interface
have much improved crack width control ability. The proposed new
SHCC/concrete interface that features a weakened chemical adhe-
sion but an enhanced mechanical bonding can successfully lead to a

15

Fig. 21. Simulated damage condition of (a) SHCC elements and (b) interface elements of hybrid beams with interface element having different tensile strength
(bottom view).

controlled extent of partial delamination between the two layers,
which promotes the activation of SHCC. The hybrid beam with the
proposed new interface formed 10 times more cracks in SHCC than a
hybrid beam with a simple smooth interface and had an average
crack width less than 0.1 mm for all deflection levels.

. The lattice model has demonstrated its capability to predict and

provide insight into the fracture behavior of hybrid systems. It can



S. He et al.

accurately simulate both the crack development and the
load—deflection response. The simulation results suggest that, when
the mechanical interlocking is provided, a weak interface bond can
indeed promote the activation of more SHCC and thus results in the
formation of more cracks as well as a delayed development of
maximum crack width.

5. The hybrid beams developed in the current study possess an
improved crack control ability at the expense of minimal additional
cost. The reduced crack width is expected to increase the durability
and the self-healing potential of the structural elements, which may
eventually lead to an extended service life of the whole structure.
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