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ARTICLE INFO ABSTRACT

Keywords: Direct ink writing of cementitious materials can be an alternative way for creating vascular self-healing concrete

3D printing by intentionally incorporating hollow channels in the cementitious matrix. In this study, a 3D-printable fibre

;/aISchla;'network reinforced mortar was first developed. Three groups of specimens were fabricated using direct ink writing, where
elf-healing

the two top and bottom printing layers were printed with different printing directions. The macrostructure of the
hardened specimens was studied using CT scanning. Four-point bending tests were carried out to investigate the
initial flexural strength and the strength recovery after healing with injected epoxy resin. Furthermore, water
permeability test was used to evaluate the healing potential of the samples. The results from CT scanning show
that printing direction influences the actual volumes of hollow channels and the volume of small pores which are
a consequence of the deposition process. The hollow channels of all samples were squeezed by the upper layers
during the printing process, and the longitudinally printed samples were the most affected. When printing di-
rection changes from longitudinal to transverse, the initial flexural strength decreases. Similarly, the average
permeability of the cracked samples increases when the printing direction changes from longitudinal to trans-
verse. Although the healing effectiveness regarding flexural strength is remarkable for all specimens, it was only
possible to perform a single healing process as hollow channels were then blocked by the epoxy resin. The rough

Printing direction

surface of the hollow channels is inferred to make it difficult to extract the epoxy resin out of the specimens.

1. Introduction

Self-healing concrete has great potential to enhance the durability of
concrete structures without significantly increasing the maintenance or
repair costs [1,2]. There are three main approaches for self-healing in
cementitious materials [3]: autogenous healing, capsule based healing,
and vascular healing. Among others, further hydration of the unreacted
cement clinker is one of the main mechanisms contributing to the
autogenous self-healing in concrete. To promote further hydration,
minerals or crystalline admixtures can be directly included in the mix
[4-6]. In addition, healing agents could be encapsulated and incorpo-
rated in the cementitious matrix, forming capsule based self-healing
concrete [7,8]. In addition to inorganic materials, polymers [9-11]
and bacteria [12-14] could also be stored in the capsules. Compared
with the (stimulated) autogenous healing, the maximum healable crack
width is higher for capsule based self-healing concrete [15]. However,
the limited amount of healing agent in the capsules significantly hinders
sealing larger cracks as well as performing multiple healing processes.

By contrast, the availability of sufficient healing agents enables

* Corresponding author.

vascular self-healing cementitious materials to seal wider cracks [16].
Huang et al. [8] demonstrated that vascular self-healing concrete shows
a better healing effectiveness than the capsule counterpart when using
the same healing agent (i.e., calcium hydroxide solution). However,
unlike capsule based self-healing concrete, the healing agents for
vascular self-healing cementitious materials are usually liquids such as
sodium silicate solution, cyanoacrylate, epoxy resin and others [17].
Except for healing agents, vascular materials play an important role in
the healing performance of vascular self-healing cementitious materials.
The vascular material needs to be strong enough to withstand the pro-
cess of concrete mixing and casting, while at the same time being brittle
enough to trigger the self-healing process [18]. Glass tubes have been
widely used in concrete, acting as vascular networks to transport the
healing agents [8,19,20]. Other materials such as cementitious hollow
tubes (CHTs) [21,22], starch or inorganic phosphate cement (IPC) [16]
have also been investigated. However, the brittle behaviour of vascular
materials makes it difficult to create vascular networks with complicated
geometry. As a result, one-dimensional (1D) or two-dimensional (2D)
vascular networks are ubiquitous in the literature [20,23].
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The rapid development of additive manufacturing (AM, also known
as 3D printing) is beneficial to vascular self-healing materials because it
facilitates the fabrication of complicated vascular networks [24-27]. In
cementitious materials, vascular networks are usually additively man-
ufactured using fused filament fabrication (FFF) with thermoplastic
materials such as Acrylonitrile Butadiene Styrene (ABS) [16,28,29] and
polylactic acid (PLA) [30,31]. Although these thermoplastic filaments
allow fabricating vascular networks with complicated geometry, the
presence of interface between the vascular and the cementitious matrix
may induce ingress of water [28]. Alternatively, hollow channels can be
created inside the cementitious matrix and used as pathways for trans-
porting the healing agent. The simplest approach is to form the hollow
channels by taking out preplaced bars from the moulds after concrete
setting [32,33]. More complicated hollow channels could be found in
the work of Sangadji and Schlangen [34], where porous network con-
crete (PNC) was introduced as a kind of vascular self-healing concrete.
Similar to self-healing polymers, sacrificial materials have also been
employed to fabricate the hollow channels for cementitious composites
[35,36]. Due to its water solubility, polyvinyl alcohol (PVA) filament has
been investigated for creating hollow channels. Li et al. [30] studied the
dissolution of 3D-printed PVA vascular embedded in the cementitious
matrix, considering the highly alkaline environment, showing that it is
feasible to create hollow channels using PVA filament considering that
the dissolution of PVA is not influenced by the pH of environment.
However, PVA reacts with the Ca(OH), from the cementitious matrix,
causing its expansion and possible matrix cracking. To alleviate this
issue, Wan et al. [37] proposed coating the 3D-printed PVA vascular to
prevent the reaction with the cementitious matrix. Although the 3D
hollow channels were successfully created, the process of fabrication
and dissolution of the 3D-printed PVA vascular network is
labour-intensive. Furthermore, the 3D-printed vascular is relatively
small, making its upscaling to large-scale structures non-trivial.

Compared with stereolithography (SLA) and FFF, direct ink writing
(DIW) is an extrusion-based additive manufacturing technique which is
capable of printing 3D structure with any ink material holding proper
rheological behaviours [38]. As a result, DIW of polymers, ceramics,
cement paste, metals and other materials has been previously studied
[39]. Direct ink writing of cementitious materials can be an alternative
way for creating vascular self-healing concrete [40-43]. For self-healing
concrete, hollow channels could be intentionally incorporated in the
cementitious structures to act as the ‘vascular network’. However, to the
best of the authors’ knowledge, there have been no attempts to
achieving this. In direct ink writing of cementitious materials, printing
direction tends to influence the printing quality as well as the interlayer
bond [44]. More importantly, the reserved hollow channels may be
squeezed during the printing process. As a result, the actual volume of
the hollow channels may be different when different printing directions
are used.

In this study, fibre reinforced mortar with hollow channels is addi-
tively manufactured as vascular self-healing cementitious material.
First, a 3D-printable fibre reinforced mortar was designed as the printing
ink. Prisms with 3D hollow channels were printed with three printing
directions (longitudinal, inclined and transverse). The printed samples
were examined using X-Ray computed tomography (CT scanning) after
hardening to investigate the influence of printing direction on the
structures of hollow channels. The flexural strengths under 4-point
bending of the virgin samples were tested. Furthermore, a water
permeability test was carried out on the cracked samples. Afterwards,
epoxy resin was injected as the healing agent to heal the cracked sam-
ples. The healing performance regarding the flexural strength regain and
the water permeability is compared and discussed.
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2. Materials and methods
2.1. Materials and setups

2.1.1. Mix design of a 3D printable mortar

Herein, a mix design of the 3D-printable mortar presented. The
material for 3D printing needs to have good pumpability and build-
ability [45]. A low water/cement ratio should ensure the stiffness and
the strength of the extruded materials for good buildability [46].
However, low water/cement ratio could cause problems for the pump-
ability of the materials. Therefore, superplasticizer (Glenium 51) is
added to improve the fluidity of the cementitious material. Besides,
hydroxypropyl methylcellulose-based viscosity modifying admixture
(VMA) is added to improve the cohesion and consistency of the fresh
mixture [47,48]. After a series of trial-and-error tests, the water/cement
ratio is determined as 0.343.

To avoid brittle failure of specimens during mechanical tests, ultra-
high molecular weight polyethylene fibre (UHMWPE) is incorporated
into the cementitious matrix to enhance the ductility. However, it has
been shown that a large percentage of fibres may introduce air voids and
fibre balls during the printing process [49]. Based on our previous
research [37], 0.17 vol% of PE fibre is added to the printing mix. The
mix design of the 3D printable mortar is given in Table 1.

An Anton Paar MCR 302e rheometer was used to determine the flow
properties of the proposed mixture [50]. For each measurement, 85-90
g of fresh paste was filled into the measuring cup. Note that time zero is
defined as the moment when water is added to the dry components
during mixing. After a pre-shear (60s~! of shear rate and 30s of duration
time) and resting session (30s), the flow curve test was executed at the
material age of 5 min. The shear rate ramped linearly from 0s~1-30s~!
within 1 min and was maintained at 30s~" for 40s. After that, the shear
rate was decreased in four consecutive steps from 30s~'-10s~ ! and was
kept constant at about 40 s for each step. The data was recorded each
0.2s. A detailed test protocol is presented in Fig. 1(a). For each shear rate
regime in the descending part, the shear stress was averaged by using the
final 50 measuring points. The flow curve is shown in Fig. 1(b). For the
fresh cementitious materials, the Herschel-Bulkley (HB) model (Equa-
tion (1)) is often used to describe the rheological behaviour [51]. Note
that the model is identical to Bingham model when the exponent is 1.

=1, + kj" @

Where 7, is the dynamic yield stress; k and n are consistency factor and
power index, respectively.

After the flow curve test and Smin of resting, a constant shear rate
(CSR) test was conducted to measure the static yield stress at the ma-
terial age of 15 min. In CSR test, the applied shear rate was 0.1s~* and
testing time was 40s. This test was also performed at material age of 30,
45 and 60 min. The resting time between two tests was about 14 min. As
shown in Fig. 1(c), the peak value of shear stress in CSR test could be
seen as static yield stress (SYS) [52].

As shown in Fig. 1(a), the shear stress-shear rate curve could be well
fitted with the Herschel-Bulkley model. For this mixture, the value of T’O,
k and n are 1235.38, 0.3555 and 2 respectively. Since the fitted
component is 2, the designed mortar cannot be employed in a printing
process with a high shear/extrusion because the shear thickening
behaviour would make the apparent viscosity become too high for the
mix to be pump and extruded. The static yield stress of the mix can be

Table 1
Mix design of the 3D printable mortar (kg/m®).
Cement water  Sand Superplasticizer VMA  UHMWPE
1IIB 42.5 (0.125-0.25 (Glenium 51)
mm)

1385.1 4747  117.0 0.28 1.1 1.7
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Fig. 1. (a) Testing protocol of flow curve; (b) Flow curve; (c) Shear stress under constant shear rate.

found in Fig. 1(c). While the static yield stress increases with time, the
speed of increase gradually decreases.

2.1.2. Design of the vascular network

For simplicity, rectangular cross sections are used to form the net-
works. The joint angle of the second and third generation of vascular
network are chosen as 90° (Fig. 2).

As shown in Fig. 2(a), for ease of printing, the first and second
generation of vascular network have the same height. Furthermore, the
width of the second and third generation of vascular are identical.
Although the cross section is rectangular, one side length in each

2" generation 1¥ generation
vascular network vascular network
2" generation
vascular network
1™ generation —=F
vascular network_

L=68.00mm
W=5.04mm
H=4.00mm

(@)

L=18.77mm
W=6.36mm W-
H=6.36mm

1.=15.44mm

5.04mm
11=6,36mm

generation of vascular network is designed based on Murray’s law
(Equation (2)) to minimize the flow energy of the healing agents [53].
Considering that the diameter of the nozzle is chosen as 4 mm in this
study, the height of third generation of vascular network is set as 4 mm
(See Fig. 2(a)). Based on Equation (2), the widths of second and first
generation of vascular networks are calculated as 5.04 mm and 6.36 mm
respectively. The length and width of the printed mortar are designed as
200 mm and 50 mm respectively due to the restraint of printing table
(480 mm (length) x 480 mm (width) x 500 mm (height)). The height is
set as 32.5 mm and the details could be found in Section 2.1.3. Note that
the positions of vasculature measured from the printing bed (bottom

200mm

S0mm

(b)

Fig. 2. Schematic of the 3D-printed mortar with hollow channels. (a) Vascular network; (b) Mortar with vascular networks.
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3D printer
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Nozzle Ram extruder

Fig. 3. The Stone Flower 3.1 Multi-material 3D printer and its components.

vascular: 5 mm; middle vascular: 10 mm; upper vascular: 17.5 mm) are
chosen in accordance with the printing layer-height (2.5 mm). This is
described in more detail in Fig. 4. The volumes of the designed
cementitious matrix and hollow channels (i.e., vascular network) are
calculated as 302.18 cm® and 22.82 cm?, respectively. The 3D model is
designed using Auto CAD, and the slicing is carried out with Matlab
software. The actual volumes of matrix and hollow channels with
different printing directions will be calculated based on the CT scanning
results in Section 3.1.

Y- @

where r, and ry are the radii of the parent vessel and the daughter vessel,
respectively.

Height
(mm)
A
)L » Layer 13 With different printing
‘ Layer 12 direction
> o )
L 11 ~ N
250 —— ikl Cover upper vascular
Layer 10 networks
.0 ——> | |
Layer 7
5.
Layer 6 vascular networks (middle
= > part)
Layer 5

With different printing
direction

Layer 1

(a)

2.1.3. Printing process

In this study, an extrusion-based commercial 3D printer (Stone
Flower 3.1 Multi-material 3D printer) was used for printing (see Fig. 3).
As shown in Fig. 3, a ram extruder, consisting of electrical machinery, a
steel bar and a piston, is fixed on a gantry. The prepared printing ma-
terial is stored in the cylinder with a maximum volume of 1.5 L [46].
After the printing file is imported to the 3D printer, operations could be
performed through the touch screen of the control system. During the
printing process, all relevant information (printing time, printing speed
...) is displayed on the screen. The diameter of the nozzle is chosen as 4
mm in this study. The selection of nozzle diameter is mainly based on
laboratory trial tests, rather than rheological tests (section 2.1.1.), which
are used for material characterization. For the used 3D printer, nozzles
with three different diameters are available, i.e., 2.5 mm, 4.0 mm and
6.0 mm. It was tested to be difficult to extrude the designed mortar using
the 2.5 mm nozzle. One of the possible reasons is that the fibre length is

longitudinal printing (0° )

=

nelined printing (45°)

Transverse printing (90°)

(b)

Fig. 4. Schematic description of (a) Printing layers and (b) printing direction.
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6 mm, which is much larger than the nozzle diameter. On the other
hand, to ensure the printing accuracy of samples, a relatively small
nozzle is preferred. Therefore, we decided to print with the smaller of
the two remaining nozzles, i.e., the 4.0 mm one. The rotor above the
nozzle helps remove the bubbles from the printing materials before
extrusion.

Before the printing process, the fibre reinforced mortar is mixed as
follows: (1) The dry components (cement, sand and VMA) were pre-
mixed in a Hobert mixer for 4min; (2) Water and superplasticizer
were added to the dry components and mixed for 4min; (3) Fibres were
added and mixed for 4min. The mixed mortar was then filled in the
cylinder of 3D printer.

It has been shown that the mechanical behaviour of 3D-printed
materials is influenced by printing direction [44]. To investigate the
influence of printing directions, different variants have been used for the
bottom and top 2 printing layers: longitudinal (0°), inclined (45°) and
transverse (90°); the remaining layers have been transversely printed to
minimize the cantilevered length of the layers above the hollow chan-
nels. The schematics of different paths are shown in Fig. 4. As shown in
Fig. 4(a), two layers without the vascular network (i.e., Layer 10 and 11)
have been printed to cover the vascular networks before printing the top
two layers (Layer 12 and 13). Therefore, there are 13 layers in the height
direction. Since the printing layer-height is set as 2.5 mm, the height of
the sample is 32.5 mm. The printing speed is set as 10 mm/s, and the
movement speed is set as 20 mm/s when changing the printing layer in
the height direction. The inflow velocity of mortar is 60 cm/min and it
takes approximately 45min for the entire printing process.

After determining the printing parameters, one specimen was first
printed to test the pumpability and buildability of the mix design
(Fig. 5). From Fig. 5, it is obvious that the designed mortar is suitable for
3D printing since the printing quality of the samples is remarkable with
very limited visible imperfection between the interlayers.

2.1.4. Curing and healing process
After the printing process, the samples were kept on the printing
table for 24 h covered with plastic film to mitigate water evaporation.

Cement and Concrete Composites 144 (2023) 105295

Afterwards, the hardened specimens were moved to a curing room
where the relative humidity (RH) and temperature are kept as 96% =+
2% and 20 + 2 °C, respectively. They were cured for 28 days before the
first round of mechanical testing. The mechanical properties of the
printed samples at 28 days will be compared with the cast counterparts
in future research.

After the mechanical test, the cracked samples were injected with a
two-component epoxy resin (Conpox Resin BY 158 and Conpox Hard-
ener BY 2996 supplied by Condor Kemi A/S). According to Refs. [28,34],
epoxy resin shows a remarkable healing performance as the healing
agent. We have used the same healing process in our previous work: (i)
Epoxy resin is manually injected into the cracked samples through one
inlet while the other inlet is blocked with clip; (ii) Pressurized air is
injected to blow the extra epoxy resin out of the hollow channels for the
reuse of hollow channels after 30min [37]. The amount of epoxy resin is
kept as 30 ml considering the volume of designed hollow channels
(22.82 ml). The injected samples were kept in room temperature for 24 h
until the next round of mechanical tests.

2.2. Characterization methods

2.2.1. CT scanning

A CT scanner (TESCAN CoreTOM) was used to observe the influence
of the printing direction on the printing quality of the samples before the
mechanical tests. The voltage and power are set as 140 kV and 40 W
respectively. The resolution of the scanned slice is 75 pm. The actual
volumes of cementitious matrix, hollow channels and small pores are
compared and discussed. The structures were reconstructed using the
Dragonfly software. Median filter is employed before segmentation. One
specimen was scanned for each designed printing parameter.

2.2.2. 4-Point bending test

The fracture behaviour of virgin samples printed in different di-
rections was studied using a servo press (INSTRON 8872). These spec-
imens were loaded with a constant crack opening speed of 0.5 pm/s until
the crack width reached 450 pm [13]. Considering that the crack is

Fig. 5. Printing process of mortar with hollow channels as vascular networks (longitudinal printing path).
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likely to develop in the weak inter-layer of the printed samples, there is
only one crack during the 4-point bending test. The change of crack
width was monitored with a Linear Variable Differential Transformer
(LVDT) on the bottom surface of the samples. In this study, the LVDTs go
across the whole midsection of the specimen (i.e., between the loading
points), where the cracks will surely occur. The crack width was
recorded until the samples were totally unloaded. The 4-point bending
test is shown schematically in Fig. 6. There are two specimens in each
group.

For the healed samples, another 4-point bending test was carried out
to evaluate the mechanical response of the samples after injecting the
healing agent (epoxy resin). The healed samples were reloaded to 500
pm with a crack opening speed of 0.5 pm/s.

2.2.3. Water permeability test

The water uptake test is widely used to evaluate the watertightness
recovery in self-healing cementitious materials [54]. However, consid-
ering the defects of the 3D printed specimens and the rough surface, it
may be inaccurate to assess the watertightness recovery using water
uptake in our case. Instead, an equipment with constant water level is
employed for water permeability test. Water permeability of the cracked
samples was measured and compared. On one hand, the water perme-
ability of the samples before and after healing can be used to evaluate
the sealing efficacy in terms of watertightness [13]. In addition, the
water permeability of the cracked specimens could reflect the healing
capacity of the samples: the cracked specimens with larger permeability
tend to have greater self-healing potentials compared with the ones with
smaller permeability in that the higher permeability allows more heal-
ing agents to enter the cracks [37]. In particular, one end of the hollow
channels was blocked with a clip while the other end was connected to a
tube, which was connected to a water container whose height is 0.75 m
from the upper surface of the specimens. The water tightness was
measured by calculating the flowing speed of the leaked water.

3. Results and discussion
3.1. Macrostructure of samples with different printing directions

3.1.1. Influence of printing direction on the hollow channels

As mentioned above, the reserved hollow channels would be
squeezed by the upper printing layer during the printing process. The
influence of printing direction on the actual volumes of cementitious
matrix and hollow channels is investigated and the reconstructed CT
results are shown in Fig. 7.

As shown in Fig. 7, the shapes of actual hollow channels are different

0 50

25
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from the designed one. Instead of the rectangular cross section in each
generation of the vascular network, the hollow channels are irregular,
which is caused by two reasons: (1) The hollow channels are squeezed by
the self-weight of the layers above; and (2) the imperfections occurring
between the printed layers induce additional hollow channels. There are
more additional hollow channels in the transversely printed sample than
in the other cases. A possible reason is that the interlayers are aligned
from bottom layer to top layer, so the interlayers are always in the same
places. Compared with transversely and inclined printed specimens, the
hollow channels of the longitudinally printed sample are less contin-
uous, which may influence the transport of healing agents during the
healing process. To quantitatively investigate the influence of printing
direction on the vascular network, the ratios between actual and
designed volume of matrix and hollow channels are given in Fig. 8.

The actual volumes of hollow channels in the three groups decrease
by more than 40% of the designed hollow channel (Fig. 8). When the
printing direction changes from longitudinal (0°) to transverse (90°), the
volume of cementitious matrix and hollow channels show a decrease
and an increase, respectively. Although the printing direction influences
the actual volume of hollow channels, the printable material should be
further optimized in order to achieve better buildability and mitigate the
squeezing of hollow channels from the upper layers.

3.1.2. Influence of printing direction on the pores

Compared with the cast samples, 3D-printed samples have higher
porosity due to the layer-by-layer printing process [55]. Therefore, the
influence of printing direction on the porosity is also investigated by
comparing the volume of small pores (i.e., those that occur purely as a
consequence of the printing process) (Fig. 9). Note that the pores con-
nected to the designed hollow channels are regarded as part of the
‘vascular network’ in this study.

Additional small pores are present in all specimens (Fig. 9).
Compared with the inclined- and longitudinally printed samples, there
are more additional pores in the transversely printed one. The total
volumes of additional pores are calculated based on CT scanning
(Fig. 10). Note that only pores larger than the XCT resolution are
considered.

The volume of small pores increases when the printing direction
changes from longitudinal (0°) to transverse (90°) (Fig. 10). From Fig. 8,
it is found that the volume of cementitious matrix in longitudinally
printed specimens is larger than the other two groups. As a result, the
larger self-weight load of upper layers squeezes not only the hollow
channels, but also the small pores.

85

Load roller

/

Support roller

Fig. 6. Schematic of 4-point bending test.
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(b)
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3DPSHC-0 (longitudinal)

3DPSHC-45 (inclined)
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3DPSHC-90 (transverse)

Fig. 7. Reconstructed CT scan results of 3D-printed mortar with hollow channels. (a) The scanned whole samples; (b) The reconstructed hollow channels; (c) Cross
sections in the middle part (yellow: matrix; black: hollow channels or small pores). (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article).

S— [0 3DPSHC-0(longitudinal)
100 3DPSHC-45(inclined)
E= 3DPSHC-90(transverse)

80

60

40

Actual/designed volume ratio (%)

Matrix Hollow channels

Fig. 8. Reconstructed CT scan results of 3D-printed mortar with hol-
low channels.

3.2. Fracture behaviour

3.2.1. Initial flexural stress

The facture behaviour of the virgin samples is first investigated
through 4-point bending test. The stress-crack width curves of specimens
printed in 3 different directions are shown Fig. 11.

Flexure stress/crack width curves are significantly influenced by the
printing direction (Fig. 11). The flexural strength of the longitudinally
printed specimens is higher than those of the inclined printed and
transversely printed specimens (see Fig. 12(b)). According to section
3.1, the possible reasons are the denser cementitious matrix (less pores)

and the smaller volume hollow channels in the longitudinally printed
specimens. Except for flexural strength, the stiffness of longitudinally-
and inclined printed specimens is clearly higher than the transversely
printed counterpart.

Different post-peak behaviour is also observed for the three groups.
Although the interlayers of transversely-printed samples are parallel to
the loading direction, the transversely-printed samples still show ductile
behaviours. This could be a result of fibres bridging the cracks. In other
words, crack do not always occur in the interlayers. The flexural stress
when unloading at the crack width of 450 pm is defined as the residual
flexural stress. However, the ductility of transversely- and inclined
printed samples is higher than the transverse one due to the higher re-
sidual flexural stress. Compared with the transversely printed samples,
there are more fibres bridging the cracks. This could also be verified by
the larger crack closure of the inclined and longitudinally printed
samples after unloading.

3.2.2. Flexural strength of the healed samples

After the first round of 4-point bending test, epoxy resin was injected
to seal the cracks. Another round of 4-point bending was carried out on
the healed samples. Based on [21,28], the healing performance could be
estimated with healing efficiency (Equation (3)) and load recovery index
(Equation (4)). The result is shown in Fig. 12

n :phealed/poriginal X 100% (3)

where pheded and poend are the healed fracture load and the original
fracture load, respectively.

Pr - Pu
LRI:P P x 100% (€))

p tu

where LRI represents the load recovery index; P, and P, are the
maximum load of the virgin and healed samples, respectively; P, is the
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3DPSHC-0 (longitudinal)

3DPSHC-45 (inclined)

3DPSHC-90 (transverse)

Fig. 9. Sliced CT results of 3D-printed mortar with hollow channels. (a) Reconstructed hollow channels and pores (black: hollow channels; colourful: small pores);
(b) Vertical sections (yellow: matrix; black: hollow channels or small pores). (For interpretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article).
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Fig. 10. Volume of small pores of specimens printed in different direction.
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residual load of the virgin samples after unloading.

All specimens regain flexural strengths after the healing process
(Fig. 12(a)). Similar to our previous research [56], the residual
load-bearing capacity of the healed samples increases compared with
the original ones. In particular, the residual flexural stress of inclined
and longitudinally printed specimens is much higher than the transverse
one. The change of flexural strength can be seen in Fig. 12(b). The
average flexural strength of longitudinally printed samples is the largest
amongst the three groups. Compared with the other two groups, there
are less defects in the longitudinally printed samples. As a result, most of
the injected epoxy resin flows into the crack thereby sealing it. However,
except for filling the crack, the injected epoxy resin may also fill the
printing defects since enough epoxy resin (30 ml) was supplied during
the healing process. As a result, the healing efficiency of transversely
printed samples is also remarkable. Note that the variance in trans-
versely printed samples is larger than in the other two groups.

As to the influence of printing direction on healing performance, it is
found that the healing efficiency and load recovery index of three groups
show the same trend (see Fig. 12(c)). The overall self-healing perfor-
mance of the 3D-printed samples improves when the printing direction
changes from longitudinal to transverse. However, compared with
healing efficiency, the change of load recovery index is more obvious
due to the relatively low initial flexural strength of transversely printed
samples. Furthermore, the variance of load recovery index of trans-
versely printed sample is extremely large compared with other two
groups.

3.3. Water permeability test

Except for flexural stress, the water permeability of the cracked
samples is also investigated. The water permeability of the cracked
samples before injecting epoxy resin is shown in Fig. 13.

Based on Fig. 13, the permeability of cracked samples is also influ-
enced by printing direction. When the printing direction changes from
longitudinal to transverse, the average permeability of the samples in-
creases. There are two reasons for the increase of permeability. On the
one hand, the printing defects increase when the printing direction
changes (see Fig. 10). On the other hand, from Fig. 11, the final crack
width (i.e., after unloading) decreases when printing direction changes
from longitudinal to transverse. Therefore, the average permeability of
transversely printed specimens is larger than that of the longitudinally



Z. Wan et al.
3.0
== Transverse_ori
—— Transverse_healed
Inclined_ori
2.54 Inclined_healed
== Longitudinal_ori
Longitudinal_healed
&L 2.01
=
w
$ I e
Sis{ \\
] Id \
= )
iy [ H
> [ [}
3104 ™ !
- i S l’
.~
I R
05 i
]
1
74t
i i) ,
o 200 400 600 800 1000

Crack width (um)

(a)

I Original
2.54 3 Healed
<20
[
=
o
>
2159
[
=
=]
w
T
3 1.0
X
-
[
0.51
0.0 — x —
Longitudinal Inclined Transverse
Different printing direction
[ Healing efficiency
W [oad recovery index
251
X
o
S 204
X
]
u]
=
©
15
E
=
<]
=
]
(=%
o 101
=
©
]
et
54
T
0 " ‘
Longitudinal Inclined Transverse

Different printing direction

(©)

Fig. 12. (a) Flexural stress-crack width curve after healing; (b) Flexural
strength comparison of healed samples printed in different directions; (c)
Healing performance of sample printed in different directions.

Cement and Concrete Composites 144 (2023) 105295

2.004

1.754 =

=
1
=]

-
N
v

e
=)
S

leakage speed (g/s)

Inclined Transverse

Different printing direction

. Longitudinal

Fig. 13. Flow speed of leaked water of specimens printed in
different directions.

printed ones. It is worth mentioning that the variance of the perme-
ability is very large for all of the three groups. This is probably caused by
the variability in the printing quality which inevitably exists even when
the printing direction is the same.

As to the water permeability of the healed specimens, no leaked
water was observed for all the samples. Besides, epoxy resin could not be
injected through either of the two outlets. Therefore, it is hard to eval-
uate the water tightness recovery in this study. It is inferred that the
hardened epoxy resin blocks the hollow channels although pressurized
air was blown to remove the extra epoxy in the hollow channels. The
rough surface of the hollow channels (see Fig. 7(b)) makes it difficult to
blow the epoxy resin out of the specimens. More importantly, the
squeezing from the upper layers allows for the hollow channels be easily
blocked with the epoxy resin. In order to perform multiple healing
events with the 3D-printed mortar with hollow channels, the squeezing
to the hollow channels should be addressed from the aspect of printable
materials. Furthermore, squeezing of hollow channels during the
printing process should be considered when designing the vascular
system in the future study.

4. Conclusions

In this study, vascular self-healing cementitious material is directly
ink written by reserving hollow channels in the cementitious matrix as
the path for healing agent transportation. The rheology of the designed
fibre reinforced mortar was first investigated. Afterwards, vascular self-
healing cementitious materials were fabricated, where the top and
bottom two printing layers were printed in three different directions (i.
e., longitudinal, inclined and transverse). The influence of printing di-
rection on the macrostructure of 3D-printed specimens was investigated
through CT scanning. Furthermore, 4-point bending tests were per-
formed to assess the flexural strength as well as the flexural strength
regain after injecting epoxy resin as the healing agent. The water
tightness of the cracked specimens printed in different directions was
also measured. Based on the results, the following conclusions could be
drawn:

(1) The actual volumes of hollow channels are much smaller than the
designed volume, with more than 40% of the hollow channels
being squeezed by the upper layers during the printing process.
The actual amount of “squeezing” depends on the printing di-
rection. The volume of small pores is also influenced by printing
direction: it increases when the printing direction changes from
longitudinal to transverse. Although printing direction influences
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the actual volume of hollow channels, the printable material
should be further optimized in order to achieve better build-
ability and mitigate the squeezing of hollow channels from the
upper layers.

(2) The flexural strength of 3D-printed samples is influenced by the
printing direction. The longitudinally printed specimen has the
highest initial flexural strength amongst the three groups, fol-
lowed by inclined printed specimens. The residual stress of
longitudinally printed specimens is also the highest. A possible
reason is that more fibres bridge the cracks in longitudinally
printed samples.

(3) The flexural strength regain of the three groups is remarkable
since all of the samples have the healing effectiveness of over
100%. The average flexural strength of longitudinally printed
samples is the largest amongst the three groups. However, only
one healing process could be carried out due to the blockage of
hollow channels. The rough surface of the hollow channels makes
it difficult to blow the epoxy resin out of the specimens. Except
for improving the printing materials, squeezing of hollow chan-
nels during the printing process should be considered when
designing the vascular system to enable multiple healing events
in the future study.

(4) When the printing direction changes from longitudinal to trans-
verse, the average water permeability of the samples before
healing increases. The water tightness recovery after the healing
process is unknown due to the blockage of hollow channels.
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