<]
TUDelft

Delft University of Technology

Self-healing cementitious composites with a hollow vascular network created using 3D-
printed sacrificial templates

Wan, Zhi; Zhang, Yu; Xu, Yading; Savija, Branko

DOI
10.1016/j.engstruct.2023.116282

Publication date
2023

Document Version
Final published version

Published in
Engineering Structures

Citation (APA) .

Wan, Z., Zhang, Y., Xu, Y., & Savija, B. (2023). Self-healing cementitious composites with a hollow vascular
network created using 3D-printed sacrificial templates. Engineering Structures, 289, Article 116282.
https://doi.org/10.1016/j.engstruct.2023.116282

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1016/j.engstruct.2023.116282
https://doi.org/10.1016/j.engstruct.2023.116282

Engineering Structures 289 (2023) 116282

ELSEVIER

journal homepage: www.elsevier.com/locate/engstruct

Contents lists available at ScienceDirect

ENGINEERING
STRUCTURES

Engineering Structures

Self-healing cementitious composites with a hollow vascular network

Check for
updates

created using 3D-printed sacrificial templates

Zhi Wan , Yu Zhang, Yading Xu, Branko Savija

Microlab, Faculty of Civil Engineering and Geosciences, Delft University of Technology, Delft, The Netherlands

ARTICLE INFO

Keywords:

3D printing
Self-healing concrete
Polyvinyl alcohol
Vascular network
Healing efficiency

ABSTRACT

Additively manufactured vascular networks have great potential for use in autonomous self-healing of cemen-
titious composites as they potentially allow multiple healing events to take place. However, the existence of a
vascular tube wall may impede with the healing efficiency if it does not rupture timely to release the healing
agent. The issue of vascular material design has therefore been a major topic of research. To overcome this,
dissolvable Polyvinyl Alcohol (PVA) filament is adopted in this study to fabricate the vascular networks.
Fabricated networks are coated with wax, placed in cementitious mortar and removed upon hardening, thereby
leaving a network of hollow channels. Different printing directions were expected to affect the dissolvability of
printed structures and were therefore fabricated and tested. Different shapes (i.e., 2D and 3D) of vascular net-
works were printed and embedded in the cementitious mortar. Four-point bending tests and permeability tests
were performed to investigate the healing efficiency. Multiple healing cycles were applied in the cracked
specimens. The results show that the vertically printed PVA tubes with wax coating have good dissolution
behaviour. As expected, the existence of vascular networks decreases the initial flexural strength of the speci-
mens. In terms of healing efficiency, excellent mechanical and water tightness recovery were achieved when
using epoxy resin as the healing agent. The mechanical recovery after the first healing process is higher than the
following healing process. The watertightness of the cracked samples keeps decreasing with the increase of
healing cycles. Specimens embedded with 3D vascular networks have higher healing potential than those uti-
lizing 2D vascular networks.

1. Introduction

transporting healing agents to the crack region [17]. The main advan-
tage of the vascular based self-healing material is the continuous supply

Degradation of concrete structures is inevitable due to concrete
susceptibility to cracking, resulting in significant maintenance and
repair costs [1,2]. Among the possible crack-repair strategies, self-
healing concrete is promising as cracks are repaired with no or little
human intervention [3]. Early studies in self-healing concrete focused
on improving the autogenous healing process by using mineral additions
[4,5], crystalline admixtures [6,7], superabsorbent polymers [8,9] to
stimulate ongoing hydration or crystallization. However, autogenous
healing is limited to small crack widths (less than 200 pm) [10].
Encapsulation of a healing agent is another effective method to heal the
cracks [11,12,13]. Except for polymers or minerals, bacteria producing
calcium carbonate could also be encapsulated to heal the cracks
[14,15,16].

Inspired by human cardiovascular system and plant vascular tissue
system, embedding vascular networks in a host matrix enables
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of healing agents, which facilitates healing of wider cracks and repeating
the healing process [18,19]. Except for the healing agents [20], vascular
material also plays a key role in the healing efficiency of vascular based
self-healing cementitious composite. The vascular material must be
strong enough to survive concrete mixing and casting, and brittle
enough to fracture when cracks in concrete occur [21]. Borosilicate glass
has been widely used as the encapsulation materials because of its
brittleness [22,23,24]. However, glass is susceptible to alkali-silica re-
action, which could affect the service life of the vascular network.
Alternatively, brittle materials such as polymethyl methacrylate
(PMMA), inorganic phosphate cement (IPC) [25] and polyvinyl chloride
(PVC) [26] have been used to create the vascular networks. Recently,
the development of additive manufacturing (AM) allowed fabricating
vascular structures with complex geometry to improve the healing ef-
ficiency without significantly lowering the mechanical properties of
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concrete [19,20,27]. The selection of printing materials is still vital
considering the bonding between the 3D-printed vascular network and
cementitious matrix [28,29]. The existence of vascular tubes should be
monitored in a long-term period to ensure its functionality for self-
healing. In other words, such vascular networks still need to rupture
timely to release the healing agent [30].

To overcome the problems caused by vascular tubes, hollow chan-
nels can be created inside the host matrix to serve as the path for
transporting healing agents. In self-healing polymers or composites,
sacrificial materials have been used to create the vascular network. After
being embedded in the matrix, the vascular tubes are heated and then
removed, leaving behind hollow channels. For example, a microvascular
network has been used to promote self-healing process in polymers by
fugitive ink (60 wt% petroleum jelly and 40 wt% microcrystalline wax)
[31] or 300 pm sacrificial fibres[32]. Boba [33] used Nichrome wires
coated with polylactic acid (PLA) between the composite layers. In the
field of self-healing cementitious composites, sacrificial materials have
not been used so far to fabricate hollow channels. Compared with self-
healing polymers, the hollow channels in cementitious composites
have so far been relatively simple. Early researchers preplaced solid bars
in the moulds prior to concrete casting, which were subsequently
removed after concrete setting to create hollow channels [34]. Inspired
by the structure of bones, Sangadji and Schlangen [35] used porous
network concrete as the flow path to heal the cracks. Similar to sacri-
ficial materials, heat shrinking tubing or polyurethane tubing was used
by Davies [36] to create a 2D vascular network in cementitious mate-
rials. However, these materials could only be used for creating relatively
simple vascular networks. For creating three-dimensional vascular net-
works with additive manufacturing, Li et al. [30] investigated the
feasibility of using Polyvinyl Alcohol (PVA) as the printing material.
Based on the obtained result, they concluded that the main functional
groups of extruded PVA remain unchanged with the un-extruded PVA,
and that the highly alkaline environment of the cement paste does not
affect the dissolution of the PVA. However, the volume expansion and
reaction with cementitious matrix during the dissolution of PVA
vascular networks have not yet been solved. Furthermore, a possible
influence of the printing direction on the dissolution of PVA embedded
in cementitious matrix has not been previously studied. More impor-
tantly, previous researches mainly design the vascular network towards
higher mechanical properties using numerical simulation [37]. The
experimental investigation on self-healing concrete with different shape
of hollow channels as vascular network is rare.

Therefore, in this study, we carry out a comprehensive investigation
of self-healing cementitious composite embedded with a sacrificial 3D-
printed vascular network. The dissolution of 3D-printed PVA hollow
tubes under different configurations, i.e., printing direction (horizontal/
vertical), tube wall thickness/radius ratio, and coating condition (with/
without wax coating) was studied first. After determining the fabricating
configuration, PVA tubes and PLA connectors were printed, assembled
and then embedded in the cementitious mortar. The influence of
vascular shape (i.e., 2D and 3D) on the mechanical properties under 4-
point bending is investigated. Subsequently, epoxy resin was injected as
the healing agent to seal the cracks for multiple times. The healing ef-
ficiency in terms of mechanical property and water tightness recovery of
the vascular based self-healing mortar is discussed.

2. Experiments
2.1. Fabrication and pre-processing of PVA vascular

One-dimensional hollow tubes were fabricated first to study the in-
fluence of fabrication configuration on the dissolution of PVA embedded
in cementitious mortar. The designed tubes are sliced with Cura (Ulti-
maker, Utrecht, Netherlands) and then are printed with a commercial
3D printer Ultimaker 2 +. The printing parameters are shown in Table 1.

According to the previous research[38], fused deposition modelling
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Table 1

The used printing parameters.
Printing parameters Value
Nozzle temperature (PVA, °C) 225
Nozzle temperature (PLA, °C) 210
Nozzle size (mm) 0.25
Bed plate temperature (°C) 60
Fan speed (%) 100
Printing speed (mm/s) 30
Layer height (mm) 0.06

(FDD) builds objects layer-by-layer and thereby inducing variations in
material properties and the presence of imperfections (such as voids and
pores), depending on the different printing direction. These possible
imperfections may influence the dissolution of PVA. Except for the
printing direction (vertical/horizontal), thickness/radius and wax
coating are also taken into consideration. Instead of solid tubes, hollow
tubes were printed to minimize the outward expansion of the tubes
caused by water uptake during the dissolution of PVA. Note that the
printing quality of such hollow tubes tends to be poor if the tube
thickness is small, since the diameter of heated nozzle used herein is
0.25 mm. On the other hand, thick tubes are difficult to dissolve due to
the volume expansion. In addition, the volume expansion of the PVA
tube wall may introduce cracks to the cementitious matrix, especially in
the early age [30]. To determine the optimal thickness of the PVA tubes,
PVA tubes with different thicknesses/radius (t/R) were fabricated and
investigated.

It is known that PVA polymers react with Ca(OH),; and Calcite
(CaCOs3) in the cementitious matrix, and the reactant is not dissolvable
[30]. In other words, the reaction has an adverse influence on the
dissolution of PVA tubes. To isolate the PVA tubes from the cementitious
matrix, the hollow PVA tubes were coated with wax. Wax coating was
performed by spraying with paraffin wax with a low melting tempera-
ture. The dissolution of the coated PVA tubes and uncoated PVA tubes
are compared. The samples embedded with PVA tubes were cured in
water under room temperature for 7 days before being observed with X-
ray computed tomography (CT scanning). The schematic of samples
under different fabrication configuration is shown in Fig. 1. In the figure,
t and R refer to the thickness and radius of the tubes, respectively.

After understanding the effect of printing direction, vascular tube
thickness and coating condition, two-dimensional (2D) and three-
dimensional (3D) vascular networks were fabricated. The diameters of
the vascular network were designed based on Murray’s law to minimise
turbulent flow at junctions [39,40]. To avoid possible blockage caused
by volume expansion during the dissolution of PVA tubes, the amount of
PVA in the vascular network was minimized. In particular, the vascular
network in the possible crack region (under 4-point bending load) was
printed with PVA, with the remainder printed with PLA. The properties
of PLA and PVA are shown in Table 2.

The 3D-printed vascular network is assembled and then embedded in
the cementitious matrix. The schematics of the 3D-printed vascular

PVA tube
(t=0.3,0.6 and 0.9mm)

Fig. 1. Schematic of samples with PVA tubes under different configurations.
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Table 2

The properties of PLA and PVA.
Property PLA PVA
Chemical formula (C3H402), (C2H40),
Glass transition (°C) ~60 58.4
Melting temperature (°C) 145-160 175.4
Specific gravity (g/cm3) 1.24 1.23

networks in the cementitious matrix are shown in Fig. 2. For compari-
son, the parent tubes of the vascular network (PLA part) are kept in the
middle of height in the samples for 2D and 3D vascular network (see
Table 3).

2.2. Casting, removing vascular and curing

2.2.1. Casting

After the vascular networks were assembled and pre-processed (i.e.,
coated with wax), they were positioned in the foam moulds using pre-
cast cement paste holders (see Fig. 2). Fibre reinforced mortar was used
as the binder, with 0.1% of volume ultra-high molecular weight poly-
ethylene fibre (UHMWPE) to prevent the samples from suddenly
breaking into two halves during the 4-point bending test. The technical
data sheet of UHMWPE and the mix proportion of the cementitious
mortar are listed in Tables 3 and 4, respectively. Except the vascular
based self-healing specimens, plain cementitious mortar (i.e., without
vascular network) is tested as a reference. It is noted that there are 3
samples in each group, i.e., specimens with 2D vascular network,
specimens with 3D vascular network and references (without vascular
networks).

The casting process, similar to our earlier work [41], was as follows:
cement and sand were dry-mixed for 4 min in a Hobart planetary mixer.
Water was then added to the dry components and mixed for 2 min.
Afterwards, fibres were added and mixed for another 2 min. The mixed
materials were poured in Styrofoam moulds with a dimension of 160
mm X 40 mm x 40 mm and vibrated for 30 s. The specimens were
covered with plastic film to prevent water loss. The specimens were kept
in room temperature for 24 h and then demoulded.

2.2.2. Removing PVA vascular and curing

Considering that the dissolution of one-dimensional PVA tube is
relatively easy, these samples were directly submerged in water with
room temperature for 7 days to remove the PVA tube walls after
demoulding. The curing water was daily changed considering a possible
reaction between the dissolved PVA in water and cementitious matrix.

For the samples embedded with the 2D/3D PVA vascular network,
more measures were taken to help remove the PVA tubes before the
curing process. According to Li et al. [30], elevated temperature accel-
erates dissolution of PVA tubes. Therefore, demoulded samples were

2D vascular network
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submerged in hot water with a temperature of 70°C in the first 2 h (from
24 to 26 h). At the same time, pressurized air was injected into the
vascular networks to flush the dissolved PVA out of the network every
30 min (i.e., 4 times in 2 h) to avoid the blockage in the joints of the
vascular networks. Afterwards, the samples were cured in water with
room temperature for 27 days before the first round of the 4-point
bending test. Curing water was changed every week.

2.3. Healing process

The samples were subjected to 4-point bending to measure the initial
flexural strength as well as to induce cracks for the following healing
process. Epoxy resin was used as the healing agent because of its low
viscosity and high regain in strength [20]. Epoxy resin (Conpox Resin BY
158, Condor Kemi A/S) and hardener (Conpox Hardener BY 2996,
Condor Kemi A/S) were first weighted and mixed with a mass ratio of
3:1 and stirred for 1 min. Then, epoxy resin was manually injected into
the vascular networks from one end through a syringe while blocking
the other end with a clip. In total, 10 ml of epoxy resin was used to
ensure sufficient amount to reach the crack through the vascular. The
injection speed was controlled as 10 ml/min. The clip was removed after
5 min, and then pressurized air was injected after 30 min to remove the
excess epoxy resin from the hollow channels. The schematics of the
manual healing process is shown in Fig. 3. The treated samples were
kept at room temperature for 24 h until the injected epoxy resin was
fully hardened. The healed samples were tested under 4-point bending
(three samples in each group).

2.4. Characterization

2.4.1. Four-point bending test

To measure the initial flexural strength as well as the mechanical
recovery of the cementitious mortar embedded with vascular networks,
four-point bending tests were performed using a servo hydraulic press
(INSTRON 8872). The specimens were loaded with a constant crack
opening speed of 0.5 pm/s with Linear Variable Differential Trans-
formers (LVDTs), as recommended by Tziviloglou et al. [14]. The virgin
specimens were loaded until the crack width reached 400 pm. The crack
widths of the specimens after unloading were recorded as the final crack
widths. After the healing process, the specimens were loaded again until
the crack width reached 400 pm again. The setup of 4-point bending test
with two horizontal Linear Variable Differential Transformers (LVDTs)
is shown in Fig. 4. It is worth mentioning that the LVDT (length = 50
mm) was positioned in the region with PVA tubes (length = 60 mm) in
the middle span of the prismatic samples. The healing process was
carried out multiple healing cycles, until it is difficult to manually inject
the epoxy resin into the crack. For each 4-point bending test, the spec-
imens were loaded until the crack width reached 400 pm. The flexural
strength in each test was recorded and compared.

3D vascular network

D
A vascular
Perspective
Di=6.36mm  Di=5.04mm D=5.04mm  Di=6.36mm
Front
Top

Fig. 2. Schematic of samples embedded with 3D-printed PVA vascular network.
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Table 3
The technical data sheet of ultra-high molecular weight polyethylene fibre (UHMWPE).
Density Length Filament cross section Filament diameter Breaking Strength Breaking Modulus Elongation
(g/cm®) (mm) (pm) (GPa) (GPa) (%)
0.97-0.98 6 Nearly round 19-43 3.0 110 2-3
Table 4
Mix design of the cementitious matrix (kg/m>). 20 65mm
30mm -
CEM IIIB Sand water UHMWPE
42.5N (0.125-0.25 mm) Load roller
1200 550 480 1

2.4.2. Permeability test

To evaluate the water tightness before and after the healing process,
the test method proposed by Tziviloglou et al. [14] was used in this
study. During the test, one end of the vascular network was blocked with
a clip while the other end was connected to a tube. The other end of
vascular network was connected to a water container with a water head
of 0.75 m from the upper surface of the tested specimens. The amount of
leaked water before and after the 4-point bending tests was recorded and
compared. The schematics of the experimental setup for watertightness
evaluation is shown in Fig. 5.

2.4.3. CT scanning

The dissolutions of 3D-printed PVA tubes as well as the PVA vascular
network embedded in the cementitious mortar were observed using a
micro-CT scanner (Phoenix Nanotom). The microstructures were
reconstructed using the dedicated Phoenix Dotos software. The resolu-
tion of the obtained slice for hollow tubes is 5 pm. For the self-healing
cementitious composite embedded with PVA vascular network, the
middle span of hardened samples (PVA part of the vascular networks)
was scanned to observe the inner structure of vascular network with a
resolution of 27.5 pm.

3. Results and discussion
3.1. Influence of printing configuration on dissolution of PVA

3.1.1. Dissolution of one-dimensional PVA tubes

According to previous studies [19,42], properties of the 3D-printed
structures are significantly influenced by the printing parameters such
as printing direction and printing layer-height. Herein, the influence of
printing direction on the dissolution of PVA vascular is first studied
using one-dimensional hollow bars. Besides, thickness and wax coating
are also considered. Directly observing from the surface of the

0.75m

Inject epoxy resin

STEP 1. Inject healing agent

with syringe

0
Inject pressurized air :
after 30min to flush

the extra epoxy resin
in the vascular

STEP 2. Clean vascular network

support roller

/

balance —

- — Water pipe

/

SOmm

20mm
120mm

Fig. 4. Schematic of four-point bending test.

Water container

sample

clip

———— container

Fig. 5. Schematics of permeability test setup.

Block with a clip when
injecting epoxy resin

Open this inlet when
injecting pressurized air

Fig. 3. Schematic of manual healing process (3D vascular network).
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demoulded samples and the result is shown in Table 5.

From the table, it noted that the horizontally printed tubes without
wax coating did not dissolve. Therefore, the inner parts of those samples
were not investigated with micro-CT scanner. The tomographs of tested
samples are shown in Fig. 6. The black part in the figures represents the
air, manifesting that nothing exists there.

As shown in Fig. 6(a), the dissolution of PVA tubes is significantly
influenced by printing direction and coating condition. When the
thickness/radius is 0.2 and the tubes are wax coated, the vertically
printed tube dissolved better than the horizontally printed one. For the
horizontally printed PVA tube, the tube wall has not fully dissolved, and
several cracks are present in the cementitious matrix around the tubes. A
possible reason is the poor printing quality of the horizontally printed
tube, resulting in more defects. Consequently, a part of the PVA tube is
not insulated from the cementitious matrix even though the PVA tube
was coated with paraffin wax. The rough interface between PVA tube
and matrix (0.2-horizontal-wax coating) shows that the PVA tube reacts
with the cementitious matrix, causing it to expand. As a result, cracks
occur in the matrix around the tubes. In vertically printed tubes (0.2-
vertical-wax coating), PVA dissolved almost completely and no cracks
occur around the tube. The interface between the cementitious matrix
and the tube is smoother compared to that of the horizontally printed
one. Therefore, printing the PVA tube in a vertical direction to compose
the vascular networks.

Except for printing direction, wax coating also significantly in-
fluences the dissolution of PVA tubes (Fig. 6(a)). Compared with the
coated PVA tubes (0.2-vertical-coating), the uncoated tube (0.2-vertical-
No coating) did not dissolve at all. The reaction between the cementi-
tious matrix and PVA causes problems for both cementitious matrix and
PVA tube. On one hand, the reacted mortar around the tubes de-
laminates with other matrix and thereby causing cracks in the matrix,
while the reacted PVA fails to dissolve. On the other hand, the inner PVA
wall expands inwards and fills the inner space due to the water uptake.
This makes it impossible for water to enter the tube which then ceases to
dissolve.

The influence of tube wall thickness/radius ratio (0.1-0.3) is also
investigated. As shown in Fig. 6(b), the dissolution of PVA tube with
thickness/radius ratio of 0.1 is the poorest, although a part of the tube
has been removed. Compared with the thicker tube, less perimeter lines
are used for the thin wall (thickness = 0.2 mm, t/R = 0.1) and thereby
causing unstable printing, which increases the possibility of more de-
fects. As a result, wax coating was not uniform and the reaction between
PVA and cementitious mortar occurred locally in the areas of defects.
For thickness/radius ratios of 0.2 and 0.3, the PVA tubes are totally
dissolved. Considering that the thick PVA tube not only consumes more
printing material, but also takes more time to dissolve, the thickness/
radius ratio of 0.2 was selected for further investigation in this study.

Therefore, the PVA parts of the vascular networks were printed in the
vertical direction, which showed better printing quality compared with
the horizontally printed counterparts. Furthermore, wax coating proved
to be necessary for the dissolution of PVA tubes by isolating the PVA
tubes from the cementitious matrix and thereby preventing the occur-
rence of their expansive reaction. Based on the thickness/radius ratio,
the thickness of PVA tube is set as 0.4 mm (radius is 2 mm) for creating
the middle part of the vascular networks. The outer part of the vascular
network is created with PLA. To decrease the scaffold during the
printing process, the PLA parts of the 2D/3D vascular networks are
printed in horizontal and vertical respectively. Those two parts (i.e.,
PVA tubes and PLA connectors) were assembled and sealed with liquid
rubber (Bison rubber repair) to avoid leakage. Wax coating for the PVA
tubes was applied after assembling. The 3D-printed vascular networks
are shown in Fig. 7. The actual thickness of the 3D-printed PVA tubes is
measured by microscope (Keyence VHX Digital Microscope). From the
result, it could be concluded that there are inaccuracies during the
printing process.
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3.1.2. Dissolution of the 3D-printed vascular network

Based on the result in 3.1.1, vascular networks were created and
embedded in the cementitious mortar. To observe the dissolution of the
PVA part of the network, CT scanning was performed out before the
mechanical tests. The results are shown in Fig. 8.

From Fig. 8, it is obvious that majority of the PVA tubes in the 2D and
3D vascular network have dissolved. Furthermore, there were no issues
in connecting the PLA and PVA tubes using liquid rubber, which was
confirmed because the cementitious slurry did not enter the vascular
network through these connection points. However, compared with the
one-dimensional tubes studied Section 3.1.1, the overall dissolution of
PVA is less efficient. The PVA tubes are in the middle part of the vascular
network, making it difficult for the dissolved PVA to flow out of the
vascular networks. As a result, some PVA remained in hollow vascular
network for both geometries (i.e., 2D and 3D).

The PVA tubes in the 2D vascular network had poorer dissolution
compared with those in the 3D vascular network. As shown in the Fig. 8
(a), part of the PVA tubes fails to dissolve in the middle part of 2D
vascular network, while no PVA remained in the middle of the 3D
vascular network. Furthermore, cracks connecting the hollow channels
occurred in the 2D vascular network, while the cracks are less obvious in
3D vascular network. As a result, the dissolution of the PVA tubes in the
3D vascular network outperforms that of the 2D vascular network.

Although the PVA tube wall in the vascular network is well removed,
some problems did occur during casting and pre-processing. Compared
with the designed vascular network orientation, the position of the
vascular networks is slightly changed for both 2D and 3D vascular
network and it may bring some problems when the accurate orientation
of vascular network is required. Besides, some cracks occur around the
channels for both 2D and 3D vascular network. These could have been
caused to an extent by the pressurized air used to remove the dissolved
PVA. It is noteworthy that the wax/PVA dissolvable network system is
scalable. For large-scale structural elements, the fabrication of the
network system (larger diameters) and wax coating (larger thickness)
are relatively easy. Besides, previous similar researches show the feasi-
bility of injecting hot water in large vascular network[43]. However, the
pressure has to be increased for large-scale structures.

3.2. Flexural strength

3.2.1. Initial flexural response of the vascular based self-healing composite

The existence of vascular network has great influences on the initial
flexural strength of vascular based self-healing cementitious composites.
For all the specimens, cracks occur in the middle span between the two
load rollers. In other words, cracks do not hit the PLA connectors of the
vascular network. The stress-crack width (CMOD) curves of the
cementitious mortar embedded with 2D and 3D vascular network are
shown in Fig. 9.

From Fig. 9, it is found that the flexural strength of the specimens
with hollow vascular networks is lower than the references, showing
that the existence of vascular network has adverse effects on the flexural
strength. This is in agreement with previous studies [27]. Note that,
although the small amount fibres (0.1% by volume) give the specimens
some residual load-bearing capacity, only one crack is observed in all
samples. Compared with the references, the vascular based self-healing
mortar have lower residual load-bearing capacity.

As to the influence of vascular network shape, there is no significant
difference between samples with 2D and 3D hollow vascular networks:
the mean flexural strength of 2D vascular based self-healing cementi-
tious mortar is slightly higher, but with less standard deviation
compared to the 3D counterpart. For both 2D and 3D vascular based self-
healing specimens, crack closure occurs and the final crack widths of
samples are less than 400 pm.

3.2.2. Mechanical recovery of the vascular based self-healing composite
To seal the cracks, epoxy resin was injected through the vascular
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Table 5
Dissolution of PVA for the demoulded samples.

Printing configurations Wax coating No wax coating
(r/R-printing direction)

0.1-Vertical

0.1- Horizontal
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0.2(t/R)-
Horizontal-coating

0.2(t/R)-
Vertical-coating

0.2(t/R)- ;
Vertical-No coating| §

0.1(t/R)-
Vertical-coating

0.2(t/R)-
Vertical-coating

0.3(t/R)-
Vertical-coating
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(b) Tube with different thickness/radius

Fig. 6. Test result from CT scanning, (a) Tubes with different printing direction and wax coating (thickness/radius of 0.2); (b) Tube with different thickness/radius

(vertically printed, wax coating).

networks. The healed samples were tested again after the epoxy resin
had hardened. Multiple healing processes were carried out until it
became difficult to manually inject the epoxy resin to the vascular net-
works. Based on the test, we performed two healing cycles for 2D
vascular based self-healing concrete, while performing three cycles for
the samples embedded with the 3D vascular network. The flexural re-
sponses of samples embedded with 2D/3D vascular networks are shown
in Fig. 10.

As shown in Fig. 10, flexural strength can be regained upon healing
in vascular based self-healing cementitious mortar. Compared with
reference specimens, the specimens with vascular networks have higher
flexural strength after the first healing process, manifested with healing
efficiencies higher than 100%. In addition, the specimens after healing,
the residual load-bearing capacity of the specimens increased. This may
be caused by the fact that the interface between fibres and cementitious

matrix in the crack also are also reinforced by the injected epoxy resin.
According to the previous research [44], fibre/matrix interface can be
enhanced due to the increase of the interfacial frictional bond strength of
FRCC after autogenous healing.

After the second healing process, the flexural strength is still higher
than the initial one. However, the flexural strength after the second
healing process is lower than that after the first healing. This was
observed for both 2D and 3D vascular based self-healing composite
mortar. A possible reason is that the epoxy resin injected in the first
healing process hardened in the vascular, although pressurized air was
used to remove the excess epoxy resin from the vascular network. As a
result, less epoxy resin flows into the crack during the second healing
process. Compared with the 2D vascular specimens, the flexural strength
of the 3D vascular specimens after the second healing cycle is higher.
Besides, the samples embedded with 3D vascular network were healed



Z. Wan et al.

Engineering Structures 289 (2023) 116282

2D vascular network

3D vascular network

(a) Schematic of vascular network
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(b) Actual thickness of the 3D-printed PVA tube

Fig. 7. Fabrication of vascular network (a) schematic of the 2D-/3D- vascular network (orange- PLA, white- PVA); (b) Actual thickness of 3D-printed PVA tube. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

for 3 rounds. Therefore, the samples embedded with 3D vascular
network have higher healing potential. In terms of residual load-bearing
capacity after cracking, 2D vascular based specimens perform better
than 3D vascular specimens after the second healing cycle.

3.3. Water tightness

3.3.1. Water tightness recovery
Except from strength regain, water tightness is also of great impor-
tance. Permeability tests were carried out on cracked specimens before
and after the self-healing procedure. The water tightness was measured
after each 4-point bending test and healing process. The recovery of
water tightness is defined in as [14]:
Wi (t) — Wi(2)

RWT = —=

Wor) x 100% (€D)]

where Wy (t) and Wy(t) are the average amount of water that has
passed through the unhealed and healed cracks of the specimens per
second (unit in g/s), respectively.

The amounts of leaked water through the healed cracks of the 2D/3D
vascular based self-healing cementitious specimens are 0 after each
healing process. Therefore, the water tightness of the investigated
specimens has fully recovered (i.e., RWT = 100%). One possible reason
for the high recovery of water tightness is that the fibres in the cracks

increase the roughness of crack, promoting the injected epoxy resin to
remain in the cracks instead of flowing out the cracks. It should be noted,
however, the permeability test setup used only with a water head of
0.75 m, which made it difficult to measure low values of flow speed.

3.3.2. Crack water tightness after healing process

Except for water tightness recovery, the water tightness of the
cracked samples was also investigated since several healing processes
were carried out. The watertightness of the cracked specimens could
help judge whether it is possible to carry out the next round of healing
process. The mean watertightness of the specimens embedded with 2D/
3D vascular network are shown in Fig. 11.

From Fig. 11, the mean watertightness of the original samples
embedded with 3D vascular network is much larger than that of the 2D
vascular ones. A possible reason is that two channels of the 3D vascular
network are closer to the bottom. With the increased number of healing
cycles, the watertightness of the cracked samples decreases for both 2D
and 3D vascular based self-healing cementitious mortar. This is caused
by hardening of increasing residual epoxy resin in the vascular network.

Compared with the samples with 3D vascular networks, the water-
tightness of the 2D vascular based self-healing concrete is lower after
each 4-point bending test. However, this may decrease the possibility of
further healing, because the low watertightness will also prevent the
healing agent (i.e., epoxy resin) from entering the crack. This could also
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(b) PVA tubes in a 3D vascular network

Fig. 8. CT scans of vascular based self-healing concrete. (a) PVA tube in the 2D
vascular network; (b) PVA tube in the 3D vascular network.
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Fig. 10. Comparison of the healed specimens embedded with 2D-/3D- vascular
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be explained why the flexural strength of 3D vascular based self-healing
concrete is higher than that of the 2D vascular samples after the second
healing process. As a result, 3D vascular network enables performing
more healing processes than the 2D vascular network for the vascular
based self-healing concretes.

4. Conclusions

Herein, a self-healing concrete was developed using 3D printed
sacrificial vascular networks. Thereby, the influence of vascular printing
direction, thickness/radius and wax coating on the dissolution of one-
dimensional PVA tubes was first investigated. Under the optimal print-
ing configuration, two kinds of vascular networks (i.e., 2D/3D) with
PVA tubes in the middle span were fabricated and embedded in the
cementitious mortar. Four-point bending tests were carried out to
evaluate the flexural strength as well as the mechanical recovery after
healing. Furthermore, crack water tightness test of the 2D and 3D
vascular based self-healing cementitious mortar was performed to
investigate the watertightness of samples before and after healing. Based
on the obtained results, the following conclusions can be drawn:

(1) The reaction between PVA and cementitious matrix prevents the
PVA tubes from dissolving, making coating on the tubes neces-
sary (e.g., with wax, as done herein). The dissolution of vertically
printed PVA tubes is better than of the horizontally printed ones.
The less perimeter lines of thick tube results in unstable printing,
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which also affects the dissolution of PVA. The dissolution of PVA
part in the 2D/3D vascular networks is excellent, as shown by X-
ray tomography.

The existence of vascular network has adverse influences on the
initial flexural strength. The mechanical recovery after each
healing process is over 100% compared with the original speci-
mens. The flexural strength after the first healing process is
higher than after the second healing process. This is inferred to be
caused by the extra hardened epoxy resin in the vascular
network.

Except for the improvement of flexural strength, the residual
flexural stress of the healed samples is higher than the original
specimens. One possible reason is that the interface between fi-
bres in the crack and cementitious matrix is strengthened by the
injected epoxy resin.

(4) The watertightness of the cracked 3D vascular specimens is much

larger than of the 2D counterpart after the first 4-point bending
test. However, the water tightness recovery of the 2D and 3D
vascular based self-healing concretes are both 100% when per-
forming crack water tightness test with a water head of 0.75 m.
Besides, the water tightness of the cracked samples sees an in-
crease as the healing process increases. However, the low
watertightness will bring some problems for the following heal-
ing process. Therefore, the cementitious mortar embedded with
3D vascular network has higher healing potential than the one
with 2D vascular network.
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