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1. Abstract

Additive manufacturing (AM) can produce complex vascular network configurations, yet
limited testing has been done to characterize the damage and healing behavior of concrete
with embedded networks for self-healing. In this study, different AM methods and network
wall materials were used to produce vascular networks for self-healing concrete prisms, where
their load-response behavior, healing efficiency and microstructure were evaluated using non-
destructive techniques: acoustic emission (AE), ultrasonic pulse velocity (UPV), digital image
correlation (DIC), and X -ray computed tomography (CT). The types of healing agent release
mechanisms that were studied include a ductile-porous network that supplies fluid from its
pores and a brittle network that fractures under load to release fluid. DIC coupled with AE
verified debonding of ductile-porous networks from the cementitious matrix, and was able to
track damage progression as well as healing for all networks with load regains up to 56% and
stiffness regains up to 91% using polyurethane.

2. Introduction

A variety of self-healing mechanisms for concrete applications have the potential to reduce
the environmental impact of concrete structures and enhance their durability by autonomously
or autogenously healing cracks [1]. Vascular networks have unique advantages over other
healing mechanisms in that they are capable of having multiple healing cycles, delivering a
healing agent on an as-needed basis and enhancing healing due to their pressurization
capabilities. Brittle networks are the most common type of network being used in self-healing
vascular network systems for concrete research. The wall material is either inherently brittle
or the networks are designed with a rough surface to provide adequate bonding to the
cementitious matrix and with weak tensile properties, so that when a crack forms in the
concrete matrix, the network breaks along with it.

Vascular self-healing concrete research thus far includes studies on hollow
channels/networks made from sacrificial materials (subtractive manufacturing) [2]-[4], as
well as brittle networks made from glass [5]—[7] or fabricated via 3D printing (additive
manufacturing) [8]-[12]. Subtractive manufacturing introduces additional voids into the
concrete element that could weaken its mechanical properties, and nonlinear, complex



configurations may also be difficult to practically install onsite. Brittle networks may not be
conducive for practical applications, as often these networks are too brittle to survive realistic
concrete casting methods. This can be mitigated by using a self-consolidating mix design,
however this results in an added cost and does not solve the problem of handling a long,
brittle network onsite.

3D printing brittle vasculature takes significantly more time to manufacture compared
to traditional extrusion or injection processes (hours vs. seconds), and the risk of network
breakage during on-site handling, installation, and concrete pouring is high. Additionally, the
size limitations of 3D printers restrict vascular channels to smaller lengths, which in turn
require connections and added labor costs, as well as require additional support material to
produce. To overcome the disadvantages that exist for fabricating, installing, and using brittle
vasculature, the main motivation for this work is to present a new 3D printed ductile-porous
system that overcomes these issues, and that is studied in comparison with a traditional 3D-
printed brittle network. Instead of fracturing with the surrounding cementitious matrix, the
ductile-porous network would remain intact and detach from the matrix to release a healing
agent through pores included throughout the network wall.

Fused deposition modelling (FDM) is the most widely used technique of 3D printing,
which works by extruding a melted thermoplastic polymeric filament through a nozzle layer-
by-layer to fabricate a part. A brittle network made using FDM should be printed
perpendicularly to the build plate so that the printed layers are parallel to the direction of
loading. By printing in this direction, the network will be weaker and will fail along the layer
lines. Polylactic acid (PLA) and polyethylene terephthalate glycol (PET-G) filaments have
been used in previous vascular designs for this purpose due to their brittle properties [8]. In
order to make a printed part more ductile, either the printing direction will need to be
horizontal to the build plate, or a ductile polymeric filament material can be used.
Thermoplastic elastomers (TPE) are ductile filaments that contain a combination of rigid
plastic and rubber properties; types of TPEs include polypropylene (PP), thermoplastic co-
polyester (TPC), and thermoplastic polyurethane (TPU). In this study, a brittle network was
produced via FDM using PLA filament and compared to two types of ductile-porous
networks.

An additional 3D printing technique, stereolithography (SLA), or vat polymerization,
is used for the first time to fabricate self-healing vascular networks in concrete. It works by
using a low-powered laser to harden a photo-sensitive liquid resin in a layer-by-layer fashion.
Obijects are inversely printed through the submerging of the build plate into a resin layer or
resin vat, depending on the material used. Post-printing, objects are washed in solvent to
remove excess resin before a dual-thermal and UV curing step. This curing step will alter the
final mechanical characteristics of the printed objects. Commercially available acrylate resins
are often used, all with varying levels of ductility and strength. This technique was chosen as
it can achieve higher dimensional accuracies compared to FDM and will thus have less
surface roughness [13], which is needed for a ductile-porous network design that will debond
from the surrounding cementitious matrix.

The combination of acoustic emission (AE), digital image correlation (DIC), X-ray
computed tomography (CT) and ultrasonic pulse velocity (UPV) measurements have been
well established as monitoring techniques for assessing the damage and healing evolution of
laboratory scale self-healing concrete elements [14]-[17], and they were used here to monitor
crack opening and healing in self-healing concrete, and to critically examine mechanical
performance. AE allows for damage characterization by analyzing the transient waves that are
generated by crack propagation within the cementitious matrix, which are recorded by sensors



placed at the surface of the material or embedded within. DIC compares images of a sample
during a test, and tracks the surface displacements of a speckle pattern applied to the surface.
CT can be used to non-destructively observe and assess the internal microstructure of a
material, and UPV gives an indication of crack filling after a healing agent has been supplied.
The use of these multiple non-destructive techniques prior, during and following mechanical
loading and self-healing was implemented in this study to provide a comprehensive
assessment of damage and healing behavior.

3. Materials and methods
3.1. Concrete mix properties and configuration

Concrete beams with dimensions of 60 x 60 x 220 mm?® were cast using the mix composition
presented in Table 1; a triangular notch with a height of 3 mm was included at the bottom
midspan of the beam to ensure that the crack forms at the center. The vascular networks had a
10 mm concrete cover and were fixed to the molds with a winged distribution piece (Figure
1), and sealed with silicone sealant. The mix used CEM | 52.5 N cement with a water to
cement ratio of 0.45 and limestone filler with a particle size <125 pm. A maximum aggregate
size of 8 mm was included so that aggregates would easily pass between the vascular channels
and the walls of the mold. To improve workability, a superplasticizer was included in the mix
design (Master Glenium 27 concentration of 20%, BASF, Belgium).

silicone sealant

vascular network

distribution piece to
secure the network
to the molds

Figure 1. Concrete mold set-up.

Table 1. Concrete mix composition.

Components Quantity (kg/m?3)
CEMI525N 341
Sand 0 -4 mm 672
Gravel 2 -8 mm 766
Limestone filler 182
Water 153
Superplasticizer 8.98

Concrete was prepared in a 50 L capacity vertical shaft mixer with a rotating pan (Eirich,
Germany). After the dry components were mixed for 1 minute, water was added and mixing
continued for 3 minutes. The superplasticizer was added 30 seconds after the water was



added. A first layer of fresh concrete was slowly added around the channels to ensure there
were no voids beneath them, after which the remaining fresh concrete was added to the molds.

3.2. Samples with brittle and ductile-porous healing agent release mechanisms

Three different network types were developed: 1) ribbed brittle networks with PLA filament
using FDM (B-PLA-FDM), 2) ductile-porous networks with polypropylene (PP) filament
using FDM (DP-PP-FDM), and 3) ductile-porous networks with Flexible 80A resin
(Formlabs, Somerville, Massachusetts, USA) made using SLA (DP-FLX-SLA). An additional
reference series with no network embedded was also included. For each series a total of three
samples were included. Sample designations for each network type are given in Table 2.

Table 2. Sample designations.

Series Name Healing agent release mechanism  Network wall material Printing method Printing orientation

B-PLA-FDM By network fracturing Polylactic acid (PLA) Fused deposition Perpendicular to the build
modelling (FDM) plate
DP-PP-FDM Through debonding of the network  Polypropylene (PP) Fused deposition Parallel to the build plate
and the included pores modelling (FDM)

DP-FLX-SLA  Through debonding of the network  Formlabs Flexible 80A Stereolithography  Parallel to the build plate
and the included pores (FLX) (SLA)

The geometric configuration of the networks was based on Murray’s law (used in previous
vascular self-healing concrete research [9], [17]), which minimizes the power required for
fluid transport by relating the radii of the parent (rp) and daughter (rd) branches:

r3 =13 +r3, (Equation 1)

For the cube law presented in Equation 1, Murray also determined the optimal branching
angle to be 75° [18], which was implemented in this network design.

A ribbing pattern was introduced in the design of the brittle network channels to promote
mechanical anchoring to the concrete, so that they are guaranteed to fracture upon crack
formation in order to release the healing agent. Ribbing patterns were studied by De Nardi et
al. in [8] in terms of mechanical bonding to concrete and likelihood of rupture at a desired
crack opening; their recommendation of using spiral ribbing patterns with a 5 mm pitch was
implemented in this design. The brittle networks in this study included a wall thickness of 1.2
mm to ensure the networks are watertight during concrete casting. An internal diameter of 7
mm was chosen for the daughter branches of all network types due to the limitations of the
SLA printer.

For the ductile-porous network design, a staggered double spiral pattern of square pores
with 1.5 mm openings was included to increase the chance of crack interception with at least
one pore in case debonding would not occur. The printability of the SLA networks governed
the design, as 1.5 mm pores were the smallest that could be printed without excessive post-
processing steps. Extensive preliminary tests were carried out which informed the design of
the SLA networks, which in addition to the pore sizes included the minimal wall thickness
and internal diameter that could be feasibly printed. A wall thickness of 1.2 mm was used in
order to be consistent with the permeability limitations of the brittle network fabrication. The
pores were temporarily plugged by manually applying a layer of gelatin solution
(approximately 1 mm thick) to prevent concrete infiltration during casting. Before supplying



the healing agent, hot water was flushed through the networks to dissolve the gelatin to allow
the pores to be available to release the healing agent.
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Figure 2. Types of healing agent release mechanisms (dimensions given in mm).
The printing parameters for the different networks are listed in Table 3 and

Table 4. An Ultimaker 2+ printer (Utrecht, The Netherlands) was used to fabricate the

FDM networks using a 0.4 mm brass nozzle, and a FormLabs Form 3+ (Somerville,
Massachusetts, USA) was used to fabricate the SLA networks.

Table 3. FDM printing parameters.

Parameter B-PLA-FDM DP-PP-FDM
Layer height (mm) 0.25 0.25

Printing speed (mm/sec) 40 30

Nozzle size (mm) 0.4 0.4

Nozzle temperature (°C) 200 220

Infill (%) 100 100

Fan speed (%) 100 100

Bed plate conditions Painters tape over a glass

build plate heated to 60°C

Polypropylene tape over a glass
build plate heated to 80°C

Table 4. SLA printing parameters.

Parameter DP-FLX-SLA
Layer height (mm) 0.1

XY Resolution (mm) 0.025

Laser Wavelength (nm) 405

Layer Spot Size (mm) 0.085

Curing Temperature (°C) 60

Curing Time (min) 10




3.3.Mechanical testing procedure for self-healing prisms and their non-destructive
evaluation

Mechanical loading: After two weeks of curing, the prisms were loaded in 3-point bending
with a span of 190 mm using a universal loading frame with displacement control at 0.05
mm/min until a targeted crack mouth opening displacement (CMOD) of approximately 300
pum was reached. If the CMOD began increasing at an unstable rate, loading was manually
terminated to prevent the unreinforced samples from breaking in two parts; at times this
resulted in final crack values beyond 300 um. CMOD was measured by using digital image
correlation (DIC), and the final crack width was confirmed by optical microscopy after
loading by taking the average of 15 measurements along the crack mouth. Load regains are
defined here as the ratio of the healed peak loading and the original peak loading, and
stiffness regains are defined as the ratio of the healed stiffness and the original stiffness of the
sample. The fracture energy, a concrete fracture mechanics parameter that describes the
ability to resist crack propagation, is calculated according to the RILEM TC50-FMC protocol
by dividing the work done to perform the fracture process (area under the force-displacement
curve until complete failure) by the fractured zone area (width of the beam multiplied by
height of the beam without the notch) [19]. As samples were not loaded until complete failure
for this work, the fracture energy until peak load, or Gr, peak, IS presented instead.

Digital image correlation (DIC): To prepare the concrete surface for DIC, the back faces of
the prisms were painted white with a black random speckle pattern of 1 mm diameter (Figure
3). During testing, two high-resolution cameras were placed facing the painted surface of the
prism, and set at a stereo angle of 30°. Vic-Snap software was used for simultaneous image
capturing during loading, and the images were post-processed using Vic-3D 8. The subset size
was set to 21 pixels and a step size was set to 7 pixels. A Lagrange formulation was applied to
calculate the strain.

Acoustic emission (AE): Two acoustic emission sensors were placed on the opposite face
from the DIC paint of the prism, with a distance of 180 mm. The probes had a resonant
frequency response at 150 kHz and recorded the damage-emitted signals pre-amplified by 40
dB. An amplitude threshold was set at 35 dB to eliminate the ambient noise and the frequency
bandwidth was fixed from 20 kHz to 1 MHz. The waveforms were recorded with a sampling
rate of 1 Megasample per second (Msps). The DiSP-24 monitoring device was equipped with
a PCI/DSP-4 data acquisition board and PowerPAC software provided by Physical Acoustics.
A pencil lead breakage test was done before and after any mechanical loading, following the
Hsu-Nielsen protocol [20]. The AE hits induced by breaking the pencil lead can show the
sound, damaged and healed states by comparing the change of the hits” amplitude.

Ultrasonic pulse velocity (UPV): The ultrasonic pulse velocity of the uncracked, cracked and
healed samples was calculated by measuring the transit time of ultrasonic pulses through the
beam using the Controls PULSONIC portable device, in accordance with ASTM C597. The
transmitter was placed on the side of the prism as shown in Figure 3 and the receiver was
placed on the opposite side, so that the transmitted pulses travel across the beam’s length. The
pulse had a magnitude of 2500 V and frequency of 54 kHz, and the transmitted signal was
recorded in a sampling rate of 10 MHz. The transit time (At in s) was measured and the



ultrasonic pulse velocity (UPV in m/s) was calculated using a wave propagation distance (Ax)
of 0.22 m. This process was repeated before and after each loading cycle.

DIC speckle pattern
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Figure 3. Experimental set-up with DIC speckle pattern on the back of the prism, two AE sensors
(blue) on the front of the prism and UPV transmitter/receiver placed at the ends of the prism (green).

Supplying the healing agent: HA FLEX SLV AF, a 1-component polyurethane injection
resin (GCP Applied Technologies, Belgium) was chosen for this work due to its success as a
healing agent in previous self-healing studies, particularly for its low viscosity (200 mPas at
25°C) to facilitate pumping and its performance in terms of mechanical load regain (155-
215% reported in [21]). After loading, the networks were flushed with hot water to prime the
cracks to allow the polyurethane to polymerize in a shorter time. The polyurethane was then
injected into the networks and pressurized up to 6 bar, and subsequently flushed out with
pressurized air to provide a clear passage for future healing cycles. If polyurethane could no
longer be pumped through and the passages would be blocked, further loading cycles would
not be pursued. An overview of the experimental procedure is given in Figure 4.



Repeated healing of vascular networks
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Figure 4. Experimental procedure of repeated healing for vascular networks while monitoring using
non-destructive techniques.

Visualization using computed tomography: An additional series of samples were cast and
cracked to visualize the internal microstructure of embedded vasculature in concrete using X-
ray computed tomography (CT) at the Helmholtz Institute Freiberg for Resource Technology
with a CoreTom (XRE-Tescan, Ghent, Belgium) CT scanner. As smaller specimens allow
higher image resolution, a separate series of samples were cast with an embedded single tube
at the center (instead of a branched network) of 40 x 40 x 160 mm? prisms using the mix
procedure, concrete cover and network materials previously described, as well as the same
curing regime and cracking procedure described in the previous section. The samples were
scanned using a 0.5 mm copper filter mounted at the source, a 20 um voxel size and an X-ray
energy of 180 kV. Reconstructions of the projections were done using a 3D reconstruction
algorithm in the software Panthera 1.0 (XRE—Tescan, Ghent, Belgium), and filtering of the



images was done using ImageJ. Images of cracked samples prior to any healing action are
reported in this study.

4. Results and discussion

Mechanical regain after multiple healing cycles and indications of debonding: The load
and stiffness regain for each sample type is summarized in Figure 5. Remarkably, the first
cycle for the DP-FLX-SLA networks did not exhibit much load nor stiffness regain, and it
substantially increased in the second cycle. Upon microscopic inspection of an unused SLA
network, it was found that some of the pores were not fully open because of the SLA resin
being not entirely flushed out during post-processing, which could not be seen with an
unaided eye but is clearly evident under a microscope (Figure 6). This could explain the
overall low healing performance for this network type. Additionally, the increase in healing
efficiency for the second healing cycle compared to the first is indicative of additional
debonding and flexing of the network, as pores further away from the crack were available to
help supply the healing agent. The DP-PP-FDM networks performed the best in terms of load
and stiffness regain for the first cycle, achieving averages of 56% and 91%, respectively (with
ceiling values of 83.3 and 152%). All network types showed consistent load regain for the
second cycle of healing, ranging between 38-44%.

150%

® It healing - Lt hca.l?ng ~
load regain stiffness regain

02nd healing - 2nd healing -
load regain stiffness regain

100%

50% I '
b ol

B-PLA-FDM DP-PP-FDM  DP-FLX-SLA B-PLA-FDM DP-PP-FDM DP-FLX-SLA

Figure 5. Load and stiffness regain after 2 cycles of healing; an increase in healing efficiency is noted
for the DP-FLX-SLA series between its first and second healing cycles. Error bars indicate standard
deviation of three specimens.

Figure 6. Microscopic image of the midspan of a DP-FLX-SLA network, where some of the pores are
only partially open. Scale bar manually inserted after image acquisition for reference.

Impact of networks on structural performance: The average flexural strength of the self-
healing specimens and their performance compared to the reference is given in Table 5. While



the DP-FLX-SLA networks showed relatively low healing after the first loading cycle, their
presence in fact significantly increased the flexural strength of the prisms in the first loading
relative to the REF series and the networks were effectively acting as reinforcement, similar
to the PLA self-healing networks used in [9]. A small increase in flexural strength for the B-
PLA-FDM networks is noted and expected, as PLA’s bending strength is higher than that of
concrete, yet the network is fabricated by 3D printing in such a way that the printed layers are
parallel to the crack plane and thus will fracture more easily. A significant reduction in
flexural strength of 19.3% is noted for the DP-PP-FDM networks.

Table 5. Flexural strength of the self-healing specimens and their performance compared to the
reference (average values of three samples).

Flexural strength (MPa)  Difference relative to REF  Coefficient of variation

B-PLA-FDM 3.54 2.0% 14.1%
DP-PP-FDM 2.80 -19.3% 23.1%
DP-FLX-SLA 3.88 11.6% 6.6%
REF (no network)  3.47 N/A 17.8%

Gelatin, which was used to seal the pores of the DP networks during the casting
process, potentially strengthened localized regions across those networks. Gelatin has been
previously used to externally reduce plastic shrinkage in concrete [22], and has shown that its
presence in concrete mixtures can help increase its mechanical performance [23], [24]. This
could explain the increase for the DP-FLX-SLA networks, however the large negative impact
on the flexural strength for the DP-PP-FDM networks (as gelatin was also used for this series)
where an increase is expected warrants further discussion. PP is a chemically and thermally
stable material, and is therefore unlikely that the heat of hydration and the high pH
environment of fresh concrete would deteriorate its mechanical properties. Its weak
performance might be due to flaws in the manufacturing of the 3D printed part. To investigate
this further, CT images were used to visualize the networks embedded in concrete.

The fracture energy of each network type is compared to the REF series in Table 6.
Similar to the flexural strength results, the DP-PP-FDM networks have the largest amount of
variation as well as the least amount of fracture energy compared to the other two network
types. This is expected given the low peak loading of the DP-PP-FDM networks relative to
the other samples, and they had overall lower crack openings (see further in the discussion
and within Figure 8). DP-FLX-SLA networks experienced higher loads and displacements,
accounting for their higher fracture energy. This high amount of fracture energy of the DP-
FLX-SLA networks could also explain the unique cracking patterns that are seen later in the
DIC analysis (Figure 12). While the FLEX 80A material has a relatively lower tensile strength
compared to the other polymers investigated (9 MPa versus 14 MPa for PP and 37 for PLA),
it is possible that it exhibits higher ductility and toughness to resist crack propagation; its
ability to deform and absorb energy before failure could contribute to the higher loads that
were experienced by the DP-FLX-SLA samples.

Table 6. Comparison of fracture energy (average values of three samples).

Gr, peak (N/mM) Difference relative to REF  Coefficient of variation
B-PLA-FDM 267 36.6% 8.90%
DP-PP-FDM 227 16.5% 26.3%
DP-FLX-SLA 286 47.2% 15.8%

REF (no network) 195 N/A 4.80%




Reduction in UPV

Measuring damage and healing efficiency using UPV and pencil lead breaks: The UPV
measurements are summarized in Figure 7. With the exception of DP-FLX-SLA-3, all
samples indicated a UPV recovery between 20-68% after one cycle of healing. DP-FLX-SLA
samples had the lowest UPV recovery and mechanical load regain, with an average of 24%
UPV recovery after one healing cycle compared to 43% and 45% for DP-PP-FDM and B-
PLA-FDM, respectively. After the second crack was generated, there was an overall decrease
in UPV recovery for each network type. However, in the case of DP-PP-FDM-1, there was an
improvement in UPV recovery in the second healing cycle which exceeded the first healing
cycle (4365 m/s compared to 4335 m/s), indicating debonding further away from the crack
location. Note that for DP-FLX-SLA-2, there is no second healing present as the channels
were blocked and could no longer proceed with further healing and loading cycles.
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Figure 7. UPV measurements during their uncracked, cracked, and healed states (where 1, 2, and 3
represent the replicate per each series).

In addition to UPV, the amplitudes from the pencil lead breakage test were used to
assess the damage of the samples experienced after cracking. Figure 8 assesses each sample
with a network in their uncracked and cracked states, in terms of reduction in UPV and
amplitude of the pencil lead breaks in relation to the surface crack width (measured by
microscopy) at the end of the first loading test. While both measurements exhibit a decreasing
linear trend, a stronger correlation is present for the pencil lead breaks as the triggering
occurred in close proximity to the acoustic emission sensor, and thus is a more accurate
indicator for damage compared to UPV measurements.
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Figure 8. Percent reduction in a) wave velocity (UPV) and b) amplitude of pencil lead breaks versus
initial surface crack widths after the first unloading.



Characterization of load-response and crack detection using AE and DIC: The load
response and crack detection could be evaluated by coupling acoustic emission and DIC
information. In general, less acoustic emission events are expected in ductile materials with
progressive crack opening, while a large number of AE events are generated through rapid
crack propagation in brittle materials. The total energy emitted from each sample series is
shown in Figure 9. It is noted that the REF series exhibits a significantly larger amount of
energy overall, with the DP-FLX-SLA series having the second highest amount. From this,
each of the network types contributes some amount of ductile behavior to the concrete matrix.
This is further confirmed via DIC by characterizing the cracking behavior using the strain
profiles, which were calculated along the perimeter of the crack for each sample (Figure 10).

A correlation between Table 6 and Figure 9 is noted for samples containing an embedded
network. The REF series does not correlate, as a much higher amount of cumulative energy is
seen for the reference samples since they had a sudden and complete failure at the end of their
first test (the samples broke completely in two).

REF A
B-PLA-FDM A
DP-PP-FDM A
DP-FLX-SLA "
0.00E+00 5.00E+04 1 00E+05 1 505405

Cumulative Energy (-)

Figure 9. Cumulative acoustic emission energy emitted at the end of the first loading cycle; error bars
represent the standard deviation of three specimens.

A series of points were selected in a line following the perimeter of the crack
formations. As shown in Figure 11, Line Y represents point locations starting from the base of
the crack and going upwards to the tip, then back down along the crack to the base on the
other side. The legend of Figure 10 indicates the strains experienced at different loading
values during the loading cycle. The DP-PP-FDM series underwent more progressive crack
opening, consistent with ductile loading response. Conversely, the B-PLA-FDM, DP-FLX-
SLA and REF series had similar strains for the majority of the testing time and only at the end
of the loading cycle there was a sharp increase in strain around the crack area, indicating
sudden brittle fracture.
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Figure 11. Visual description of the Line Y crack profile strains.

DIC images at different points along the loading regime are given in Figure 12, which
includes one representative sample per series as well as their corresponding energy, force
(standardized for comparison), and crack opening plots. Since a triangular notch was included
in all specimens in order to control the crack pattern and location, straight vertical crack
patterns originated from the notch tip for all REF, B-PLA-FDM and DP-PP-FDM samples as
intended, however, there were consistently more tortuous and complex cracking patterns



noted for the DP-FLX-SLA samples. The smooth surface of the SLA networks as well as their
lack of stiffness could account for their complex crack formation.

In agreement with Figure 10, the appearance of a fully formed crack occurred in a
short period of time towards the end of the test for the B-PLA-FDM and DP-FLX-SLA
samples, indicating sudden brittle failure. These two series also exhibit a cluster of energy
peaking along with the peak load, which corresponds to a large damage event such as this.
Crack formation at the surface occurred more progressively during the loading cycle for DP-
PP-FDM samples, which is seen by the AE energy points being more scattered throughout the
loading cycle. The PP material appears to negatively affect the performance of the prisms,
seen by the reduction in flexural strength and fracture toughness compared to the reference
samples, and accelerates the crack formation as seen via DIC.
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Figure 12. DIC images of representative samples with their corresponding energy, force, and crack opening plots.

Throughout subsequent healing cycles the DIC images also indicated that cracks
formed and reopened at the same location for all samples, rather than generating a new crack,
thus confirming the flexible nature of the chosen polyurethane healing agent.



AE has been previously used to assess debonding phenomena by evaluating the wave
rise time (RT) and average frequency (AF) distributions, where a simultaneous increase in RT
and decrease in AF generally indicates shear-dominated behavior [25], [26]. RT-AF plots are
shown in Figure 13 and correlated with crack opening of the sample over time. For the B-
PLA-FDM and DP-PP-FDM samples, this simultaneous increase in RT and decrease in AF
occurred at higher crack openings of approximately 0.075 mm, while this occurred at
approximately 0.025 mm for the DP-FLX-SLA sample in Figure 13. This is expected, as the
stereolithography printing material has a smoother surface relative to the FDM printed parts
and lacks the layer lines that would promote bonding between the network and the
surrounding cementitious matrix. In the next section, CT images indicate a larger gap
formation relative to the other samples surrounding the DP-FLX-SLA network, which is due
to debonding.
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Figure 13. RT-AF plots for representative samples at different stages during the first loading; arrows
indicate crack opening at which there was a simultaneous increase in RT and decrease in AF.

Microstructural characterization of potential network wall materials using CT:
Representative images of the different sample types within 10 mm of the cracked zones are
presented in Figure 14. Arrows point to manufacturing flaws, despite extensive preliminary
testing done to determine the printing parameters to avoid defects. For the brittle PLA
network (Figure 14a), especially conservative 3D printing slicer settings were used such as a
slower printing speed and a larger wall thickness (including 4 perimeter lines to reduce
permeability), yet the cross section of the network does not have a 100% infill as originally
intended, resulting in an inaccuracy of the 3D print. The quality is thus not sufficient to
prevent concrete seepage in areas where the network should be impermeable.

A lack of interlayer adhesion for polypropylene filament is evident in Figure 14b, which
allowed cementitious slurry to seep in between the layers. This phenomenon likely accounts
for the poor mechanical behavior of the DP-PP-FDM samples relative to the REF samples,
and promoted the progressive crack opening seen in the DIC analysis. The inconsistent
printing of this material could also account for the large variation in the mechanical results



previously discussed. PP filament is known to have poor adhesion during printing and was
printed at higher nozzle temperatures compared to PLA, however an even higher temperature
would help with interlayer adhesion to improve the printing quality.

(a) B-PLA-FDM (b) DP-PP-FDM (c) DP-FLX-SLA

2 mm
—
Tube does not have 100% Poor adhesion of the PP Excess cured Gap formation
infill filament causing resin within around the tube
cementitious slurry to pore
seep through

Figure 14. CT images of a) B-PLA-FDM, b) DP-PP-FDM and c) DP-FLX-SLA specimens.

Figure 14c shows the excess resin that partially blocked some of the pores in the DP-FLX-
SLA samples (consistent with Figure 6), highlighting the need for an additional post
processing step for resin-based printing of porous vascular networks. A noticeable gap
formation (having a smaller thickness than the gelatin layer) around the network is visible for
the DP network series, and is less prominent for the brittle network series. In both Figure 14b
and Figure 14c, the gelatin that was present to block the pores during casting appears to have
worked effectively, as there is no cementitious slurry present at those locations.

Given the lack of standards in additive manufacturing, extensive preparation was done prior
to producing the 3D printed parts; however, this was not sufficient to produce parts without
flaws affecting their structural integrity. Further preliminary testing is needed and
standardized 3D printing practices are required to produce precise parts. Standard tube shapes
can be more efficiently produced for large-scale uses by traditional extrusion or injection
molding procedure, and thus 3D printing is recommended to be more suitable for complex
junction parts of vascular networks (where it is difficult to produce via traditional methods) or
for prototyping purposes only.

5. Conclusions

In this work, different healing agent release mechanisms (a brittle network and two types of
ductile-porous networks) are evaluated in terms of their load-response behavior and self-
healing efficiency using AE, UPV, and DIC. Additional CT characterization was used to
visualize the embedded tubes within cementitious prisms. The main conclusions are
summarized as follows:

e The increase in healing efficiency in terms of load and stiffness regain in the second
loading cycle for the SLA-printed networks confirms that the debonding aspect of the
ductile-porous network’s healing agent release mechanism works as intended.

e Characterization of the brittle response of the brittle networks and ductile response
with progressive cracking in the newly developed ductile-porous networks is done via
AE and DIC.



e Debonding of both ductile-porous networks can be detected at various times during
crack opening by investigating AF/RT AE features.

¢ Inherent flexibility attributed to the networks produced by SLA caused unique crack
patterns to form, instead of the controlled straight cracks seen with all other sample
types.

e Healing and crack detection using DIC coupled with AE can verify debonding
presence as well as when a healing agent elastically deforms.

e UPV and pencil lead breaks both correlate in terms of measuring damage due to
cracking.

e While stereolithography printing allows for more flexible materials to be used, a main
drawback is the extensive post-processing required to minimize flaws in production.
3D printing vascular networks works best for prototyping lab-scale systems, however
for scaling up, without standard practices for AM and due to its overall longer
production time, existing methods such as pipe extrusion or injection molding are both
more accurate and more cost efficient to produce linear parts, while only complex
branched parts are made via AM. This combination of fabrication methods is
promising for future large-scale vascular network production.
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