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Mechanical properties and healing efficiency of 3D-printed ABS 
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A B S T R A C T   

Cracking is one of the main causes for deterioration of concrete structures. Self-healing concrete 
with 3D-printed vascular networks has excellent potential for autonomous self-healing. This 
approach is scarcely investigated: no studies have been devoted to the influence of printing pa
rameters on the properties of vascular based self-healing concrete. In this work, three-dimensional 
vascular structures with complex geometry were designed and printed with 4 different sets of 
printing parameters. First, the influence of the four, nominally identical, vascular networks on the 
initial flexural strength of self-healing concretes was experimentally investigated. In parallel, 
numerical modeling with a concrete damaged plasticity model (CDPM) in Abaqus software is used 
to simulate the influence of vascular networks on the mechanical properties of the self-healing 
composite. After the 4-point bending tests, epoxy resin is injected into the vascular networks as 
the healing agent to seal the cracks. Then, flexural strength regain and watertightness recovery 
were also measured. Based on the obtained results, we found that vascular based self-healing 
concretes have lower initial flexural strengths than the reference sample, as expected. The 
magnitude of the strength drop is shown to depend strongly on the printing parameters: the 
specimens with horizontally-printed vascular networks have higher flexural strength than the 
vertically-printed counterparts. Furthermore, vascular networks with a smaller printing layer- 
height have less influence on the initial flexural strength of vascular-based self-healing con
crete compared to those with the larger printing layer-height. In terms of watertightness recovery, 
all tested vascular based self-healing samples showed a full (100%) recovery, which means that 
the printing direction and printing layer-height do not have an obvious effect on the water
tightness recovery in this study. Numerical simulations of the mechanical performance of the 
composites with the CDPM show good agreement with the experiments, although printing quality 
of the vascular network influences the simulation accuracy. These simulations show great po
tential of using numerical simulations to design vascular based self-healing concrete in order to 
minimize a drop in mechanical properties, without compromising the healing efficiency. Overall, 
the designed 3D-printed vascular self-healing concretes show remarkable strength regain and 
watertightness recovery and provide a good basis for further research.   
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1. Introduction 

Crack formation is one of the main causes for deterioration of concrete structures, as harmful liquids or gasses may penetrate into 
the matrix along these cracks and cause reinforcement corrosion [1,2]. Self-healing concrete is a promising construction material to 
address this issue due to its capacity of healing the cracks with no or little human intervention [3]. In accordance with approaches 
originating in the field of self-healing polymers, self-healing in cementitious materials can be broadly classified into intrinsic healing, 
capsule-based healing and vascular-based healing [4]. Inspired by the fact that blood-vessels enable the rapid and continuous transport 
of healing materials to the damaged location[5], a vascular network can be similarly designed and embedded in concrete to seal cracks 
that occur. Compared with the other two approaches, vascular based self-healing has some unique advantages: (1) additional healing 
agents can be provided if needed, which facilitates repeating of the self-healing process, even if a crack occurs in the same location 
more than once [6–9]; (2) the maximum healable width of cracks using vascular based self-healing concrete is larger than other self- 
healing methods due to the availability of sufficient healing agent [10]. 

According to previous studies [5,11,12], vascular material and vascular structure are of great significance for the healing efficiency 
of vascular-based self-healing concrete. In terms of vascular material, to facilitate the triggering of the self-healing process and the 
timely release of the healing agents, the vascular network is usually fabricated with either brittle materials or removable materials. 
Brittle materials are the most widely-used material for vascular network. Several researchers embedded glass tubes in the cementitious 
matrix as channels to transport the healing agent [13–15]. However, a problem when using glass tubes may be the alkali–silica reaction 
induced by the aggressive environment in the concrete, which has adverse effects on the durability of tubes and concrete. Besides, a 
glass vascular may break during the casting process. Alternatively, others developed the vascular self-healing concrete by building 
silicone tubes [16], Polyvinyl chloride (PVC) tubes [17], Polyethylene terephthalate (PET) tubes [18] or ceramic tubes [9]. The 
presence of such materials in concrete may have some unfavorable influences on the self-healing process. For example, the different 
Elastic moduli between the vascular material and the matrix may cause delamination, which results in reduction of the healing ef
ficiency for not rupturing of vascular networks. Furthermore, in certain cases the organic healing agents may react with the vascular 
material before healing the crack. To overcome those problems, some researchers used hollow channels to create the vascular network 
for self-healing purpose. Sangadji and Schlangen [10] used the large pores inherently present in porous network concrete as hollow 
channels to transport healing agent to cracked region. Davies [1] used heat shrinking tubing or polyurethane tubing to create 2D 
vascular network in cementitious materials. Except in the field of cementitious materials, similar approaches have also used in self- 
healing polymers or composites. Patrick [19] formed 3D vascular networks via the vaporization of sacrificial components (VaSC) 
process in polymers. Boba [20] created a network by placing Nichrome wires coated with polylactic acid between the composite layers. 
Although hollow channels could benefit the healing process, self-healing concrete without vascular materials tends to be more brittle if 
no extra reinforcement is embedded. 

As to the structure of vascular network, 1-D tubular structure or 2-D planar vascular are commonly-used [1,9,18]. However, the 
relatively simple structure of vascular networks significantly reduces the self-healing efficiency of current vascular based self-healing 
concrete. Particularly, when cracks are parallel with the vascular network, the embedded tubes may not rupture timely and the self- 
healing mechanism will not be triggered. In order to solve those problems, 3D printing technology is introduced to create 3D vascular 
networks for self-healing purpose [8,19,21]. Compared with other fabrication techniques for vascular networks, 3D printing enables 
creation of complex vascular networks in self-healing concretes. Similar to the vessel system in animals, vascular networks with 
different hierarchy in self-healing concretes are expected to be more functional without significantly reducing the initial properties 
(mechanical strengths or permeability). According to a recent study [22], 3D vascular networks in self-healing concrete show a better 
healing efficiency and strength recovery compared with 1-D or 2-D vascular networks. In previous studies, most researchers attached 
importance on the influence of printing materials or healing agents on the healing efficiency, while disregarding the effect of printing 
parameters on the vascular based self-healing concrete. It should be noted that common 3D printing techniques, such as fused filament 
deposition (FFD), are layer-by-layer processes, and result in anisotropy of the material properties and imperfections (voids, pores) on 
different length scales, depending on the printing parameters [23]. This may have an impact on the healing efficiency as well as the 
mechanical properties of the concrete with vascular networks, when non-dissolvable materials are used for printing. The adverse 
influence of the embedded vascular networks on the initial properties of self-healing concrete should be minimized. 

As to the design of vascular networks for self-healing, there are mainly three approaches. Early pioneers qualitatively design the 
vascular network based on biological systems. For example, White et al[24] designed the vascular according to the capillary network in 
the dermis of skin. Schlangen [10] created the porous network concrete for self-healing inspired by the bone morphology. Besides, 
flow-efficiency is taken as the main metric to design vascular. The fluidity of different structures networks are compared based on 
experimental results. Wang [25] investigated the flow behavior of grid structure and tree structure. Li [22] designed a 3D-vascular 
network based on Murray’s law and compared the properties of self-healing concretes with 1-D/2-D/3-D vascular networks. In 
other research [26], instead of only focusing on fluid flow, multiple requirements are considered during vascular design when using 
evolutionary algorithms such as Genetic algorithm (GA). It is obvious that these designing approaches heavily rely on experiments and 
it is often time-consuming and significant resources are utilized. Compared with traditional methods, machine learning (ML) is a 
promising way for design work. Currently, ML is widely used in design of mechanical materials for its capacity of discovering the 
complicated relation from input to output [27]. Gu [28] designed composite materials with better quality using ML. Similarly, ML 
could be also used for the design for vascular network in self-healing concretes. However, ML is data-hungry and it is essential to 
generate a reliable dataset before designing the vascular network. 

Therefore, in this work, we carry out a feasibility study of using numerical models to simulate the mechanical response of 3D- 
printed vascular based self-healing concretes. In addition, an in-depth investigation on the influence of printing parameters on the 
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strength regain and watertightness recovery of vascular self-healing concrete was carried out. In particular, an octet-structural vascular 
network was designed and printed using different printing parameters. Concrete damaged plasticity model (CDPM) was employed to 
simulate 4-point bending tests loaded with a constant crack opening speed. The simulation results are compared with the experiments. 
Subsequently, epoxy resin was injected as the healing agent to heal the cracks via the embedded vascular networks. The strength regain 
and watertightness recovery of the four vascular based self-healing concretes was compared to study the influence of printing pa
rameters. Finally, the strength recovery potential of the four vascular based self-healing concretes was investigated by analyzing the 
flexural strength before and after 2 healing processes. Note that, considering that the measurement of crack width becomes inaccurate 
because the healed specimens can undergo large deflections, their flexural strength was obtained by 4-point bending test controlled by 
a constant vertical displacement speed instead of a constant crack opening speed, as done in the case of virgin specimens. 

2. Experiments 

2.1. Fabrication of 3D-printed vascular networks 

To improve the healing efficiency and enable multiple healing process for vascular self-healing concrete, an octet-structure lattice is 
designed as the vascular network for delivering the healing agent to the crack regions. For the designed vascular, there are 4 or 8 
connecting paths for each node. The added redundancy allows healing agents to reach the cracked region through different routes even 
though some channels are blocked during casting process. Besides, the multiple channels between two nodes also enable multiple 
healing processes even when some channels are blocked during the previous healing process. In addition, the designed vascular 
network helps increase the ductility of concrete by increasing crack tortuosity. The schematic figure of a periodic unit-cell is shown in 
Fig. 1(a). In particular, D, d and t refer to the outer diameter, inner diameter and thickness of vascular respectively. The geometric 
parameters are listed in Table 1. The vascular network consists of 4 unit cells (Fig. 1(b)). 

To investigate the influence of two main printing parameters, i.e., printing layer-height and printing direction (Fig. 2), four sets of 
vascular network are printed with Acrylonitrile Butadiene Styrene (ABS) filament using a commercial 3D printer Ultimaker 2 +. ABS 
filament is widely used in 3D printing for its good interlayer adhesion and high chemical resistance. The printing parameters of the four 

(a) Periodic unit-cell

(b) Vascular network

Fig. 1. Schematic figures of vascular network.  
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ABS vascular are listed in Table 2. 

2.2. Casting, curing and healing process 

In this study, the matrix mixture uses ordinary Portland cement (CEM I) blended with fly ash, which results in good workability 
needed to fill the spaces between the tubes of the vascular. In addition, fly ash may also help increase the healing capacity of the matrix 
for the continuous hydration in the late-age stage [29–31]. The mix proportions are taken from [32] and are listed in Table 3. It should 
be noted that no additional reinforcement was added in the matrix except the ABS vascular networks. Except the four vascular self- 
healing concretes, a plain cementitious mortar (i.e. without the vascular) is employed as the reference in the study. 

The casting process was as follows: (1) the vascular network was positioned in the foam molds; (2) cement, fly ash and sand were 
dry-mixed for 4 min in a Hobart blender. (3) superplasticizer and water were added to the dry components and then mixed for 4 min; 
(4) The mixed materials were poured in the foam molds with a dimension of 160 mm × 40 mm × 25 mm and vibrated for 30 s; (5) The 
specimens were covered by a plastic film to prevent water evaporation and kept in room temperature for 24 h; (6) The specimens were 
demolded and cured in a curing chamber (96%±2%RH, 20 ± 2℃) for 27 days before the first round of mechanical tests. 

When specimens cracked after the 4-point bending tests, epoxy resin was used as the healing agent for its favorable healing per
formance [33–35]. Specifically, epoxy resin and hardener 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 inlet using a syringe. It is noted that the healing agent is 
not pressurized into the sample. In other words, the epoxy resin flows into the cracks only under gravity and capillary pressure. The 
amount of epoxy resin is chosen as 5 ml since it ensures that the epoxy resin is enough to reach the crack regions in the experiments. 
The schematics of the manual healing process is shown in Fig. 3. The treated samples were kept in room temperature for 24 h untill the 
injected epoxy resin was fully hardened. There are three samples in each group. 

Table 1 
Geometric parameters of the periodic unit-cell (mm).  

Parameter L W H D d t 

Value 34 34 14 5 4 0.5  

Fig. 2. Schematic showing the influence of printing direction on the 3D-printed vascular network.  

Table 2 
Main printing parameters of four vascular networks.   

L1H L1V L3H L3V 

Layer-height (mm) 0.1 0.1 0.3 0.3 
Printing direction horizontal vertical horizontal vertical 
Temperature (℃) 250 
Nozzle size(mm) 0.4  
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2.3. Characterization methods 

2.3.1. 4-point bending test 
Four-point bending tests were carried out by a servo hydraulic press (INSTRON 8872) to evaluate the initial flexural strength and 

strength regain of the ABS-printed vascular based self-healing concrete. The specimens were loaded with crack opening displacement 
(COD) control to a predefined maximum crack width. Similar to previous studies [36], the crack opening speed is set to 1 μm/s. The 
original specimens were loaded until the crack width reached 500 μm. The measurement of crack opening displacement continues to 
be recorded until the load roller of the hydraulic press does not contact with the tested samples. 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 the crack width 
reached 300 μm. The setup of 4-point bending test with two horizontal Linear Variable Differential Transformers (LVDTs) is shown in 
Fig. 4. 

Considering that the deflection of the samples becomes very large and the measurement of the crack width becomes inaccurate 
when the accumulative crack with reaches 800 μm, only one healing process is carried out when 4-point bending test was controlled by 
a constant crack opening speed. 

To investigate the strength recovery potential for multiple healing process, an additional series of 4-point bending test controlled by 
a constant vertical displacement speed of 0.01 mm/s was carried out where the specimens were injected epoxy resin for two healing 
rounds. In each 4-point bending test, the specimens were loaded until the bearing load is less than 0.1KN. The maximum flexural 
strength in each test was recorded and compared. 

Table 3 
Mix design of the matrix (kg/m3).  

CEM I 
42.5 N 

Fly ash Sand 
(0.125–0.250 mm) 

Superplasticizer 
(Glenium 51) 

Water 

550 650 550 2 395  

Fig. 3. Schematics of manual healing process.  

Fig. 4. Four-point bending test setup with horizontal LVDT.  
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2.3.2. Permeability test 
Another problem caused by cracks in concrete is leakage, which may induce corrosion of the reinforcement and shorten the service 

life. Therefore, permeability is also employed as a metric to evaluate the healing efficiency of the 3D-printed vascular based self- 
healing concrete. 

Considering that the crack width is controlled as 500 μm, the watertightness of the cracked samples was expected to be poor. 
Therefore, the permeability testing method in [37,38] was used in this study. Particularly, one inlet of the vascular network on the 
upper surface of samples was sealed by silicone glue while the other was connected to one end of a tube. The other end of the tube was 
connected to a water container with a water head of 0.5 m from the upper surface of the tested specimens. The schematics of the 
experimental setup for permeability evaluation is shown in Fig. 5. The steady flow speed of leaked water was automatically recorded 
and compared to analyze the influence of vascular on the watertightness properties of concrete. The permeability test was carried out 
before and after injecting epoxy resin. 

2.3.3. CT scanning 
A micro-CT scanner (Phoenix Nanotom) was used to observe the influence of printing parameters on the printing quality of vascular 

network. First, the microstructures of hollow bars with 4 different printing parameters (2 printing direction: horizontal and vertical; 2 
printing layer-height: 0.1 mm and 0.3 mm) are observed. The microstructures were reconstructed by using the dedicated Phoenix 
Dotos software. The resolution of the obtained slice for hollow tubes is 3 μm. Besides, the hardened samples embedded with 4 vascular 
networks were scanned to observe the inner structure of vascular network and the resolution is 27.5 μm. 

3. Numerical simulation 

3.1. Concrete damaged plasticity model 

Numerical simulation is a good alternative to experiments. Compared with experiments, numerical simulation could save time as 
well as resources. To facilitate the designing of vascular network with ML, numerical simulation is carried out. The simulated results 
are analyzed and compared with the experimental results. If the simulated results are in agreement with the experimental ones, we 
could use numerical simulation, rather than lots of experiments to generate dataset for the vascular optimization with ML. 

The commercial simulation software Abaqus was employed to simulate the 4-point bending test on the pristine specimens. Concrete 
damaged plasticity model (CDPM) is often used to study the nonlinear response of cementitious material for its capacity of capturing 
the main features of the response of concrete [39]. Tension stiffening and compression hardening are defined in Fig. 6. The stress–
strain relations under uniaxial tension and compression loading are shown in Equation (1) and (2), respectively. 

σt = (1 − dt)E0(εt − ε̃t
pl
) (1)  

σc = (1 − dc)E0(εc − ε̃c
pl
) (2) 

Fig. 5. Schematics of permeability test setup.  
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Whereσt, σc are the tensile stress and compressive stress respectively;dt,dc are tensile damage variable and compressive damage 
variable ranging from 0 (undamaged) to 1 (total loss of strength). E0 is the initial (undamaged) elastic stiffness of the material;εt, εc are 
the total strains;ε̃t

pl, ε̃c
pl are the equivalent plastic strains. In this study, the stiffness degradation is not considered and the damage 

variables are set to 0. The equivalent plastic strains are equal to crack strains. As shown in Fig. 6, the crack strains (ε̃t
ck, ε̃c

ck) are defined 
as the total strain minus the elastic strain corresponding to the undamaged materials (Eqs. (3) and (4)). 

ε̃t
ck
= εt − εel

0t or ε̃c
ck
= εc − εel

0c (3)  

εel
t = σt

/
E0 or εel

c = σc
/

E0 (4)  

3.2. Model calibration 

3.2.1. Calibration for cementitious matrix 
Before the numerical simulation, calibration is first carried out to obtain the inputs for models. Because the mix design of 

cementitious matrix is identical with [32], the input of CDPM for cementitious material is based on the experimental results in the 
referred article and the fitted result is listed in Table 4. 

3.2.2. Calibration for ABS vascular network 
According to a previous study [40], 3D-printed ABS shows anisotropic fracture behavior. Therefore, ABS bars with different 

printing parameters were printed and tested for model calibration. The section of ABS bar is fabricated as small as possible to minimize 
the size effect caused by 3D printing [41]. Compared to the horizontally-printed ABS bar, the vertical-printed ABS with same section 
have lower printing quality due to the shorter time interval for cooling. Using a trial and error approach, the section of horizontally- 
and vertically- printed ABS bars are chosen as 2 mm*1mm and 4 mm*4mm, respectively. The dimension of ABS bars for calibration is 
listed in Table 5.The Uniaxial tension tests were carried out with a speed of 0.001 mm/s by a Micro Tension-Compression Testing 

(a) Tension                                           (b) Compression

Fig. 6. Constitutive law of CDPM in (a) Tension; (b) Compression.  

Table 4 
Input parameters for cementitious mortar.  

(a) Compressive parameters of cementitious mortar  

Yield stress (MPa) Inelastic strain(%) 

32 0 
37 0.149 
3 0.18 
1 0.20  

(b) Tensile parameters of cementitious mortar  

Yield stress (MPa) Cracking strain(%) 

5.8 0 
0.1 0.05  
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device (Fig. 7) and three ABS bars of each group were tested. 
The brittle cracking model in Abaus is accurate when the brittle behavior dominates. Therefore, the brittle cracking model in Abaus 

is employed to define the mechanical response of ABS vascular network during 4-point bending test. The brittle cracking model is used 
with the linear elastic material model, which define the behavior before cracking. The postfailure stress–strain curve is shown in Fig. 8. 
σI

t is the remaining direct stress after cracking and eck
nn is the direct cracking strain [42]. 

Considering that the size of the 3D-printed ABS bars were very small, the measured displacements were much higher than the real 
value due to the defomation of the loading and transmission [43]. Therefore, the measured stresses were directly used as stress inputs 
while only 1/10 of the measured cracked strains were used as the strain inputs. The input parameters for the 4 kinds of ABS bars are 
shown in Table 6. 

3.3. Interaction setting between vascular network and cementitious matrix 

The 6 displacements of the load rollers in the bottom (support) are fixed. The load rollers in the top are loaded downward to 2 mm, 
while other five displacements are fixed. The 4 load rollers contact with the samples with the contact type of surface-to-surface contact 
(Explicit), where normal behavior is defined as “hard” contact and tangential behavior if penalty friction with a coefficient of 0.05. The 
connection between vascular network and cementitious matrix is simplified with tie constraint to accelerate the computing time. 

4. Results and discussion 

4.1. Fracure behavior of the composites 

4.1.1. Flexural response of the vascular based self-healing concretes 
Fracture behavior is crucial for self-healing material. Therefore, the ability of the proposed numerical model to simulate the 

fracture behavior is evaluated. The stress-crack width (CMOD) curves of 4 different specimens are compared with the references 
(specimens without vascular networks). The experimental and simulated results of specimens under 4-point bending test are shown in 
Fig. 9. In general, the simulated curves show good agreements with the experimental curves. For all 4 different designs, after the first 
cracking, a hardening branch can be observed from both experiment and simulations. The extent of this hardening branch is dependent 
on the printing parameters, although nominally all vascular designs are identical. 

It is noted that the flexural strengths of vascular based self-healing concretes are lower than that of the reference, showing that the 
embedded vascular networks reduce the flexural strength. For the specimens with ABS vascular network, flexural strength of 
horizontally-printed vascular based self-healing concrete is higher than that of vertically-printed counterparts when the printing layer- 
height is equal. A possible reason is that the tensile strength of the interlayer between printing layers is poor [43]. When the loading 

Table 5 
Dimension of the ABS bars for calibration.  

Printing parameters L1H L1V L3H L3V 

Section (mm) 2*1 4*4 2*1 4*4 
Length (mm) 40  

Fig. 7. Micro Tension-Compression Testing device during testing of 3D printed ABS bars.  
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direction is perpendicular to the printing direction of vascular networks, the maximum bearing load of the specimens tends to be lower 
compared with the scenario when the loading direction and the printing direction are same. As to the influence of printing layer- 
height, flexural strength of the specimens with smaller printing layer-height (0.1 mm) is higher than that of the larger ones (0.3 
mm), which agrees with what was expected. In other words, vascular networks with smaller printing layer-height have higher 
interlayer strength than the those with larger printing layer-height, which would contribute to higher flexural strength. 

The curves show different trends after reaching the maximum stress. When the printing direction is horizontal, the stresses remains 
high level (over 2.0 MPa) till the crack with is over 300 μm. L1H experiences a sudden drop from the second peak to 2.5 MPa when 
crack width reaches 150 μm, after which the stress stabilizes until droping again when the width is over 300 μm. However, the curve of 
L3H steadily drops after the second peak and the stress is larger than 2 MPa when the crack width is smaller than 250 μm. When the 
printing direction is vertical, the curves both witness a steady drop after the second peak. The curve of L3V drops more quickly 
compared with L1V. 

Although the embedded vascular networks do reduce flexural strength, the ductility of ABS-printed vascular based self-healing 
concretes is higher compared with the references since the ABS vascular acts as the reinforcement for the specimens. The area 
below the experimental curves is defined as the toughness. For the vascular based self-healing concretes, the toughness is calculated by 
the area till the crack width is 500 μm, while the reference is calculated till the crack width is 150 μm where the stress is less than 0.1 

Fig. 8. Postfailure stress–strain curve of ABS (details depend on the printing parameters, see Table 5).  

Table 6 
Input parameters for ABS vascular.  

(a) L1H  

Direct stress after cracking Direct cracking strain(%) 

36.17 0 
31.00 0.12 
12.01 0.16 
0.05 0.29  

(b) L3H  

Direct stress after cracking Direct cracking strain(%) 

36.00 0 
30.05 0.11 
24.00 0.13 
0.05 0.20  

(c) L1V  

Direct stress after cracking Direct cracking strain (%) 

19.50 0 
16.16 0.025 
0.11 0.034 
0.05 0.075  

(d) L3V  

Direct stress after cracking Direct cracking strain(%) 

13.51 0 
0.68 0.02 
0.05 0.05  
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MPa. Compare with the vascular based self-healing concrete, the reference is brittle and it breaks into two halves when crack width 
reached 150 μm. The result is shown in Fig. 10. 

As shown in Fig. 10, the toughness calculated by numerical simulation is very close to the experimental results, except for L1V. 
Compared with the reference, the vascular based self-healing concretes absorb more energy. More importantly, it is obvious that the 
specimens embedded with horizontally printed vascular networks have much higher toughtness than the vertically printed counter
parts. It is inferred that the horizontally-printed vascular network makes the cracks more tortuous than the vertically-printed ones due 
to the better ductility. 

4.1.2. Crack morphology comparison between simulation and experiments 
Except for the flexural response, the crack morphology obtained by the numerical simulations and the experiments is also 

compared, and the results are shown in Fig. 11 (take L1V as example). Due to the symmetry of the structure, we only simulate half 
structure to accelerate the computation. Therefore, the crack From Fig. 11, it is noted that the crack morphologies from numerical 

(a) L1H                                                                              (b) L3H

(c) L1V                                                                           (d) L3V

Fig. 9. Flexural response comparison of specimens with different vascular networks.  

Fig. 10. Toughness comparison of specimens with different vascular networks. (The error bar represents the standard deviation).  
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simulation and experiment are very similar. There is only one crack from both numerical simulations and experiments and the crack 
develops upwards with a small angle. The possible reason is that the ABS-printed vascular network is not strong enough to acted as 
reinforcement that could create multiple cracks. The similar result could be found in [32], where solid octet lattice structures are 
embedded in cementitious matrix. 

4.2. Potential factors influencing simulation accuracy 

Although, in general, the simulated results show a good agreement with the experiments, some mismatch still exists. Compared 
with the experimental results, flexural strengths from numerical simulation are slightly lower than the experimental counterparts for 
all 4 scenarios. This could be caused by the printing quality of the vascular networks. Therefore, the influence of printing parameters on 

(a) Inner crack evolution from simulation

(b) crack morphology from simulation and experiment
Fig. 11. Toughness comparison of specimens with different vascular networks.  

Table 7 
Printing time and weight of the four kinds of vascular networks.  

No. L1H L1V L3H L3V 

Printing time (h) 5 6.5 3 2 
Weight (g) 14.75 ± 0.05 13.5 ± 0.2 14.7 ± 0.1 13.5 ± 0.1  

Z. Wan et al.                                                                                                                                                                                                            



Engineering Fracture Mechanics 267 (2022) 108471

12

the vascular network and the complete self-healing specimens is investigated in this section. 

4.2.1. Influence from the microstructure of vascular network 
During the printing process, the printing time and the weights of the four vascular networks (3 samples in each group) were 

measured. The results are given in Table 7. 
From Table 7, it is noted that printing time of vascular with a smaller printing layer-height (0.1 mm, L1H and L1V) is much longer 

than that of a larger printing layer height (0.3 mm, L3H and L3V) as a result of a larger number of printing layers. As to the weight of 
the vascular network, the printing direction has a significant influence, while the influence of printing layer-height is negligible. The 
different printing layer-height has significant effect on the roughness of the vascular, which may lower the simulation accuracy. 

To investigate the influence of printing parameters on the surface of the vascular, individual hollow ABS bars (D = 5 mm, d = 3 
mm) printed using the four different sets of printing parameters were printed. CT scanning was carried out to look into the micro
structure of the vascular. The scanned results are shown in Fig. 12. 

From Fig. 12, it can be seen that the interlayer of the vascular printed with a smaller layer-height is much denser than the smaller 

(a) L1H                                                                   (b) L3H

(c) L1V                                                                    (d) L3V

Fig. 12. Printing quality of 3D-printed vascular (a) L1H; (b) L3H; (c) L1V; (d) L3V.  
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one when the printing direction is the same. The dense interlayer may not only contribute to higher mechanical strength but also help 
prevent the cementitious matrix from entering the vascular network during casting and causing blockage. When the printing layer- 
height is the same, there are more pores for the vertically-printed ABS bars. As a result, the flexural strength of the specimens 
embedded with vertically-printed vascular tends to be lower than the horizontally-printed counterpart. 

More importantly, the mechanical interlocking between cementitious matrix and vascular network are different due to the different 

(a) L1H vascular network

(b) L3H vascular network

(c) L1V vascular network

(d) L3V vascular network

Fig. 13. 3D-printed vascular networks, showing the influence of printing parameters on the printing quality of (large visible pores on the pho
tographed surface are circled): (a) L1H (3 large pores); (b) L3H (12 large pores); (c) L1V (4 large pores); (d) L3V (5 large pores). 
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roughness of the vascular. Obviously, the surface of the vascular with larger printing layer-height is much rougher than that of the 
smaller one. However, the different roughness profiles are not considered during numerical simulations since the same interaction type 
is used for the four scenarios. As a result, the difference between simulated flexural strength and experimental result of the self-healing 
concretes with larger printing layer-height is narrower than the smaller ones. 

4.2.2. Influence from the macrostructure of vascular network 
Except for ignoring the difference of mechanical interlocking, another factor influencing the simuation accuracy is the overall 

printing quality of the vascular networks. The printed vascular is shown in Fig. 13. 
It can be seen that the vertically-printed vascular networks seem to have better quality than the horizontally-printed ones, as there 

are some pores in the joint regions for L1H and L3H. Based on the visible defects of the printing vascular, the printing quality of L1V is 
the best among the four kinds of vascular networks. When the printing direction is horizontal, the printing quality of L3H obviously has 
much more defects than that of L1H. 

The defects in the joint regions may cause leakage of cementitious slurry into the vascular before the cementitious matrix is totally 
hardened. To verify the inference, CT scanning was carried out to observe the inside of the vascular based self-healing concretes. The 
resolution of CT scanning is 27.5 μm. If the slurry goes into the L1V vascular, which has the best quality as described above, other 
vascular networks in self-healing concretes are also likely to be filled with hardened matrix. The scanning results of L1V is shown in 
Fig. 14. 

From Fig. 14, it is obvious that parts of the vascular networks in all cases may be filled with cementitious matrix. However, the 
numerical simulations do not consider this. As a result, the simulation may underestimate the flexural strength of the vascular based 
self-healing concretes. 

4.3. Flexural strength recovery 

4.3.1. Effect of printing parameters on flexural strength recovery 
After the specimens were injected with epoxy resin through the ABS vascular, 4-point bending tests were carried out again to 

investigate the mechanical recovery. The flexural strengths of the 4 vascular based self-healing concretes before and after the healing 
process are compared and the results are shown in Fig. 15(a). 

To better evaluate the healing capacity of the vascular based self-healing concretes, healing efficiency is employed as a metric. 
According to the research of Hansen et al [35], healing efficiency of mechanical strength is defined with Equation (5). 

Fig. 14. CT Scanning result of L1V.  
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η =
Phealed

Poriginal × 100%. (5) 

where Phealed and Poriginal are the healed fracture load and the original fracture load, respectively. 
Based on Eq. (5), the healing efficiency of the vascular based self-healing concrete was calculated and the result is shown in Fig. 15 

(b). 
From Fig. 15, it is noted that the healing efficiencies of the four ABS-printed vascular based self-healing concretes are all larger than 

150%. In other words, the healing efficiency of vascular based self-healing concretes is remarkable when using epoxy resin as the 
healing agent. Specifically, the average healing efficiency of L3H is the highest among the four scenarios, even though the variation is 
very large. As to the influence of printing direction on strength regain, the flexural strength of the horizontally-printed vascular 
specimens is higher than the vertically-printed counterparts after the healing process. The horizontally-printed vascular networks have 
more defects than the vertically-printed ones. As a result, more slurry enters the vascular and fill part of vascular network. During the 
healing process, more healing agent was kept in vascular due to the blockage of vascular and it contributes to a higher strength for 
horizontally-printed vascular self-healing concrete after healing process. 

In order to thoroughly study the influence of printing parameters on the mechanical property recovery, the typical mechanical 
responses of the four vascular based self-healing concretes loaded with a constant crack opening displacement speed before and after 
the healing process are shown in Fig. 16. 

When the crack width of the healed specimen reaches 300 μm, the bearing stress of L1H and L3H are still over 3 MPa while the 
bearing stress of L1V and L3V are less than 1 MPa, which means that the ductility of horizontally-printed vascular is much better than 
the vertically-printed ones. It is worth mentioning that the healed fracture strenght of L3V is much lower than the other 3 scenarios 
(even lower than the strength of the reference). Therefore, vascular network printed with the parameters of L3V has a significant 
adverse influence on the healing of the specimen. In addition, the areas below the curve for horizontally-printed vascular based self- 
healing concretes are much larger than the vertically-printed ones, which means that the specimens with horizontally-printed vascular 
networks absorb more energy during deformation and fracture for the same crack width. 

For crack closure after one healing process, the cumulative crack width of horizontally-printed vascular based self-healing con
cretes (less than 650 μm) is much smaller than the vertically-printed ones (greater than 700 μm). Considering that the healing agent 
may leak out if the crack width is very large, the horizontally-printed vascular based self-healing concrete seems to have better healing 

(a) flexural strength comparison before 
and after healing process

(b) healing efficiency (3 samples
 in each group)

Fig. 15. Healing efficiency of 3D-printed vascular with different printing parameters. (The error bar represents the standard deviation).  
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efficiency if an additional round of healing is carried out. According to the experimental results, the crack occurring in the first round of 
4-point bending test did not reopen upon reloading. Instead, a different crack developed after the healing process (Fig. 17). Therefore, 
it can be inferred that the crack in the first 4-point bending test is completely healed during the healing process with epoxy resin as 
healing agent. 

The influence of printing layer-height shows different trends when the printing direction is different. In particular, when the 
printing direction is horizontal, the flexural strength of vascular-based self-healing concretes does not experience a dramatic change 
when the printing layer-height increases from 0.1 mm to 0.3 mm. However, the area under the displacement-strength curve of L3H is 
different from that of L1H, which means that L3H absorbs more energy than L1H during deformation and fracture after one healing 
process when the crack width reaches 300 μm after the healing process. As for crack closure, unlike the trend after the first 4-point 
bending test, the crack width of L3H is smaller than that of L1H after the second 4-point bending test. Considering that the first 
crack is completely healed during the healing process, the actual crack widths of L1H and L3H after the second 4-point bending test are 
150 μm and 200 μm, respectively. 

When printing direction is vertical, the flexural strength of vascular based self-healing concretes significantly decreases with the 
increase of printing layer-height, even though the healed fracture stress of L1V and L3V are both higher than the original fracture 
stress. Compared with L1V, the stress of L3V sharply decreases after it reaches the maximum flexural strength, which means that the 
absorbed energy is much less than L1V. As to the crack closure, there seems to be no obvious difference of the final crack width between 
L1V and L3V. 

4.3.2. Healing potential of the 4 vascular based self-healing concretes 
As mentioned above, the measurement of crack width becomes inaccurate when the deflection reaches 800 μm after the first 

healing process. In order to investigate the healing potential of these ABS-printed vascular based self-healing concrete, 12 vascular 
based self-healing concretes were cast and tested in another series of 4-point bending tests. The test was carried out with a constant 
vertical displacement speed of 0.01 mm/s. The flexural strengths of the specimens after 2 healing processes are compared and the 
results is shown in Fig. 18. 

From Fig. 18, it can be seen that the flexural strengths of horizontally-printed vascular based self-healing concretes are higher than 
the vertically-printed counterparts. The influence of printing direction on the mechanical strength recovery remains obvious after the 
second healing process. In addition, it is worth mentioning that the average flexural strength (out of 3 samples) of L3H is the highest 
after the first/second healing process. 

(a) L1H                                                                  (b) L3H

(c) L1V                                                                (d) L3V

Fig. 16. Flexural stress-crack width curve comparison after the first healing process.  
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Whether the printing direction is horizontal or vertical, specimens with larger printing layer-height (0.3 mm, L3H and L3V) have 
higher flexural strength than those with smaller printing layer-height (0.1 mm, L1H and L1V) after injecting epoxy resin. However, the 
difference between them decreases after the second healing process. In other words, the influence of printing layer-height diminishes 
when 2 healing processes are carried out because an increasing percentage of vascular being filled with epoxy resin. 

4.4. Watertightness recovery 

Except for the mechanical properties, the influence of printing parameters on watertightness recovery of the 4 vascular based self- 

Fig. 17. Crack morphology after the second 4-point bending test (a) L1H; (b) L3H; (c) L1V; (d) L3V.  
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healing concretes are also investigated in this study. 

4.4.1. Effect of printing parameters on watertightness recovery 
The crack water permeability test was carried out on cracked specimens before the self-healing procedure to evaluate the influence 

of printing direction and printing layer-height on the initial permeability of the concretes. There are three samples in each group. The 
result is shown in Fig. 19. 

As presented in Fig. 19, specimens embedded with vertically-printed ABS vascular have poorer watertightness than that of the 
horizontally-printed ones. Considering that the permeability is related to the crack width of the specimens to the third power, the final 
crack widths of 4 vascular based self-healing concretes are recorded during the 4-point bending test. The result is shown in Fig. 20. It is 
noted that the final crack width of horizontally-printed vascular is smaller than that of the vertically-printed ones when printing layer- 
height is same. 

When analyzing the influence of printing layer-height, the results of horizontally-printed vascular and vertically-printed vascular 
based self-healing concrete show different trends. If only considering the influence of crack closure, vascular networks with larger 
printing layer-height are expected to have poorer permeability than that of vascular with smaller printing layer-height. However, L3H 
has a better permeability than L1H, whose final crack width (418 μm) is smaller than L3H (486 μm). One possible reason is that the 
printing quality of L3H is poorer than that of other vascular, especially in the joint areas. As a consequence, part of the cementitious 
slurry flows into the vascular during the casting process and blocks part of the vascular network. This inference was verified by the 
printing quality assessment of 3D-printed vascular provided in Section 4.2.2. 

4.4.2. Effect of printing parameters on watertightness recovery 
After healing the cracks with epoxy resin, permeability tests were carried out to evaluate the watertightness recovery. Similar to 

[36], the recovery of watertightness is defined in Equation (6): 

RWT =
Wn− h(t) − Wh(t)

Wn− h(t)
× 100%. (6) 

where Wn− h(t) and Wh(t) are the average amount of water that has passed through the unhealed and healed cracks of the specimens 
per second (units in g/s). 

The amounts of leaked water through the healed cracks of all 4 kinds of vascular-based self-healing concretes are 0. In other words, 

Fig. 18. Flexural strength comparison of specimens (Controlled with constant vertical displacement). (The error bar represents the stan
dard deviation). 

Fig. 19. Flow speed of leaked water of specimens with different vascular networks. (The error bar represents the standard deviation).  
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the watertightness of all investigated vascular based self-healing concretes is fully recovered (i.e. RWT = 100%). The possible reason is 
that the permeability setup used is only with a water head of 0.5 m and it is hard to measure the flow speed of water. Therefore, in this 
work, the printing direction and printing layer-height seem to have no obvious influence on the watertightness recovery when using 
epoxy resin as the healing agent. Further investigation will be carried out in the future. 

5. Conclusions 

In this work, the influence of printing parameters on the initial properties as well as the healing efficiency of vascular based self- 
healing concrete was investigated. Vascular networks of the theoretically same geometry were printed with 2 different printing di
rections and 2 different printing layer-heights. 4-point bending tests were carried out to evaluate the influence on the initial me
chanical property and mechanical property recovery. In parallel, numerical simulations were carried out to investigate the feasibility 
of using CDPM to model the 3D-printed vascular self-healing concrete. In addition, the permeability of the 4 vascular based self-healing 
concretes before and after healing process were compared. Based on the presented results, the following conclusions can be drawn:  

(1) The proposed numerical approach can provide accurate simulation on the fracture behavior of cementitious composites with 3D 
printed vascular networks. Even with vascular prepared with various printing parameters, the simulated stress-crack with by 
the Concrete Damaged Plasticity model (CDPM) in Abaqus has shown excellent agreement with experimental results, in terms of 
crack width and flexural strength under four-point bending. This indicates that the numerical approach has great potential to 
generate a large mount of data for data-driven design process of the 3D vascular systems.  

(2) The printing quality of the vascular networks is identified as a potential factor that may affect the simulation accuracy: The 
surface roughness difference of the four vascular networks is not considered in simulation, which may lower the simulation 
accuracy; the defects especially in joint regions cause the leakage of slurry into vascular, leading to an underestimation of results 
when simulating the 4-point bending test.  

(3) Compared with the reference mortar, the vascular-based self-healing cementitious composites have lower initial flexural 
strength. The specimens with horizontally-printed vascular have higher flexural strength than the vertically-printed counter
part. Vascular networks with smaller printing layer-height has less influence on the initial flexural strength of vascular-based 
self-healing concrete.  

(4) The composites also show good self-healing properties: when using epoxy resin as the healing agent, healing efficiencies in 
terms of strength regain for the 4 vascular based self-healing concretes are all over 150%, indicating that the flexural strength of 
the specimens after the healing process is much larger than the original flexural strength. The healing efficiency of L3H is the 
highest among the 4 vascular based self-healing concretes.  

(5) When the specimens were loaded with a constant vertical displacement speed after 2 healing processes, horizontally-printed 
vascular based self-healing concrete had higher flexural strength than the vertically-printed counterparts after two healing 
processes. However, the influence of printing layer-height decreases as the number of the healing actions increases.  

(6) Similar to the fracture behavior, the printing quality may also affect the watertightness: the horizontally-printed vascular based 
self-healing concretes have lower intitial permeability than that of the vertically-printed ones. However, the influence of 
printing layer-height is different when the printing direction is different. Among the 4 specimens, L3H has the best water
tightness and one possible reason is that the poor printing quality of L3H vascular induces partial block of the vascular network.  

(7) The watertightness recoveries of 4 vascular based self-healing concretes are 100%, which means that the printing direction and 
printing layer-height do not have obvious effect on the watertightness recovery when using epoxy resin as healing agent. 
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