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Abstract: The tensile behaviour of engineered cementitious composites (ECC) is highly dependent
on their microstructure characteristics. To date, the strain-hardening behaviour of printed ECC in
relation to its microstructure is not yet fully understood. This study presents a systematic investigation
on the macroscopic mechanical properties of normal and printed ECC with various polyethylene (PE)
fibre lengths (6 and 12 mm) in relation to their microstructural features in terms of pore structure
characteristics, fibre orientation and fibre dispersion through a series of mechanical tests and X-ray
computed tomography (CT) and backscattered electron (BSE) image acquisition, processing and
analysis. Results indicate that it is desirable to use block specimens for mould-casting fabrication as
contrast to printed ECC samples. The printed ECC containing 1.5 vol% 6 mm and 0.5 vol% 12 mm
PE fibres by extrusion-based 3D printing exhibits unique tensile ductility of over 5% and average
crack width of less than 100 um. Regarding pore structure, normal ECC has a higher probability of
large pores (over 1 mm?) than printed ECC, which would increase the risk of damage localization and
lead to a significant variation in tensile properties. Besides, normal ECC with thickness of 30 mm
and printed ECC possess a similar fist cracking strength as indicated by similar pore size and fracture
toughness. Compared to normal ECC, printed ECC has a more uniform dispersion of PE fibres, the
orientation of which is more perpendicular to the loading direction, resulting in a higher average
tensile strength and strain capacity than normal ECC.
Keywords: 3D concrete printing; Strain-hardening cementitious composites; Tensile properties;
Microcracking; Fibre bridging effect; Pore structure
1. Introduction
3D concrete printing (3DCP) is an emerging additive manufacturing technology to create
individualized objects layer by layer without human intervention and formwork [1, 2]. With the rapid
development of 3D printing technology, it has been increasingly applied in the construction industry.
Three different additive manufacturing techniques including particle-bed binding (or powder-based

3D printing), material jetting (or shotcrete 3D printing) and extrusion-based 3D printing were
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developed for 3DCP, among which extrusion-based 3DCP is most widely adopted in the construction
industry [3, 4]. In recent years, some large-scale 3D printed concrete structural elements or structures
including complex hollow concrete columns [5], concrete bathroom unit [6], and beam and arch
bridges [7-11] were produced for demonstration purposes, which have received a lot of attention and
interests.

To ensure the mechanical performance and integrity of printed concrete structures,
reinforcement is required, while how to incorporate reinforcement in 3DCP is still a major challenge.
Over the past few years, a few structural reinforcing methods have been proposed to incorporate the
reinforcement during the extrusion-based 3DCP process including automated entrainment of
continuous reinforcement microcable [12-14] or continuous fibre [15-17] in the filament, bar-
penetrated reinforcement with lap joints or concurrent deposition of U-nails to strengthen the interface
bonding [18-21], and short-fibre reinforcement for self-reinforced cementitious composites [22-25].
Compared to the former two reinforcement approaches, 3D printing process with dispersed short
fibres is more compatible with 3DCP process in the view of the ability for streamlined integration in
practice as it does not require special-designed equipment or any further extra process for
reinforcement integration. A combination of 3D printing technology with ECC offers opportunities
to significantly reduce or even eliminate the reinforcement usage of the resulting structure in the print
plane [26-28]. As a special class of fibre reinforced cementitious composites designed and tailored
based on micromechanics theory, engineered cementitious composites (ECC), also known as strain-
hardening cementitious composites (SHCC) or bendable concrete has been widely used in civil
infrastructures such as buildings, bridges, water and energy infrastructures, tunnels and so on [29-33].
The tensile strain capacity of ECC with 2 vol% of fibres is typically over 2% or 200 times that of
normal concrete or ordinary fibre reinforced concrete (FRC) [34]. Unlike the common FRC that
exhibits tension-softening behaviour after crack initiation, ECC possesses high tensile, shear and
flexural strengths with strain-hardening behaviour and has exceptional crack-control capability and
self-healing features, which is beneficial for improving the resilience, durability, and sustainability of
concrete infrastructure [34, 35]. Thus, ECC can be carefully designed with acceptable printability for
3DCP as one of the most promising alternative to steel reinforced concrete to reduce the conventional
steel reinforcement usage and enhance the durability of printed concrete structures.

In recent years, some attempts have been made to develop 3D printable ECC reinforced with
polyvinyl alcohol (PVA) fibre and polyethylene (PE) fibre [28, 36-44]. Regarding PVA fibre
reinforced ECC (PVA-ECC) for 3D printing, the printed ECC containing 2 vol% of 12 mm PVA fibres
had tensile strength of 2.0-4.0 MPa and failure strain of 2.0-6.0% [36, 39], while the tensile strength
and failure strain of the printed ECC reinforced with 2 vol% of 8 mm PVA fibres were found to be
1.0-5.5 MPa and 0.05-3.6% [37, 38, 40], respectively. Regarding 3D printing PE fibre reinforced ECC
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(PE-ECC), with the incorporation of 1-1.5 vol% of 6 mm PE fibres, the tensile strength and strain
capacity of printed ECC can reach 4-5 MPa and 1-3% [41], respectively. When the 12 mm PE fibres
at a dosage of 1-2 vol% were added, a higher ultimate strain (3.6-11.4%) and slightly higher tensile
strength (4.51-5.75 MPa) of printed ECC can be obtained [28, 42-44]. These studies indicated that
the fibre length and volume fraction have a significant influence on the strain-hardening behaviour
of printed ECC. Both PVA and PE fibre reinforced ECC for 3D printing were designed to be printable,
buildable, and featured with strain-hardening behaviour like normal ECC. Generally, it was found
that the tensile strength and ductility of printed PVA-ECC are lower than that of printed PE-ECC
under the same conditions. Due to the hydrophilic property of PVA fibre, the chemical bond between
the fibre without pre-treatment (such as oil coating and air-entraining agent addition) and the
surrounding matrix is considerably strong, which is not preferred as it can lead to pre-mature fibre
rupture before fully utilizing the maximum fibre reinforcement capability [45]. In contrast, the
hydrophobicity of PE fibre increases the possibility to inadequately withstand and transfer shear stress,
leading to premature debonding. This could be restrained and thus the multi-cracking behaviour can
be achieved by increasing the interfacial bonding strength and compressive strength. It should be
pointed out that the tensile strength of PVA fibre is relatively low (i.e., 800 - 1600 MPa), in
comparison with that of PE fibres (i.e., 2500 - 3800 MPa) [46]. Compared to PVA-ECC, PE-ECC
yields more robust tensile ductility with tensile strain capacity of over 4% owing to the high tensile
strength, elastic modulus and hydrophobic nature of PE fibres, which is essential for the structural
reliability performance. Thus, PE fibres are suitable to produce ECC with a wider compressive
strength range, from 40 MPa to 120 MPa (i.e., from common to high strength), while PVA fibres are
commonly used for moderate strength ECC [47, 48]. The hardened strength of the printed
cementitious composites can be compromised due to the weak interfaces inevitably introduced by the
layer-by-layer printing process [49]. Therefore, it is necessary to develop printable ECCs with a
relatively higher strength level to compensate for the risks associated with the printing process. PE
fibres are more favoured in 3D printed ECC.

Most existing studies on 3D printed ECC are mainly focused on material development (e.g.,
rheological control), feasibility study (e.g., printability verification), and mechanical properties of
hardened specimens in comparison with normal ECC. Despite the successful development of
printable ECC, there still exist many challenges. For instance, the influence of 3D printing process
on microstructure and strain-hardening behaviour of printed ECC has been rarely explored. The
relationship between microstructure and macroscopic hardened properties has not been investigated,
which is crucial for tailoring ECC mixes for 3D printing with desired properties. Thus, further
research is required to gain an in-depth understanding of the microstructure characteristics of printed

ECC, especially in terms of pore structure and fibres in extruded filaments, which strongly affect the
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hardened properties including mechanical properties, shrinkage, and durability.

In the actual ECC structures, the heterogeneity of raw components (e.g., inconsistent fibre
diameter and fibre strength), variation in pore size and distribution and non-uniform fibre orientation
and dispersion induced by 3D printing process, and variations of matrix and fibre/matrix interface
properties caused by curing would lead to instability of multiple micro-cracking and tensile strain-
hardening behaviour [50-52]. Unlike the traditional casting process, the extrusion-based 3DCP
process may influence the microstructure characteristics of printed ECC. For fibre reinforced
cementitious composites (e.g., ECC), the fibre orientation and distribution have a profound effect on
the fibre bridging action and thus the toughness and mechanical behaviour. It is challenging to
accurately characterise the pore structure and fibre orientation and dispersion in the printed ECC
compared to normal cast ECC with the same raw materials and curing conditions. As an advanced
non-destructive testing method, X-ray computed tomography (XCT) technology represents an
effective approach to characterising the 3D microstructure of cementitious composites. Up to date,
very limited studies are available on the XCT imaging and analysis of the 3D pore structure of printed
concrete [53-55] and cast ECC [56-58]. Based on the images obtained from XCT scanning [59, 60],
fluorescence [61, 62] and scanning electron microscopy (SEM) [63-66], the fibre orientation and
distribution in fibre reinforced cementitious composites can be captured. For instance, digital image
analysis was applied to estimate the orientation and distribution of steel fibres in the printed ultra-
high performance concrete [S9]. SEM images of failure section captured at backscattered electron
(BSE) mode were used to detect the fibre distribution variation at micro-scale [64]. Based on the
high-resolution 2D cross-sectional BSE images, it is feasible to capture and statistically analyse the
fibre features in 3D printed ECC containing polymeric fibres (e.g., PE) with small diameter, high
aspect ratio and highly flexible. It is of great practical significance to characterise the pore structure
and fibres in extruded filament. The existing studies are mainly focused on the pore size and spatial
distribution or fibre orientation only, while a systematic experimental and analytical study on the
effects of microstructural characteristics including both 3D pore structure and fibre features on the
tensile behaviour of 3D printed ECC is still lacking.

The main purpose of this study is to systematically investigate the relationship between tensile
strain-hardening behaviour and microstructural characteristics of 3D printed PE fibre reinforced ECC.
First, a series of tests were carried out to explore the effects of fabrication method (mould-cast and
3D printing), sample thickness (15 and 30 mm) and fibre length (6 and 12 mm) on the mechanical
properties of PE fibre reinforced ECC including compressive strength, uniaxial tensile properties, and
crack patterns. XCT and BSE imaging along with image processing and analysis was then undertaken
to gain an in-depth understanding of the pore structure and fibre orientation and dispersion of normal

ECC and printed ECC. Afterwards, the effects of pore structure characteristics including porosity,
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pore size distribution and pore shape on the first cracking strength as well as the effects of fibre
orientation and dispersion on the fibre bridge capacity were estimated to understand the underlying
mechanisms of strain-hardening behaviour of printed ECC compared to normal ECC in relation to
the microstructural characteristics.

2. Experimental program

2.1. Raw materials

In this study, type 11 52.5 ordinary Portland cement (OPC), class I fly ash (FA), sulfoaluminate cement
(SAC) based on 100% industrial solid wastes and silica fume (SF) of grade 955 as per Chinese
standards [67-69] were used as binder materials, the chemical compositions and particle size
distribution of which are presented in Table 1 and Fig. 1, respectively. The particle size of the binders
was measured by laser diffractometry (Mastersizer 2000 particle size analyzer). It is indicated that SF
is the finest powder. Fine quartz sand with a maximum size of 300 pm and a mean size of 100 um
was used as fine aggregates to control the fracture toughness of ECC matrix and fibre distribution.
Hydroxypropyl methyl cellulose (HPMC) with viscosity of 38000-42000 mPa-s supplied by Shanghai
Chengi Chemical Technology Co., Ltd, China was used as a viscosity modifier to avoid water
drainage and increase the deformation stability or buildability of mixtures. Polycarboxylate-based
superplasticizer (SP) with a water-reducing rate of 34% and a solids content of 30% supplied by
Sobute New Materials Co., Ltd, China was incorporated into the mixtures to ensure the workability
and thus satisty the requirements for 3D printability.

Short-cut ultra-high molecular weight PE fibres with lengths of 6 mm and 12 mm were used to
reinforce ECC matrix, the physical and mechanical properties of which are presented in Table 2. The
typical fibre volume fraction for ECC is 2%. If the fibre content exceeds 2%, the fibres may not be
uniformly distributed in the matrix and it may be difficult for ECC to be extruded out from the printing
nozzle. In addition, the higher fibre content would increase the material cost. Therefore, the volume
fraction of PE fibre was set as 2% for all mixtures. The morphology of raw materials (except water
and admixture) is displayed in Fig. 2.

Table 1 Chemical compositions (wt.%) of Portland cement (OPC), fly ash (FA), sulfoaluminate
cement (SAC), and silica fume (SF).

Binder  SiO» Fe:O3  ALO3 CaO MgO SO3 K>0O Na,O LOI
OPC 20.40 3.38 4.70 64.70 0.87 1.89 0.49 0.33 3.24
FA 52.20 1550  23.51 1.71 1.2 0.29 0.86 0.56 4.17
SAC 8.11 0.78 27.56  36.19 1.05 14.47 0.48 0.11 11.76
SF 92.90 0.08 2.49 0.84 0.99 0.36 1.64 0.28 1.04
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Fig. 1. Particle size distribution of OPC, FA, SAC, SF and HPMC.
Table 2 Physical and mechanical properties of PE fibre.

) Tensile Elastic Rupture Average Aspect
. Density . Length . .
Fibre s strength modulus elongation Diameter ratio
p (g/em’) Ly (mm)
fr(GPa)  E,(GPa) (%) dy (pm) Lyfdy
PE 0.97 3.0 110 2.7 6/12 24 250/500

OPC SAC

Fine quartz sand PE fibres

Fig. 2. Morphology of raw materials (OPC, SF, FA, SAC, fine quartz sand and PE fibres).

2.2. Mix proportions

Table 3 shows the mix proportions of ECC for normal ECC and printed ECC studied here, where
“N”, “L”, “T” and “3DP” stand for normal, fibre length, sample thickness and printed ECC fabricated
by extrusion-based 3D concrete printing, respectively. Regarding the mix ID, taking N-L6+12-T15
for example, it represents the normal ECC fabricated by mould casting, reinforced by 6 mm (1.5%
by volume) and 12 mm (0.5% by volume) PE fibres, and with the thickness of specimen of 15 mm.
“L6” and “L12” denote 2 vol% PE fibres with a constant length of 6 mm and 12 mm, respectively.
The tensile behaviour of ECC can be affected by many factors such as fibre length, fibre dosage and

matrix properties. Meanwhile, the fresh printable ECC should have excellent rheological properties
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as it not only needs to be fluid enough to be pumped, but also remain stift enough to hold the weight
of subsequent deposited filaments without collapsing [70]. Higher fibre content and longer fibre
length would increase the risk of fibre blockage (even clogging in the nozzle), leading to reduced
mechanical properties of the printed ECC and discontinuity of extruded filaments. Reducing fibre
length and dosage may be a good choice to achieve good print quality and avoid clogging for large-
scale 3DCP. Thus, printable ECC with 1.5% 6 mm and 0.5% 12 mm PE fibres (i.e., 3DP-L6+12-T15)
was engineered in this study to meet both printability and tensile strength and ductility as well as cost-
effectiveness.

Table 3 Mix proportions of normal ECC and printed ECC (wt.%).

Binder
Mix ID Sand Water SP HPMC PE fibre
OPC SAC SF FA

N-L6+12-T15 0.38 0.05 0.09 048 026 026 0.001 0.0004 0.018 (6 and 12 mm)
N-L6+12-T30  0.38 0.05 0.09 048 0.26 0.26 0.001 0.0004 0.018 (6 and 12 mm)
3DP-L6+12-T15 0.38 0.05 0.09 048 026 026 0.001 0.0004 0.018 (6 and 12 mm)

N-L12-T15 0.38 0.05 0.09 048 0.26 0.26 0.001 0.0004 0.018 (12 mm)

N-L6-T15 0.38 0.05 0.09 048 0.26 0.26 0.001 0.0004 0.018 (6 mm)

2.3. Sample preparation

All mixtures were prepared in a 20 L planetary mixer in the laboratory environment (23 + 1°C). Fig.
3 shows the mixing procedure for fresh mixture of ECC. The mixture of ECC was cast into steel
moulds or placed into the printer hopper after mixing. All the mould-cast specimens were de-moulded
after 1 d. Then, all samples were cured in an ambient condition (23 + 1 °C and relative humidity of

40% + 5%) until the testing age of 28 d.

Mixture of dry Mix for 120 s Addition of Mix for 180 s Addition of
. —»
materials: OPC, SAC, 140 rom water and SP |~ 140 rom HPMC powder
SF, FA and, sand P P

Placed into the

printer hopper . .

3D printed ECC+———— Until reaching
- uniform dispersion Gradual Mix for 60 s
Fresh mixture | addition of
of ECC 420 rpm PE fibres | 1401PM

Normal ECC +———
Cast into mould

Fig. 3. Mixing procedure for ECC specimens.

The gantry-type 3D concrete printer was used to fabricate the printed specimens with dimension
of 3m x 2 m x3m, as illustrated in Fig. 4a, which consists of the combination of steel frame, drive
motors, nozzle system, moving guide rail, working platform and control unit. The cone-shape
extrusion device contains a compression section with a gradual groove depth mixing screw and a
forming section (printer nozzle) with a rectangular opening of 30 mm % 16 mm, as shown in Fig. 4b.

After mixing, fresh mixture of ECC was poured into the printer hopper through the batch feeding.
7



Then, the filament (30 mm x 15 mm) was extruded continuously from the printer head using a screw-
type extruder, as displayed in Fig. 4c. The motion speed and extrusion speed of the printer were

selected as 110 mm/s and 110 g/s, respectively.
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Fig. 4. (a) Gantry type extrusion-based 3D printer used in this study, (b) nozzle size, and (c)
extruded filament.

2.4. Test methods
Table 4 presents the tests employed in this study for normal ECC and 3D printed ECC including
compressive test, uniaxial tensile test, X-ray computed tomography (CT) imaging and backscattered
electron (BSE) imaging, which are described in detail below. Given that N-L6+12-T15 and 3DP-
L6+12-T15 have comparable tensile properties, mould-cast specimens with thickness of 30 mm were
used for X-ray CT and BSE tests in comparison with 3D printed specimens, which is discussed further
in Section 3.2.2.
Table 4 Testing scheme for normal ECC and 3D printed ECC of this study.

Fibre volume Samples for each Samples for each
Sample Fabrication fraction (%) mechanical test micro test
method Compressive  Uniaxial ~ X-ray CT
6mm 12 mm : BSE test
test tensile test test

N-L6+12-T15 Mould-cast 75 25 3 4 - -
N-L6+12-T30  Mould-cast 75 25 3 4 3 3
3DP-L6+12-T15 3D print 75 25 3 4 3 3
N-L12-T15 Mould-cast 0 100 3 5 - -
N-L6-T15 Mould-cast 100 0 3 5 - -

2.4.1. Compressive test

The compressive test was carried out to determine the 28-d compressive strength of all mixtures. The
dimension of all specimens was 60 mm x 60 mm x 60 mm. The compressive test was performed on
three replicated samples for each mixture using an electro-hydraulic servo testing machine with a
constant displacement rate of 0.5 mm/min and the peak load values were recorded. Printed ECC
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samples with the specified size were cut and grinded from a printed prism object (Fig. Sa) to measure
the compressive strength. Fig. Sb shows the compressive test setup. As the main purpose of this study
is to investigate the relationship between microstructure and strain-hardening behaviour of normal
and printed ECC, the anisotropy of mechanical properties is not concerned and only the z-direction

(printing direction) was conducted for printed samples.

Loading
direction

0
Loading C?S‘;\- o S
direction dfe, = )
# m g™ "~

Mould-cast sample Down rigid
block

Printed sample

Fig. 5. Schematic diagram of compressive tests on normal and printed ECC specimens (a) casting
and printing, and (b) test set up.

2.4.2. Uniaxial tensile test

Specimens with dog-bone shape were adopted to conduct the uniaxial tensile tests. The loading rate
was set as 0.5 mm/min in accordance with the standards [71, 72]. The deformation in the gauge region
with length of 80 mm was measured by two external linear variable displacement transducers
(LVDTs). Fig. 6 illustrates the uniaxial tensile tests on normal and printed ECC specimens. After 1 d
of curing in the air, several extruded single filaments were cut into prism specimens with dimension
of 330 mm x 30 mm X 15 mm, which were then placed in mould. ECC with an average 28-d
compressive strength of 110 MPa was poured at both sides to form dog-bone specimens (Fig. 6a).
After that, the printed ECC samples were cured until the testing age. The uniaxial tensile test setups

for normal and printed ECC are shown in Fig. 6b and ¢, respectively.
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Fig. 6. Schematic diagram of uniaxial tensile tests on normal and printed ECC specimens (a)
casting and printing, (b) test set up for normal ECC, and (¢) test set up for printed ECC.

2.4.3. X-ray computed tomography imaging

As introduced above, the macroscopic mechanical properties of ECC are strongly dependent on the
microstructure that is highly associated with the mix proportion and fabrication process (mould
casting and 3D concrete printing) if the constant fibre content and length are adopted. In previous
studies, HPMC was not added into the normal ECC mixtures, leading to a high content of macropores
in the fresh mixtures and a certain degree of size effect [73-76]. The vibration of the cast-in-situ
process and the extrusion pressure of the printer nozzle may also affect the compactness of ECC
specimens. To estimate the influence of uneven microstructure, XCT imaging was conducted on the
cast and printed ECC specimens (N-L6+12-T30 and 3DP-L6+12-T15) with various thickness (15 and
30 mm) after mechanical tests. A high-resolution industrial CT scanner (YXLON) was used for
microstructural characterisation of both printed and cast ECC specimens, as illustrated in Fig. 7. The
scanning parameters were set as a voltage of 195 kV and a current of 0.21 mA with a tin filter. A small
piece within the gauge section of the test samples was scanned and the reconstruction was performed
using Avizo software to gain images of 1024 x 1024 pixels with a 0.1 mm interval along height and

a resolution of about 87.5 um/pixel.
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Fig. 7. Test setup for X-ray computed tomography scanning.

The size and distribution of pores in ECC along the tensile loading direction is critical for the
first cracking strength of ECC which is closely related to the maximum pore area (i.e., representative
pore size) perpendicular to the loading direction [56]. In this study, the image greyscale values (GSV)
of the region of interest (ROI) obtained from XCT scanning were applied to characterise the pore
structure of ECC using an open-source image analysis software, ImageJ. Fig. 8 illustrates a flow chart
of image processing and analysis procedure to obtain the pore structure characteristics. Small samples
cut from specimens for tensile tests were used for X-ray CT scanning to obtain the high-resolution
images (slices). Given the irregular dimensions of the cut samples, a series of original X-ray CT slices
of the target sample with irregular area were cropped to sub-slices with regular area for 3D
reconstruction and subsequent image processing and analysis. The dimensions of mould-cast samples
are 28.5 mm X 15.7 mm X 14.5 mm, 27.9 mm x 15.7 mm X 14.5 mm, and 22 mm X 11.4 mm x 11.0
mm, respectively, while that of printed samples are 20.2 mm x 13.3 mm x 14.8 mm, 20.4 mm X 12.3
mm X 14.8 mm, and 21.3 mm x 11.2 mm x 14.8 mm, respectively. Due to different physical density,
the pore and solid phases in hardened ECC samples exhibit an obvious difference in grey level, as
seen in the sub-slice image in Fig. 8a. Based on the grey-level histogram, the global thresholding
method was employed for image segmentation and a constant threshold value of 45 (grey level) was
determined to distinguish pore from solid phases. More details about the global thresholding method
can be found in Ref. [77]. In this study, the largest pore with the maximum area in each slice of image
was selected to determine the pore size in 2D. To facilitate the calculations, the pores are assumed to
be in ellipse. Afterwards, the pore structure characteristics of cast and printed ECC in terms of pore
size distribution (including the maximum and minimum pore sizes of Dyua and Dyin) and porosity

(P2p in 2D and P;3p in 3D) can be obtained as follows:

N.
P — pore 1
2D Nimage ( )
Diax = lag ()
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where Npore 1s the pixel number of pores in each image, Nipyqge 1s the total pixel number in each

image, l,p is the longest distance between two points at the pore edge (mm), i.e., the long axis of

the equivalent ellipse, Seqyuq; 1S the equivalent ellipse area of the largest pore in each image, Dyqy

and D,,;, denote the lengths of long axis and short axis of the equivalent ellipse (mm), respectively,

Voore 1s the total pore volume of ROI, and Vi,tq; 18 the total volume of ROI.
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Fig. 8. Flow chart of image processing to determine (a) 2D pore size, (b) 2D porosity, and (¢) 3D
volume porosity.

2.4.4. Backscatter electron imaging

In addition to pore structure, the non-uniform distribution and orientation of fibres in ECC are also
crucial for mechanical properties of ECC through fibre-bridging effect. To determine the fibre
distribution and orientation in normal cast ECC and printed ECC, the analysis of BSE images was
carried out. The samples taken from the gauge region of each dog-bone shaped specimen after
uniaxial tensile tests were polished and prepared for BSE imaging, as demonstrated in Fig. 9. More

details about the sample preparation for BSE imaging can be found in Ref. [78].
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Fig. 9. Sample preparation for backscatter electron (BSE) imaging.

To capture the fibre dispersion, the images with 20000 um X 11000 pum of the saw-cut samples
were divided into 15 x 4 units, as per a pervious study [66]. Each unit contains a size of 1269.8 um
X 952.4 um. Regarding fibre orientation, the cross-section of fibres on the cut surface can form three
patterns (circle, ellipse, and strip) when the specimen is cut perpendicular to the direction of tension,
as illustrated in Fig. 10a. Here, the fibre inclination angle @ is defined as the angle between the fibre
axis and the normal direction of the fracture surface, which can be calculated using Eq. (5). Fig. 10b
displays the image processing and analysis procedure to detect the fibre orientation, where a two-
parameter function was used to describe the probability density function p(6) as Eq. (6) [79], and
thus the cumulative distribution function P(@) of the fibre orientation can be calculated by Eq. (7).

After that, the actual cumulative distribution function can be obtained by fitting Eq. (7).

0= arccosﬂ )
lf
(sinB)27"1(cosH)?q-1
- 6
P(®) f;:i';x(Sine)z’”‘l(cose)zq‘lde (6)
P(6) = [/ p(6)dd 0<06<m/2 )

where dj is the actual fibre diameter defined as the minor axis length per dispersed fibre, [ is the
major axis length per dispersed fibre, » (= 1/2) and g (> 1/2) are the shape parameters [80], and
Omin (0)and 6,,,, (m/2) are the theoretical minimum and maximum inclination angles of fibres.
As the crack bridging stress at a given crack opening is proportional to the fibre volume fraction,
a high uniformity of fibre dispersion in the cross-section would result in a robust tensile strain capacity
of ECC. The local fibre volume fraction V; (%) can be used to quantify the variation of fibre volume

fraction as follows:

Nf¢XS
e ®)
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where Ny is the number of fibres per image, Sy is the total fibre area per image (um?), and S, is
the physical size (1269.8 um X 952.4 um) for each BSE image at a magnification of 150X.
Furthermore, the fibre distribution coefficient a; denoting the number of fibres per unit area
was adopted to quantitatively evaluate the fibre dispersion degree in hardened ECC, as described in
Eq. (9) [81, 82]. The closer the value of a; is to 1, the more uniform the fibre dispersion is in the

picked area.

ar = exp l—% /Z(x‘T_f)zl ©)

where x represents the average number of fibres in all images, x; denotes the number of fibres in the

i-th image, and » is the total number of all images.
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Fig. 10. (a) Schematic image of inclination angle of fibre; (b) Image processing and analysis
procedure to evaluate the fibre orientation in ECC.

3. Results and discussion

3.1. Compressive strength

Fig. 11 presents a comparison of the 28-d compressive strength of all ECC specimens produced by
mould casting and 3D printing, reinforced with 6 mm and 12 mm PE fibres. As only the mixtures N-
L6+12-T15 and N-L6+12-T30 have the thickness difference, the compressive strength of N-L6+12-
T15 is selected for comparison. As seen in Fig. 11, the mixture N-L6-T15 exhibited the highest
compressive strength (i.e., 61.03 MPa) among all mixtures containing 6 mm fibres, which was 24.1%
and 24.8% respectively higher than that of N-L6+12-T15 and N-L12-T15. According to previous

studies [83-86], the addition of fibres can simultaneously bring both positive and negative effects on
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the compressive strength of cementitious composites, which can be associated with the physical and
mechanical properties of fibres, especially length and stiffness. The reduction in compressive strength
with the incorporation of PE fibres can be mainly attributed to the less compactness of the composite
and the longer fibres (12 mm) would have a greater weakening effect on the compressive strength of
ECC specimen at a given fibre content.

Regarding the influence of production methods, the compressive strength of 3DP-L6+12-T15
was 4% higher than that of N-L6+12-T15 when the load was applied along z-direction, which is
consistent with that presented in Ref. [44]. It can be explained by the fact that (1) the screw’s
continuous extrusion pressure eliminates part of large pores induced by the addition of HPMC,
resulting in a more compact microstructure and more pores with uniform sizes in the extruded
filament; (2) the rectangle of the print nozzle makes larger contact area between adjacent filaments.
It is worth noting that the drop in compressive strength for the mould cast ECC specimens was not
significant when the loading direction was perpendicular to the layer interface, suggesting that the
interface of rectangular filament had no obvious influence on the compressive strength of ECC with
mould casting. The compressive strength of printed ECC varied due to the number of interfaces and
mechanical properties of the interface and thus it is worth to explore the anisotropy of compressive
properties of printed specimens with different interface numbers and interfacial pore characteristics
[87]. Besides, compared to mould cast ECC specimens, the printed ECC specimens exhibited a
relatively greater variation in compressive strength, which can be ascribed to the presence of some

weak interfaces between printed layers.
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Fig. 11. Compressive strength of ECC specimens at 28 d.
3.2. Uniaxial tensile behaviour
3.2.1. Tensile stress-strain response and failure patterns
Fig. 12 shows the uniaxial tensile stress-strain curves of all ECC mixtures at 28 d, indicating that all
mixtures exhibited tensile strain-hardening behaviour and high ductility along with clear multiple
micro-cracking (Fig. 13). It should be mentioned that the tensile stress-strain curve with ductility

close to the average one of different curves for each mixture was selected as the typic curve for
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comparison between different mixtures, as shown Fig. 12f. Typically, the tensile stress-strain curve
of PE fibre reinforced ECC consists of three distinct regions including a linear elastic region, a strain-
hardening region, and a strain-softening region [88]. The tensile stress corresponding to the transition
point of the linear elastic and strain-hardening regions is regarded as the first cracking strength (o;.),
while the tensile stress and strain at the transition point of the strain-hardening and strain-softening
regions are defined as the direct tensile strength or ultimate tensile strength (o,,) and ultimate tensile
strain capacity (&;,). As seen in Fig. 12, no obvious difference can be observed for the first cracking
strength of all ECC specimens. Among all mixtures, N-L12-T15 containing 12 mm PE fibres showed
the most significant strain-hardening behaviour, while the strain-hardening region of N-L6-H15 with
6 mm PE fibres was relatively short. Based on the tensile stress-strain curves and recorded failure
patterns, the typical tensile properties and cracking details of mould cast and printed ECC can be

obtained, which are presented and discussed in detail below.
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Fig. 12. Tensile stress-strain curves of (a) N-L6+12-T15, (b) N-L6+12-T30, (c) 3DP-L6+12-T15,
(d) N-L12-T15, (e) N-L6-T15, and (f) typical curves for different mixtures.
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Fig. 13. Typical tensile cracking patterns of all ECC mixtures.
3.2.2. Tensile properties
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Table 5 summarises the tensile properties and cracking details of ECC, including first cracking
strength (o), ultimate tensile strength (o;,), ultimate tensile train capacity (&;,), number of cracks
(N¢), and the average crack width (w¢). Regarding the ECC specimens containing 6 mm and 12 mm
PE fibres, the first cracking strength was increased slightly with the increase of 12 mm fibre dosage,
which is in good agreement with the findings reported in a previous study [88]. The average tensile
strain capacity went up significantly with the increasing content of 12 mm fibre. With the increase of
12 mm fibre content portion from 25% to 100%, the tensile strain capacity of ECC was increased by
113% and 198%, respectively, which can be mainly ascribed to the fibre bridging effect. As per the
micromechanical bridging theory, the fibre bridging action increases with the increase of fibre length
in a certain range, while 2.0 vol% 6 mm fibres with a maximum embedment length of only 3 mm are
too weak to retain the steady crack propagation [89, 90]. The ultimate tensile strength followed a
similar changing trend, which was slightly increased from 5.20 MPa (N-L6-T15) to 6.15 MPa (N-
L12-H15), which is consistent with that presented in Ref. [91].

As seen in Table 5, no obvious difference can be observed for the 28-d first cracking strength
of ECC specimens with different thickness, i.e., N-L6+12-T15 and N-L6+12-T30. Specifically, as
the thickness of ECC specimen was increased from 15 mm to 30 mm, o, and &, declined from
5.36 MPa to 4.79 MPa and from 5.22% to 4.77%, respectively. The specimen N-L6+12-T30
experienced the highest variation in tensile strain capacity (Fig. 12b). The tensile properties of ECC
may be strongly associated with the mechanical properties of matrix, the pore distribution and the
fibre/matrix interface features. Thus, the decrease and variation in tensile ductility for thicker ECC
specimens (N-L6+12-T30) may be ascribed to the poor fibre dispersion (i.e., poor fibre bridging
efficiency) and more initial air voids (i.e., reduced fracture toughness) in the matrix.

In addition, the test results indicated that the fabrication method (i.e., mould casting or 3D
concrete printing process) has little effect on the first cracking strength, ultimate tensile strength, and
tensile strain capacity of ECC, implying that the mould cast plane ECC specimens (N-L6+12-T15)
and 3D printed ECC specimens (3DP-L6+12-T15) with the same low thickness of 15 mm had similar
tensile properties. The ultimate tensile strength and tensile strain capacity of 3DP-L6+12-T15 (15
mm) were found to be 12.7% and 9.4% respectively higher than that of N-L6+12-T30 (30 mm),
suggesting that more robust composite ductility can be achieved by the extrusion-based 3D printing
process for ECC with appropriate thickness. For dogbone-shaped plane ECC specimens, the larger
transverse cross-section of the block specimen allows the relatively uniform 3D distribution of fibres
and resembles that in a real structure [34]. Therefore, the block specimens for mould casting can be
used to compare the tensile properties of cast-in-situ specimens and printed specimens.

Table 5 Tensile properties of all ECC specimens.

Sample 0¢c (MPa) Oy (MPa) Eeu (%) N we (um)
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N-L6+12-T15 2.47+0.35 5.36+0.25 5.22+0.74 61+6 73.88+1.17

N-L6+12-T30 2.21+0.41 4.79+0.25 4.77+1.85 46+9 96.08+10.27
3DP-L6+12-T15 2.40+0.39 5.40+0.29 5.22+0.84 70+6 73.47+13.00
N-L12-T15 2.63+0.28 6.15+0.36 7.31+1.83 94+29 68.69+12.84
N-L6-T15 2.27+0.16 5.20+0.39 2.45+0.42 2144 110.92+14.42

3.2.3. Multiple micro-cracking
In Table 5, N¢ represents the average number of cracks in 80 mm gauge length, and w, denotes the

ratio of the elongation to the number of cracks (um), i.e., w, = 80000 X fv—tc’ where &;; denotes the
tensile strain at the last plunge of stress-strain curve. The cracking patterns of different ECCs after
load removal shown in Fig. 12 were consistent with the obtained tensile stress-strain curves along
with strain-hardening and significant multiple cracking features for all mixtures. Overall, the average
crack width reduced remarkably with the increase of average number of cracks. Most saturated
distributed micro-cracks can be found across the entire section of the specimen N-L12-T15, followed
by 3DP-L6+12-T15, N-L6+12-T15, N-L6+12-T30, and N-L6-T15, leading to the highest tensile
strain capacity of N-L12-H15. For instance, the average residual crack widths of N-L6+12-T15, 3DP-
L6+12-T15 and N-L12-T15 were in the range of 68.69-73.88 um, similar to those reported for the
typical PE fibre-reinforced ECC [58, 92, 93]. The fine crack widths (typically below 100 um) can be
beneficial for long-term durability and self-healing performance of cast and 3D printed PE-ECC
developed in this study [34, 94]. The average crack widths of N-L6+12-T30 and N-L6-T15 were
relatively larger, which were close to 100 um and over 100 pm, respectively due to the relatively poor
fibre bridging capacity induced by the short fibre length, random pore size distribution and random
fibre dispersion. The effects of pore and fibre distribution will be further verified with the XCT and
BSE results presented in the following sections. In general, a suitable ECC must achieve tensile strain
capacity of over 4% with saturated multiple cracks and 28-d compressive strength of around 51.26
MPa for structural application [95, 96]. The results indicated that the 3D printed plane ECC
containing 1.5% 6 mm and 0.5% 12 mm PE fibres by extrusion-based 3D printing can well meet this
criterion as it had a unique tensile strain capacity of over 5%, autogenous crack width control (less

than 100 um), and compressive strength of over 50 MPa.

3.3. Pore structure characteristics

3.3.1 Pore size distribution and porosity

Fig. 14 illustrates the 3D pore structures of the specimens extracted from normal ECC and printed
ECC, along with the equivalent ellipse centre coordinates of the pore with the largest area in each

slice. Overall, the cast ECC specimens had more large pores per unit volume compared to the printed
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ECC specimens. Natural pores with irregular ellipsoid shape were randomly distributed in the matrix
of the two and some small pores were attached to the surface of larger pores. Aside from the visual
observation, other important information including the volume and size of each pore can be obtained.
The frequency histograms of pore volume for normal ECC and 3D printed ECC are presented in Fig.
15 to quantify the pore size distribution. It should be noted that the pore volume data of three samples
for each fabrication method was combined for analysis. As seen in Fig. 15, the pore volume in the
matrix was mainly within 1 mm? for both fabrication methods. In detail, the pores with size ranging
from 0 to 0.1 mm?® in normal ECC and printed ECC accounted for 95.3% and 97.3% of the total pore
volume, respectively. Besides, for ECC with volume of 10000 mm?3, the number of pores larger than
1 mm? in the normal specimen was greater than that in the printed specimen. The number was, on
equivalent, measured as 12.5 per 10000 mm? for the printed ECC and 31.3 per 10000 mm? for the
normal ECC. Herein, according to the pore size classification given in Refs. [53, 97, 98], the pores in
the reconstructed XCT images can be divided into three groups based on pore diameter, i.e., small

pore: < 0.01 mm?®, medium pore: 0.01-1 mm?, and large pore: > 1 mm?®.
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Fig. 14. 3D pore structures of the samples extracted from the normal and the printed ECC, and the

equivalent ellipse centre coordinates of the pore with the largest area in each slice.
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Fig. 15. Pore volume frequency histograms for normal ECC and 3D printed ECC.

As the largest pores play a more crucial role in determining the cracking strength of ECC, more
emphasis should be placed on the extreme value of a single pore area in the specimen perpendicular
to the stress direction. Based on XCT images, the 2D pore diameter and porosity and 3D porosity of
normal ECC and printed ECC were obtained and displayed in Fig. 16. Given that block samples can
provide more real microstructural characteristics, it is also reasonable here to use conventionally
mould cast ECC specimens with thickness of 30 mm (i.e., N-L6+12-T30) as counterparts for
comparison of porosity. As seen in Fig. 16a and b, D,..x and Dnuin followed the same change trend,
where Dpmax fluctuated greatly while Dyin varied slightly. Moreover, normal ECC varied in the range
0f 0.08-0.81 mm, which is slightly greater than that for printed ECC, i.e., 0.05-0.68 mm. The printed
samples had maximum long axis distances of 4.27, 2.47, and 1.50 mm, respectively, which was
smaller than that for normal specimens, i.e., 7.13, 5.31, and 4.97 mm, respectively. Correspondingly,
the single maximum pore area in 2D transverse cross-section for the normal ECC was 1.9 (15.96/8.56)

times larger than that of the printed ECC, indicating that the macropore size in the normal specimen
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was larger than that of the printed specimen. More specifically, the difference between them was not
significant, as confirmed by the pore volume data, which showed that the maximum pore volume of
the normal ECC specimen (49.25 mm®) was 1.15 times larger than that of the printed ECC specimen
(42.91 mm?).

Based on the analysis of 2D images, the porosity also showed a positive correlation with Djax.
As seen in Fig. 16¢, the maximum porosity of the normal ECC specimen (7.99%) was 1.74 times that
of the printed ECC specimen (4.58%). Additionally, the total average porosity of normal and printed
ECC was found to be 2.5% and 1.2%, respectively, which is consistent with that reported in Refs. [99,
101] that the printed concrete possesses a lower porosity compared to mould casting concrete. In
terms of overall porosity in 3D, normal ECC specimens had an average porosity of 2.52% that is
higher than that of the printed ECC specimens, i.e., 1.26%, but both specimens exhibited a large
variation, as depicted in Fig. 16d. This can be explained by the fact that (1) the screw extrusion
pressure of the printer may reduce the size of large pores in the printed ECC; (2) the higher viscosity
of the fresh material induced by the addition of thickening agents and mechanical vibrations of the
mould casting method makes the larger pores isolated. Thus, it can be concluded that the printed ECC
had a smaller probability of large pores compared to the normal ECC matrix, leading to a less

variation in the tensile properties, as presented in Table 5 and discussed in detail in Section 3.2.
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Fig. 16. Maximum and minimum pore sizes (Dmax and Duin) of (a) normal ECC and (b) printed
ECC, and (c) porosity in 2D and (d) porosity in 3D of normal ECC and printed ECC.

3.3.2 Pore shape

Apart from the pore size distribution and porosity, the pore shape, particularly the shape of large pores
should also be considered when evaluating tensile behaviour of ECC. As illustrated in the 3D XCT
images in Section 3.3.1, the shape of small and medium pores in ECC looked relatively spherical,
while the shape of large pores varied considerably, which agrees well with that found in Ref. [53]. In
this study, the focus is placed on the shape difference of large pores with volume over 1 mm?®. Fig.
17a displays the representative shape of large pores in normal ECC and printed ECC with arrows
indicating the direction of tensile loading. The large pores in both normal ECC and printed ECC
specimens had a similar shape, ranging from near spherical to elongated ellipsoidal. Thus, the stress
concentration around the pores in these two specimens were comparable in the cross sections
perpendicular to the direction of force. Fig. 17b illustrates the ratio (the long axis to the short axis)
of the equivalent area of the largest pore in each slice of normal ECC and printed ECC, which is used
to evaluate the pore morphology. The ratio close to 1 means that the pores on the slice are shaped like
a circle. In general, the normal and printed ECC specimens indicated a similar aspect ratio of pores,
with a variation in the range of 5-10. The average aspect ratios of pore in normal ECC specimens
were 6.52%, 5.72%, and 6.33%, respectively, compared to that of 7.01%, 6.62%, and 5.73% in printed
ECC specimens. In summary, the pore morphology in a single printed filament was nearly identical
to that of normal ECC, which can be ascribed to the existence of a single extruded filament of printed
ECC for analysis without the interface.
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Fig. 17. (a) Typical shape of large pores; (b) Pore aspect ratio throughout normal and printed ECC.
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3.4. Fibre orientation and dispersion

3.4.1 Fibre orientation

In terms of fibres, the heterogeneous microstructure of ECC contains variable localised fibre
orientation distribution, length distribution and volume fraction. Due to the same fibre specifications
for both mould cast and printed ECC specimens, the effects of variations in fibre orientation and
dispersion on macroscopic tensile ductility are explored here. Fig. 18 shows the BSE images of cross
sections of normal ECC and printed ECC, where the unhydrated cement particles, epoxy impregnated
pores and fibres were presented in black while the quartz sand was shown in grey. Compared to
normal ECC, printed ECC had a more uniform fibre dispersion and the fibre orientation in it was
more perpendicular to the direction of tension. To determine the fibre characteristics in ECC produced
by different fabrication methods, the image processing approach introduced in Section 2.3.4 was

adopted to analyse the fibre orientation and dispersion using the obtained BSE images.
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Fig. 18. BSE images of (a)normal ECC and (b) printed ECC with various orientation distribution.
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Fig. 19 illustrates the frequency histograms and the corresponding cumulative frequency of fibre
inclination angle 6, as well as the pie charts of fibre inclination angle 6. In general, most fibre
inclination distribution of the cast ECC specimens tended to possess a larger angle compared to that
in the printed ECC specimens. For instance, most fibre inclination angles of normal ECC specimens
were within the range of 40-50°, 50-60°, and 50-60°, with the corresponding proportions of 33.6%,
36.2%, and 37.2%, respectively. It also can be observed that most of the fibre inclination angles of
the printed specimens were concentrated in 30-40°, 30-40°, and 20-30°, with the corresponding
proportions of 36.9%, 28.3%, and 28.7%, respectively. Moreover, when comparing the percentage of
fibres with an inclination angle greater than 50°, the normal specimens had a value of 39.2%, 46.9%,
and 50.7%, respectively, while the printed specimens had a value of 3.8%, 7.5%, and 4.7%,
respectively, suggesting that the average value of fibre inclination angle over 50° for normal ECC

was approximately 8.6 times that of printed ECC.
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Fig. 19. Frequency and cumulative frequency of fibre inclination angle 8 of (a) normal ECC-1, (b)
normal ECC-2, (¢) normal ECC-3, (d) printed ECC-1, (e) printed ECC-2, and (f) printed ECC-3.

According to the calculated inclination angle data, the practical distribution of fibre angles can
be fitted by Eq. (6), and parameters » and g can be derived. Fig. 20 shows the fitted probability density
functions of fibre inclination angle 6 for different specimens. Table 6 presents the experimental and
fitted data of the fibre orientation characteristics using the method described in Section 2.3.4. The
average 6 of the normal ECC was 47.7°, which was approximately 58% higher than that of the printed
ECC (30.2°). The larger the value of r, the more p(6) tends to be distributed with a larger inclination
angle (Fig. 19¢), while the larger the value of ¢, the more p(6) tends to be distributed with a smaller
inclination angle (Fig. 19d). The extreme points of the fitted probability density function for normal
ECC specimens were corresponding to inclination angles of 47.5°, 47.8°, and 49.6°, respectively,
indicating that most of the PE fibres in normal ECC had inclination angles larger than 45°.
Furthermore, the extreme points of the fitted probability density function for printed ECC specimens
corresponded to inclination angles of 30.7°, 30.7°, and 26.6° respectively, suggesting that most of the
PE fibres in printed ECC had inclination angles of lower than 45°. This is consistent with the average
angle of fibre for different fabrication methods presented in Table 6. All these indicate that short PE
fibres in extrusion-based 3D printed ECC exhibited a higher fibre alignment in the printing direction,
1.e., the fibre orientation is more perpendicular to the direction of tension, than that in normal ECC,
which can help enhance the efficiency of fibre bridging action. A relatively higher degree of fibre
alignment in printed ECC can be attributed to the fibres under high shear and compression forces
tending to orient in the flow direction of ECC, i.e., the printing direction, which is in good agreement

with the findings for 3D printed fibre-reinforced cementitious composites reported in Refs. [59, 101].
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Fig. 20. Fitted probability density functions of fibre inclination angle & of normal and printed ECC.

Table 6. Experimental and fitted data of the fibre orientation characteristics in ECC.

Experimental data Fitting results
Sample R — -

Average angle 6 Major distribution & proportion r q
Normal ECC-1 46.1° [40-509, 33.6% 4.1 35
Normal ECC-2 48.2° [50-609, 36.2% 5.1 3.5
Normal ECC-3 48.7° [50-609, 37.2% 5.9 4.4
Average 47.7< - 5.0 3.8
Printed ECC-1 30.4° [30-409, 36.9% 2.2 5.3
Printed ECC-2 31.5° [30-409, 28.3% 1.4 3.2
Printed ECC-3 28.7° [20-309, 28.7% 1.4 4.3
Average 30.2 - 1.7 4.3

3.4.2 Fibre dispersion

In addition to the fibre orientation distribution, the fibre dispersion can also affect the fibre bridging
effect at the crack opening. The local fibre content and fibre distribution coefficient, as described in
Section 2.3.4, are used to quantify the distribution of PE fibres in the cutting ECC plane. It is worth
noting that the local fibre content denotes the percentage of total fibre area on each piece. A
comparison of the local fibre content and fibre distribution coefficient of normal ECC and printed
ECC is presented in Fig. 21a and b, respectively. No apparent difference can be observed in terms of
the average local fibre content in normal ECC and printed ECC. The local fibre content of printed
ECC was slightly reduced from 2.42% to 2.37%. Moreover, both normal ECC and printed ECC were
highly volatile. Besides, the average fibre distribution coefficient was found to be 0.82 for printed
ECC, which was approximately 7.9% higher than normal ECC. This suggests that compared to
normal ECC, the printed ECC had a relatively more uniform fibre distribution and the extrusion-
based 3D concrete printing process for ECC may have no considerable influence on the fibre

distribution in comparison with the normal production process.
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Fig. 21. Local fibre content and fibre distribution coefficient of normal and printed ECC.
4. Discussion
4.1 General
According to the micromechanics-based design theory of ECC, the strength and energy criteria given
in Egs. (10) and (11) should be satisfied to attain the tensile strain-hardening and multiple cracking
behaviour [102]. Regarding the strength criterion, the composite cracking strength (o.) must not
exceed the fibre-bridging stress (a3,) crossing the crack, which controls the initiation of cracks in ECC.
The energy criterion is set to govern the crack propagation mode that the crack tip toughness (Jtip)
should be less than the complementary energy (J;), which can be calculated from the fibre bridge
stress - crack opening (o - ) curve.

0. < 0y (10)

8ss ' 1)
Jeip = Oss0ss — fo 0(8)ds = K /En, <Jp = 006 — fo *0(8)ds (11)

where Jy is the crack opening at the maximum bridging stress (gp), dss is the crack opening
corresponding to the steady state bridging stress (ass), Kn 1s the fracture toughness of matrix that is
equal to 0.118 MPa-m'? for normal ECC and printed ECC derived by fitting the experimental data of
direct tensile tests on ECC without fibre to Eq. (12), and E, is the elastic modulus of matrix obtained
from the stress-strain curve under uniaxial compression (18 GPa for both normal and printed ECC in

this study).

Km
O, = 7\/% (12)

In addition, the pseudo-strain hardening (PSH) indices including PSHstrength (PSHstrength =
O¢u/0¢c) and PSHenergy (PSHenergy = J5,/ Jiip) Were used to quantify the margin of the tensile ductility
robustness [103]. In practice, oy/0, = 1.3 and J,//xp = 2.7 are needed to attain robust tensile
strain-hardening.

Based on the first cracking strength and ultimate tensile strength given in Table 5, the average
PSHstrength of the normal and printed ECC corresponding to the stress level at first cracking was found

to be 2.17 and 2.25, respectively, which exceeded 1.3, suggesting that both normal and printed ECC
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can exhibit multiple cracking and strain-hardening behaviour. Single-crack tests on notched normal
ECC and printed ECC specimens under direct tension (see Fig. 22) were conducted to obtain the
bridging stress-crack opening relationship (o-0 curve) and validate the strain-hardening behaviour.
Fig. 23a displays a typical o-0 curve for ECC, which can be adopted to estimate the relationship
between micro-scale material parameters and macro-scale tensile strain-hardening behaviour. The
tensile stress-crack opening curves of normal and printed ECC obtained from the single crack tests
were presented in Fig. 23b, indicating that the printed ECC has a greater average gy than normal ECC
with a small variation. The average crack opening (Jdp) of normal ECC measured at the notched
sections of five specimens was 0.23 um, which was slightly smaller than that of printed ECC (i.e.,
0.25 um). The complementary energy (/) of normal ECC and printed ECC calculated from the o-6
curve was 265.02+38.55 J/m? and 337.06+31.03 J/m?, respectively. The average value of J;, of printed
ECC with smaller fibre inclination angle was about 127% greater than that of normal ECC. The
average value of Jip derived using Eq. (11) was 0.77 J/m? for normal and printed ECC, implying that
the toughness of matrix was low and thus would facilitate the steady-state cracking under constant
applied stress. With the obtained ], and Jip, the average values of PSH. (= Jj/Jip) of normal and
printed ECC can be calculated as 344.18 and 437.74, respectively, which fully satisfied the energy
criterion. PSH. is highly associated with tensile strain capacity. A higher PSH. is favourable for more
saturated cracking and leads to higher tensile strain capacity [104, 105], which suggests the printed
ECC had a higher tensile stain capacity and more saturated cracking behaviour compared to normal

ECC.

(a) (b)
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Fig. 22. Single-crack direct tension test: (a) notched dog-bone area and (b) test set up.
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Fig. 23. (a) Typical o-0 relation for strain-hardening cementitious composites (modified from [34]);
(b) -0 relation for normal ECC and printed ECC.

4.2 Effect of pore structure characteristics on strain-hardening behaviour

The pore structure characteristics of ECC can significantly affect its tensile properties and the pore
size distribution determines the number of cracks that can develop before the stress reaches the
ultimate tensile strength [106]. Herein, the available model about the crack strength of composites
containing short random fibres was firstly reviewed. Then, a simplified analytical model was
proposed, assuming that the pores in matrix are not bridged by fibres initially. Afterwards, the
analytical model was validated with experimental data including nominal pore size and cracking
strength, where the nominal pore size was determined by the semi-major axis length (Dmax/2) of the
largest pore in this study.

Fig. 24 shows the BSE images of specimens cut from ECC specimens before uniaxial tensile
test. Microcracks around the pores and along the interface between the sand and the matrix can be
seen in both normal and printed ECC, which can be attributed to the dry shrinkage since both normal
and printed ECC were cured in natural air condition. Internal pores and the sand/matrix interface are
the origins of crack initiation and growth [96, 107, 108]. Cracks can form along microcracks around

the fibres when subjected to tensile stress.

»

Pore

25 pm

Fig. 24. Microcracks in ECC specimens before uniaxial tensile test.
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Fig. 25a illustrates the analytical models for determining the crack strength of ECC containing
randomly oriented short fibres. For a penny-shaped crack (the largest pore on each cross-section)
bridged by fibres at the initial state, a parabolic crack was assumed to have uniform crack-bridging
stress on the crack flanks, and the crack tip fracture toughness (Ktp) is the sum of the components
related to the applied tensile load (Kv.) and the fibre bridging (Kg) [102] as follows:

E,
Kup = Ky + Kp = 75K (13)

Kyip = 2 f f [on— 63(5(X))]XdX f 10LXdX f f1 GB(é'(X))XdX (14)

where c is the crack (pore) size, E. is the elastic modulus of the composite, X = x/c with x being the

distance from a point on the crack surface (in the direction of crack growth) to the centre of the full
crack or the opening edge of the half crack, and Ky, can be simply regarded as K, for the composite
with low fibre content.

In Eq. (14), the fibre bridging stress (o) is directly associated with the crack opening
displacement &(x), as follows [109]:

§(x) = IM 1— (E)Z (15)

E; c
where v is the Poisson's ratio of matrix, and Ec = EnVm + EfV¢ with Vi, denoting the volume fraction
of matrix and Er and Vs representing the elastic modulus and volume fraction of fibre, respectively.
Combining Egs. (13)-(15) and setting Kiip = Km, the crack strength (o.) of the section with

bridging fibres can be calculated as:

= goo [ T2+ (3/E-10)] (16)
with
g=2(1+e™?)/(4+f?) (17)
oo = Vet(lp/ds)/2 (18)
R = (Kp/o0\/20)/(95°) (19)
C=56""Jc/co (20)
€= (Z:f:)z G 1)
§ = (2e/E (1 +m) (Ip/df) (22)
n = (V;Ef)/(ViEm) (23)

where K is the ratio of crack tip energy absorption to the energy absorbed by the fibre, C is the

normalized crack radius at the peak-crack bridging displacement, f is the snubbing coefficient, 7 is

the interface frictional bond strength, and Irand dr are the length and diameter of fibre.
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Once the included micromechanical parameters are given, the relation between crack strength
and pore size can be determined by solving Eq. (16) which describes the contributions of matrix and
fibres to the crack strength of ECC. As seen in the BSE images above, most pores were not bridged
by fibres, which was also reported in Ref. [56]. Microcracks in the matrix around pores or sand can
act as a path for crack growth. As the applied tensile load increases, the crack would propagate
towards the fibres, while the fibres start taking the effect to inhibit the crack growth. For the case that
the pores are not bridged by fibres, the analytical model for crack strength can be modified as
illustrated in Fig. 25b, which is also composed of two parts with a minor change on K;. For the
integral variable x, the range of integration for calculating Kz remains [0, c], while for calculating
K, itis in the range of [0, ¢ + cp], where ¢, is the nominal size of the initial pore without fibre across
itand c is the crack size bridged by fibres during crack growth. In the original models, it was assumed
that the crack shape during crack growth is related to the stress balance on the crack surface. As the
cracks in the modified model are newly generated and the initial defects do not affect the initial crack
opening displacement, such assumption is also valid for the modified model which can be calculated

as a function of ¢ and c, as follows:

0e(e,¢p) = oo | ———+ (2JC - 10) 24)

2 5t ’(c+cp)/co 3

Fig. 26 shows the calculated crack strength with the input parameters listed in Table 7
considering the nominal pore size using the original and modified models, which was compared with
the experimental data for normal and printed ECC. It can be observed that the crack strength
decreased continuously with the increasing pore size. Compared to the original model, the modified
model gave the results closer to the experimental data. It should be noted that each pre-existing
nominal pore size (cp) is corresponding to a crack strength curve. The slight increase in calculated
crack strength indicates the positive bridging effect of fibres during the crack propagation process. In
addition, the crack strength provided by the matrix decreased with the increase of ¢,. Hence, the peak
crack strength corresponding to each pre-existing nominal pore size ¢, forms the curves obtained
using the modified model. E, and 7 are the key parameters for the calculations, the mean values of
which were used in this study. Different production processes (mechanical vibrations and extrusion
pressure) and curing conditions adopted for normal ECC and printed ECC can lead to variations in
E.n and 7. Therefore, accurate measurement of input parameters, especially E,, and ¢ for normal and

printed ECC can help further achieve precise predictions by the modified model.
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Fig. 25. Schematic illustration of the existing and modified models for determining the crack
strength of ECC: (a) existing model and (b) modified model.

Table 7. Micromechanical parameters of ECC used as model input.

Volume fraction, Vy 2%
Length, /s (mm) 6 and 12
. Diameter, dy (mm) 0.024
Fibre ]
Elastic modulus, E;(GPa) 110
Tensile strength, o 4 (MPa) 3000
Interfacial chemical bond, G, (J/m?) 0
Volume fraction, V, 98%
) Elastic modulus, E,, (GPa) 18
Matrix 12
Fracture toughness, K, (MPa-m™'<) 0.118
Poisson’s ratio, v 0.2
) ) Frictional bond, 7 (MPa) 1.16
Fibre-matrix . .
) Snubbing coefficient, f 0.65
interface ] .
Fiber strength reduction factor, f~ 0.50
10
= Experimental data for normal ECC
Experimental data for printed ECC
—_ 81 Original simulation results
g - - —Updated simulation results
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Fig. 26. Relationship between crack strength and nominal pore size for normal and printed ECC.
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4.3 Effect of fibre characteristics on strain-hardening behaviour
The addition of viscosity modifier (HPMC) and the use of different manufacturing methods for ECC
(mould casting and 3D printing) may affect the fibre dispersion and orientation in the fresh mixture,
leading to variations in cracking-bridge capacities of the fibres in hardened ECC. According to the
composite theory [81, 110], the ultimate tensile strength of ECC can be calculated considering the
tensile strength of ECC matrix and fibre bridging effect as follows:

oce = MMeVropy + (1 = Vp)Omy (25)

no = fo" p(8)cos?0do (26)
where o, is the ultimate tensile strength of the ECC (MPa), g,,, is the tensile strength of the
matrix (MPa), 7n; is the coefficient related to the fibre length, ng is the fibre orientation coefficient,
Vs is the fibre volume fraction, oy, is the fibre tensile strength (MPa), and p(6) is the probability
density function of the fibre orientation.

As indicated in Eq. (26), ng=1 when all fibres are aligned parallel to the tensile stress direction,
while 71¢= 0 implies that all fibres are aligned perpendicular to the tensile stress direction. Due to the
similar matrix cracking strength of normal and printed ECC, only the effect of fibre orientation needs
to be considered. By substituting the mean values of fibre orientation parameters » and g into Eq. (25),
the fibre orientation coefficient for normal and printed ECC can be calculated as 0.432 and 0.717,
respectively. The local fibre content and fibre dispersion of printed ECC are higher than those of
normal ECC. These resulted in the higher ultimate tensile strength of printed ECC (5.40 MPa) than
normal ECC (4.79 MPa), as presented in Table 5.

To investigate the effect of inclined angle 6 on the strain-hardening behaviour of normal and
printed ECC in terms of fibre pull-out from matrix, the probability of fibre rupture was further
quantitatively analysed. According to [111, 112], the fibre rupture zone due to the aggregation of all
potential rupture fibres can be derived by the critical ruptured length /() and the fibre inclined angle
0, which can be expressed as Eq. (27). With the input parameters listed in Table 7, the fibre crack
zone can be derived by substituting the mean value of fibre orientation parameters » and ¢ into Eq.
(7), which is displayed in Fig. 27 along with the cumulative frequency of fibres in normal and printed
ECC. Only when the fibre embedment length (/) is greater than /4(6), the fibre fracture can occur,
which is highly dependent on the actual fibre embedment length. Furthermore, a critical angle (6,)
can be derived as the minimum fibre inclined angle using Eq. (28). If the inclined angle is smaller

than 6., the fibre would not rupture, regardless of the fibre embedment length.

1,(0) = ('Tf%rdfe—(f+f')9 (27)
_ _; Z’L'lf
Oc = f+r! n (Ufudf> %)
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As mentioned above, 1.5 vol% 6 mm and 0.5 vol% 12 mm short PE fibres were added into ECC.
Here, the fibre rupture zones corresponding to different fibre lengths were described separately. The
inclination angle of most fibres was less than the critical angle (81.9°) when the fibre embedded
length was 3 mm (half of the fibre length of 6 mm), suggesting that most fibres would be pulled out
from the matrix during crack propagation. Therefore, the effect of 6 mm fibre fracture on bridging
capacity can be ignored. In addition, the critical angle was 47.3° when the embedded length was 6
mm (half of the fibre length of 12 mm). 57.5% of the fibres (i.e., 0.2875 vol% 12 mm fibres) were at
risk of fracture for normal ECC, while that fibre content for printed ECC was only 8.8% (i.e., 0.044
vol% 12 mm fibres), implying that printed ECC would present a higher fibre-bridging action than
normal ECC given the local fibre content and fibre dispersion. No apparent difference can be observed
in terms of the fibre content at risk of rupture due to small addition of 12 mm PE fibres (0.5 vol%),
which suggests that premature fibre failure has little effect on the calculation of fibre bridging stress
at a given cross-section for normal and printed ECC studied herein. This is consistent with the test
results in terms of average maximum bridging stress (op) which was 4.97 MPa and 5.80 MPa
respectively for normal and printed ECC. However, for ECCs produced with 100% 12 mm or longer
fibres, the effect of fibre fracture on crack-bridging strength will play more significant roles.
Moreover, as the same fibres are used for normal and printed ECC, it can also be found from Eq. (27)
that the critical ruptured length (/4(0)) is also influenced by the interfacial frictional bonding strength
(r) besides the snubbing coefficient (f) and the fibre strength reduction coefficient (/”). The bond
strength between the fibres and the matrix of normal and printed ECC may be different due to the
different production methods. The critical fracture inclination corresponding to the same embedment
length was reduced with the increase of the bond strength, leading to a further increase in the risk of
fibre rupture. Thus, a quantitative assessment of the fibre rupture effect is required for calculating the

fibre bridging stress, which can help obtain an accurate prediction result.
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Fig. 27. Comparation of fibre rupture zone for normal and printed ECC.
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Based on the analysis and discussion above, it can be concluded that the matrix in normal ECC
had a higher probability of large pores than that in printed ECC, leading to an increase in the risk of
damage localization and more variation in tensile properties, while there is little difference in pore
shape property between normal ECC and printed ECC. If ignoring the pore size difference between
normal and printed specimens, the difference in tensile properties of them can be mainly ascribed to
the fibre orientation and distribution. Fig. 28 illustrates the fibre-bridging action of normal ECC and
printed ECC in tension. For a given crack opening, normal ECC with a higher inclination angle
exhibits a weaker fibre bridging stress. When fibres are loaded at an excessive inclination angle, the
in-situ tensile strength of fibres may be reduced due to fibre surface abrasion, local bending, and
lateral stress, resulting in premature fibre rupture during the slip-hardening process [113]. Moreover,
the fibres with higher inclination angles may induce matrix spalling at the exit point of the fibres in
normal-strength ECC, leading to a reduction in effective embedment length and pull-out resistance
[114]. Besides, a lower fibre distribution coefficient would increase the risk of fibre coagulation,

which in turn reduces the fibre-bridging ability to resist crack opening.
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Fig. 28. Illustration of fibre bridge action of normal and printed ECC in tension.
5. Conclusions
In this study, a comparison of the pore structure features, fibre characteristics and strain-hardening
behaviour of ECC reinforced with 6 and 12 mm PE fibres manufactured by extrusion-based 3D
concrete printing and mould casting was conducted, aiming to better understand the relationship
between microstructure and tensile strain-hardening behaviour of 3D printed ECC. Based on the

experimental results and theoretical analysis, the main conclusions can be drawn as follows:
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(1) The compressive strength of mould cast ECC declined with the increase of fibre length. The
normal ECC mixture with 100% 6 mm fibres exhibited the highest compressive strength, i.e., 61.03
MPa. The compressive strength of printed ECC under z-direction of loading was 4% higher than that
of normal ECC, which can be attributed to the continuous extrusion pressure and larger contact area
between filaments.

(2) No obvious difference can be observed for the 28-d first cracking strength of all ECC
specimens. Normal ECC and printed ECC with the same thickness of 15 mm had comparable tensile
properties. However, the ultimate tensile strength and tensile strain capacity of printed ECC specimen
(3DP-L6+12-T15) were found to be 12.7% and 9.4% respectively higher than that of normal ECC
specimen (N-L6+12-T30), suggesting that more robust composite ductility can be achieved by the
extrusion-based 3D printing process. The block specimens with uniform 3D distribution of fibres for
mould casting can be used to compare the tensile properties of cast-in-situ and printed ECC specimens.
Additionally, considering both printability and basic mechanical properties, the feasibility of 3D
printed plane ECC (1.5 vol% 6 mm and 0.5 vol% 12 mm fibres) with unique tensile ductility (above
5%), autogenous crack width control (less than 100 um), and compressive strength of over 50 MPa
was experimentally verified based on extrusion-based 3D printing.

(3) Normal ECC tended to have more large pores compared to printed ECC, leading to larger
variations in tensile properties. As an important feature of pore shape, a similar aspect ratio of pores
ranging from 5-10 can be observed for normal and printed ECC, implying that the pore morphology
in a single printed filament is nearly identical to that in normal ECC. The average aspect ratio of pores
in normal ECC specimens was 6.52%, 5.72%, and 6.33%, respectively, while that in printed ECC
specimens was 7.01%, 6.62%, and 5.73%, respectively.

(4) Short fibres in extrusion-based 3D printed ECC exhibited a higher fibre alignment in the
printing direction, i.e., the fibre orientation is more perpendicular to the tensile loading direction
compared to that in normal ECC. There did not exist a close correlation between fibre distribution
characteristics (local fibre volume fraction and fibre distribution coefficient) and manufacturing
method (mould-casting and extrusion-based 3D printing). The fibre inclination angle for normal ECC
was 47.7°, which was approximately 58% higher than that for printed ECC. Specifically, the number
of fibre inclination angles over 50 for normal ECC was about 8.6 times that for printed ECC. The
local fibre content for normal and printed ECC was 2.42% and 2.37%, respectively. The average fibre
distribution coefficient for printed ECC was 0.82, which was about 7.9% higher than that for normal
ECC.

(5) Both strength and energy criteria for tailoring ECC were successfully satisfied, which
guarantees the tensile strain-hardening behaviour in normal and printed ECC. A modified analytical

model for predicting the crack strength of ECC was proposed, which can predict the cracking
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characteristics of normal and printed ECC with acceptable accuracy. The difference in tensile

properties of normal ECC and printed ECC can be well explained by the micromechanics-based

design criteria and the modified analytical model with different microstructure parameters as inputs,
which can facilitate the optimisation of 3D printable ECC mix design and printing process.
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