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Limestone Calcined Clay Cement for Three-Dimensional-
Printed Engineered Cementitious Composites
by He Zhu, Kequan Yu, Wesley McGee, Tsz Yan Ng, and Victor C. Li

The feasibility of three-dimensional (3D)-printable (3DP) engi-
neered cementitious composites (ECC) has previously been
demonstrated. However, the high carbon footprint of ordinary port-
land cement-based ECC remains a sustainability challenge. An
emerging green limestone calcined clay cement was employed as
an intrinsic rheology modifier. Both fresh and hardened properties
were investigated. The lower-carbon cement increased the viscosity
and shape-retention ability compared to portland cement-based
ECC, endowing the new composite with intrinsic printability. The
compressive strength and split tensile strength exhibited anisotropy,
depending on the loading direction relative to the layered geometry.
Despite the negative impact of the progressive cavity pump on fiber
dispersion, 3D-printable limestone calcined clay cement-based
ECC retained a ductility of 3.0% at 28 days, showing promise in
sustainable construction applications.

Keywords: engineered cementitious composites (ECC); fiber; limestone
calcined clay cement (LC3); rheology; shape retention; strain-hardening;
three-dimensional (3D) print.

INTRODUCTION

Extrusion-based three-dimensional printing (3DP) of
concrete is attractive in construction due to its advantages
such as increased design flexibility, cost benefits (labor, form-
work, material, time), as well as sustainability (low waste and
low carbon and energy footprints)."> However, the inherent
incompatibility between the concrete extruding process
and steel reinforcement required due to the brittle nature of
concrete remains a challenge for 3DP concrete applications.?
Engineered cementitious composites (ECC), self-reinforced
with fibers and possessing a strain-hardening behavior, have
been demonstrated in full-scale structures and used in repair
applications.>* The self-reinforced characteristic of ECC>®
promises to overcome the incompatibility between concrete
and steel reinforcement in 3DP construction.

The ductility of 3DP-ECC is influenced by fiber disper-
sion, governed by both material rheology and the extrusion
process. The rheological behavior of ECC must satisfy
requirements of fiber dispersion, pumpability, printability,
and buildability. The challenge is to keep fibers from
clumping after extrusion to maintain robust strain-hard-
ening. 3DP-ECC using polyethylene (PE) fiber with high
ductility (>3%) has been previously developed.”® However,
the high cost of PE fiber limits the use of 3DP-PE-ECC.
Polyvinyl alcohol (PVA) fiber, with costs approximately
half of PE fiber,’ has demonstrated robust strain-hardening
performance with excellent ability to control crack width in
typical ECC. Thus it remains the most used fiber in ECC.*
Although high strain capacity (>3%) of PVA-ECC has been
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obtained through manual printing,>'®!! the ductility of full-
scale 3DP-PVA-ECC elements remains below 0.5%,'%!3
offsetting the performance value of ECC. Further research is
needed on the development of 3DP-PVA-ECC with at least
2% tensile ductility.

Limestone calcined clay cement (LC3), usually incor-
porating clinker, calcined clay, limestone, and gypsum,
is gaining popularity due to its low carbon footprint, low
embodied energy, and wide availability. Compared to ordi-
nary portland cement (OPC) concrete, LC3 concrete exhibits
comparable strength performance and is more durable.'*!?
Additionally, LC3 increases the yield stress, thixotropy,
plastic viscosity, and cohesion of concrete.!® The rheolog-
ical performance has also been proven to be superior for
3D printing of concrete.!” LC3 has been used in ECC with
more than 30 MPa compressive strength and 6% tensile
ductility.'®"® However, adding fibers to the matrix may
present challenges of printability, buildability, and robust
strain-hardening of ECC. Thus, it is necessary to investigate
the rheological property and mechanical performance of
LC3-ECC for 3DP applications.

This research aims to develop a 3D-printable ECC using
LC3 and PVA fiber. The goal is to achieve superior rheo-
logical behavior and sufficient mechanical performance for
3DP applications. A flow table test per ASTM C1437?° and
a shape retention ability test were conducted to characterize
the fresh properties. Anisotropic mechanical properties were
investigated by compressive and split tensile strength tests
with different loading directions. Finally, the uniaxial tensile
ductility was examined.

RESEARCH SIGNIFICANCE

LC3-ECC has been demonstrated as a low-carbon and
low-embodied-energy construction material. LC3 holds
promises in 3DP applications, including the advantages of
enhanced yield stress, thixotropy, plastic viscosity, and cohe-
sion of concrete. This work represents the first demonstration
of fresh LC3-ECC as having intrinsic properties suitable for
3DP without the need for additional thixotropic or viscosity
control. The development of a 3D-printable LC3-ECC with
superior printability, buildability, and ultra-high ductility
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Table 1—Chemical compositions of OPC, FA, and
MK (mass %)

Material CaO | ALO; | SiO, | SO; | Fe,05 | MgO | Others
OPC 63.5 48 | 19.6 | 2.6 2.9 22 4.4
FA 17.4 198 | 394 | 19 11 370 | 6.8
MK 0.0 46.6 | 50.8 | 0.1 0.5 0.0 2.0

Note: Limestone (LS) is highly pure CaCO; powder, and main composition is CaO.

Table 2—Properties of PVA fiber

Fiber Young’s | Surface oil | Elon- | Nominal
diameter, | Length, | modulus, | content, | gation, | strength, | Density,
pum mm GPa wt. % % MPa kg/m?
39 8 42.8 1.2 6.0 1600 1300

will increase the sustainability of the material and construc-
tion process.

EXPERIMENTAL INVESTIGATION
Materials

The LC3 cement employed in this study was blended by
weight of 55% OPC (Type 1), 30% metakaolin (MK), and
15% limestone (LS). Lower-cost, less-pure calcined clays
are commonly used in practice. LC3-based concrete with
lower-grade MK showed comparable mechanical and dura-
bility performance as OPC-based concrete.?!** The high-pu-
rity MK used in this study was based on laboratory avail-
ability to emulate the LC3.

Fly ash (FA) was adopted to tailor the matrix for robust
strain-hardening behavior. The adoption of FA in ECC has
been demonstrated with ultra-high volume (up to 85%),%
local source FA,?27 different FA types (fineness and CaO
contents),?®?? and even solid waste FA.3° Although coal-fired
power generation is on a decline, coal power is expected to
remain a primary power source for the next few decades and
will continue to produce FA as a by-product. The current use
percentage of FA is just above 50%. Further, FA stored as a
landfill can be exploited,*° suggesting an abundant supply of
FA 3132 The adoption of FA with a weight ratio of 2.2 to OPC
in this study also increases the material greenness.

Table 1 lists the chemical compositions of binder ingre-
dients (OPC, MK, LS, FA), the particle size distribution
of which can be found in Zhu et al.¥ High-range water-
reducing admixture (HRWR) was obtained. The PVA was
used for reinforcement of ECC, as well as a rheology modi-
fier for 3D printing. The properties of micro PVA fibers are
listed in Table 2.

ECC mixing process

The dry ingredients (OPC, MK, LS, FA) were pre-mixed
for 10 minutes following the weight ratio listed in Table 3.
Then, water associated with HRWR was added and further
mixed for 10 minutes at 100 RPM to obtain a homogeneous
paste. PVA fibers (2% volume) were added to the fresh mate-
rials and mixed at 200 RPM for an additional 6 minutes.
Mechanical performance tests were conducted for the fresh
ECC (Table 4). It should be noted that the ECC for the
flow table test, shape retention test and cube samples were
prepared in 10 L batches, in a 28.4 L mixer (H30), while the

112

Table 3—Mixture ratios of mixtures, kg/m?

Mixture OPC | MK LS FA Water | HRWR | PVA

OPC-ECC | 490 0 0 1077 392 4 26
LC3-ECC | 270 147 73 1077 392 4 26
LC3-M 270 147 73 1077 392 4 0

Note: OPC is ordinary portland cement; MK is metakaolin; LS is limestone; FA is fly
ash; HRWR is high-range water-reducing admixture; and PVA is polyvinyl alcohol.

Table 4—Experimental protocol

Shape Cast 3DP
Mixture | Flow table | retention | f. | f | fiu | fo | Ji | Jfo
OPC-ECC X X x X x — | = =
LC3-ECC X X X X X X X X
LC3-M x x — == ===

Note: x is measured items; — is not measured items; f;, f;, and f;,, represents compres-
sive strength, uniaxial tensile strength, and split tensile strength, respectively.

ECC used for 3DP were prepared in 20 L batches, in a 56.8 L
mixer (H60). To understand the influence of batch volume on
tensile performance of ECC, both H30 and H60 were used in
preparing dogbone samples for the uniaxial tensile test.

Fresh property test

Rheology control is crucial for 3DP-ECC. Flowability
(important for material transport from the mixer to extruder
and for extrusion) was measured using the flow table test
per ASTM C1437.2° The end of ECC mixing marked time
zero, and flow table tests were conducted at 20-, 40-, 60-,
and 80-minute increments. The spread diameter results were
calculated by the average value of the maximum spread
diameter (d,) and its perpendicular diameter (d,), as illus-
trated in Fig. 1(a). These measurements were taken after 25
drops of the flow table each.

The shape retention capacity is important for ECC printing
as layers need to support consecutive layers overlaid on top
without deformation.® High shape retention is necessary for
layers’ buildability to ensure the success of the outcome. An
evaluation method for shape retention was developed herein
based on previous studies.®3* As shown in Fig. 1(b), the
ECC/mortar cake was produced by a plastic mold measuring
60 mm in diameter and 13 mm in height. A plastic plate was
then gently placed on top of the fresh mixture to distribute
the pressure uniformly. Weights of different mass were
added carefully, and a caliper was employed to monitor the
height of the ECC/mortar cake (Fig. 1(b)). The ratio of the
difference in height relative to the original was adopted as
the shape retention index. The weight corresponding to 80
and 50% of height ratio, indicating the maximum allow-
able weight of consecutive printing and layer buckling, was
measured at 20, 40, 60, and 80 minutes.

3DP-ECC and mechanical performance test

After mixing, the fresh ECC was placed into a hopper
mounted on a servo-driven peristaltic pump. Due to the
inherent pulsation of the peristaltic pump, feeding with a
stable flow rate for printing proved difficult. To achieve a
more consistent flow rate, ECC was transported by a 4 m
hose to a custom-built servo-driven progressive cavity pump
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after 25 drops

(a) Flow table test.

Fig. I—Flow table test.

mounted at the end of the robotic arm (Fig. 2). The progressive
cavity pump can feed material with highly linear flow rates
in relation to pump speed.?> The ECC was extrusion-printed
through customized nozzles onto a foam board in specific
patterns to produce samples for various tests (Fig. 3).

The ECC was printed with a U-turn shape with six
segments of usable filaments between the turns. The dimen-
sion of each segment measures 50 mm in width, 600 mm in
length, and 10 mm in thickness. Three days after printing,
the segments (Fig. 3(a)) were sawn into 50 mm cubes for the
compressive test. Compression load was applied in perpen-
dicular and parallel directions relative to the printed layer
(Fig. 4). Due to the limitation of fabricating 3DP cylinder
specimens, 50 mm cubes were adopted for investigating the
anisotropy of split tensile strength (Fig. 5), where D1, D2,
and D3 indicated that the loading bar was parallel to, perpen-
dicular to, and along with the printed layers, respectively.
Because ECC is a strain-hardening material, the measured
split tensile strength was calculated with the ultimate peak
load rather than at first crack® using Eq. (1)*’

2P, [, (BYY) (1)
-fsplit - A (1 (H) ]

where P, and 4 are the ultimate peak load and loading
section areas. The strip width-height ratio (b/H) was 1/6 as
suggested by Carmona®® to obtain a measured split tensile
strength with lower size dependency. The uniaxial tensile
test was performed along the printing direction (Fig. 3(b)).
ECC was printed with a 30 mm width, 13 mm thickness,
and 800 mm length filament, where 300 mm length filament
was sawn off for testing. The sawn filament was placed in
the dogbone mold (Fig. 6(b)), and the rest of the mold was
then filled with cast ECC to form the ends of the dogbone.
Besides the 3DP samples, mold-cast ECC was also prepared
for compression, split tension, and direct tension tests for
comparison. The uniaxial tensile test was not conducted in
a direction normal to the print direction. Yu et al.!' found
that 3DP-ECC showed a tension-softening behavior in a
direction normal to the interfacial planes because very few
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Fig. 2—3D printing system.

fibers cross adjacent layers. This test was not repeated in the
current study.

The specimens were cured at room temperature at 20 +
3°C, 40 = 5% relative humidity (RH), and tested at 3, 7,
and 28 days. Three cubes (50 x 50 x 50 mm) per batch were
used for the compressive test per ASTM C109,% and six
cubes were employed for split tensile tests. Three mold-
cast (Fig. 6(a)) and six 3DP dogbone-shaped specimens
(Fig. 6(b)) per mixture were performed on a servo-hydraulic
system at a rate of 0.5 mm/min for direct tensile tests. The
deformation was measured by two linear variable displace-
ment transducers (LVDT) with an 80 mm gauge length (Fig.

6(c)).
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Cutting region for cubes

(a) 3DP LC3-ECC for compressive and split tensile tests (Printed with six layers of filaments by
50 mm width, 600 mm length, and 10 mm thickness).

(b) 3DP LC3-ECC for the direct tensile test (Printed with one layer of the filament by 30 mm
width, 800 mm length, and 13 mm thickness).

Fig. 3—3DP LC3-ECC for making cubes and dogbone specimens.
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(a) Compressive load applied
perpendicularly to the printed layers.

D2

o)

(b) Compressive load applied parallel to the

printed layers.

Fig. 4—Compressive strength of 3DP LC3-ECC with different loading directions.

The crack numbers after tensioning were counted within
the gauge length (80 mm). The average crack width was
calculated by dividing the tensile strain capacity by crack
number and multiplying the gauge length. The average
crack space was obtained by dividing the gauge length by
the crack number.

EXPERIMENTAL RESULTS

Fresh properties

The influence of LC3 cement and PVA fibers on the
rheology of ECC was investigated by the flowability and
shape retention ability (Fig. 7). The flow table test (Fig. 7(a))
data indicate that the spread diameter of OPC-ECC is larger
than those of LC3-ECC and LC3-M (mortar without fiber).
During the first 60 minutes, OPC-ECC spread across the
entire drop table given the HRWR content, with the diameter
of the flow table at 260 mm. At 80 minutes, the spread diam-
eter of the OPC-ECC dropped to 240 mm. By replacing the
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OPC with LC3, the flowability of the fresh paste decreased
notably. The initial spread diameter of LC3-M was 220 um
at 5 minutes. The addition of PVA fibers reduced the initial
spread diameter of LC3-ECC to 170 um. As expected, the
flowability of LC3-ECC decreased with time, and the spread
diameter at 80 minutes was only 135 mm. Because the flow-
ability below 130 mm would increase the risk of blockage
for the extruder, the time window for printing was set as
80 minutes in this study.

The shape retention ability of LC3-ECC is significantly
higher than LC3-M (Fig. 7(b)), indicating the considerable
influence of the PVA fibers’ addition. Typically, lag time is
necessary between the end of mixing and the beginning of
printing. Twenty minutes is usually sufficient for most prac-
tical applications.* The bearable weight of 80% shape reten-
tion is 1.7 kg for LC3-ECC at 20 minutes, which is 2.4 times
that of LC3-M (Fig. 8(a) and (b)). The ECC/mortar cake’s
self-weight is approximately 60 g, indicating that the initial
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(c) D3: loading bar along with the printed layers.

Fig. 5—Split tensile test of 3DP LC3-ECC with different loading directions.
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(c) Tensile test setup.

filament (Fig. 3 (b)).

Fig. 6—Uniaxial tensile specimens and setup.

allowable printed layer of LC3-ECC could be built up to 28
layers at 20 minutes. The bearable weight augments with
time, and the weight of 80% shape retention of LC3-ECC
is 7.0 kg (Fig. 8(c)), while for LC3-M, it is 4.0 kg. The
maximum buildup layers could be 117 for LC3-ECC at 80
minutes. The bottom layer of LC3-ECC could hold 80%
of its original height if the layer build speed were to be
controlled to below 26 mm/min. The freestanding weight
can be further increased if the allowable height deformation
is relaxed. However, the height retention ratio is suggested
to be higher than 50%, below which the printed filaments
are prone to buckling failure. Figure 7(b) plots the maximum

ACI Materials Journal/November 2021

allowable weight corresponding to 50% shape retention or
buckling condition, suggesting an upper limit of the print
speed. The addition of PVA fiber significantly enhances the
material’s shape retention ability, which further increases the
allowable layer build speed of printing.

Compressive strength

Figure 9 shows the compressive strength development with
curing age. The compressive strength of cast-LC3-ECC is
lower than cast-OPC-ECC at early age. However, the compres-
sive strength of cast-LC3-ECC at 33.5 MPa is comparable
with that of cast-OPC-ECC at 36 MPa at 28 days. Although
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Fig. 9—Compressive strength of cast and 3DP ECC.

LC3-ECC (55% OPC, 30% MK, 15% LS) has a lower OPC
content in comparison with OPC-ECC, continuous strength
gain is observed, reflecting the pozzolanic effect of MK.!%33
The 3DP cubes exhibit anisotropic compressive strength
(Fig. 9). The compressive strength ratio of 3DP-LC3-D1
to cast-LC3 ECC is 91, 91, and 95% at 3, 7, and 28 days,
respectively. The compressive strength in the D2 direction
(loading direction parallel to the printed layers, Fig. 4(b)) is
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notably weaker than the mold cast-LC3 before 7 days. The
compressive strength of 3DP-LC3-D2 is 10.3 MPa at 3 days
and 16.7 MPa at 7 days, corresponding to 69% and 64%
of the compressive strength of mold cast-LC3 ECC at the
same age. However, 3DP-LC-D2 experienced a significant
strength increase at 28 days (29.3 MPa), more than 1.7 times
that of 7 days, amounting to 87% compressive strength of the
mold cast-LC3 ECC at 28 days. Compressive strength decay
along the printed layer direction has also been reported in the
literature,' 7% attributed to the weakening effect of a higher
porosity in the printed layers. A larger variability of the 3DP
cubes than the mold cast cubes is observed.

Instead of brittle fractures observed in concrete, cast-LC3
ECC cubes (Fig. 10(a)) exhibit multiple microcracks after
peak loading. The subparallel cracks are bridged by fibers
and controlled in width, mostly below 100 pum. In addition
to the vertical cracks, some horizontal cracks between layers
are observed for 3DP-LC3-D1 (Fig. 10(b)). In contrast,
only a few cracks are found along with the printed layers
of 3DP-LC3-D2 (Fig. 10(c)), indicating that the interface
between printed layers influences the stress path and the
compressive strength of 3DP-D2 cubes.
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(b) 3DP-LC3-D1

(c) 3DP-LC3-D2

Fig. 10—Compression failure mode of cast and 3DP ECC at 28 days.

Split tensile strength

Figure 11 shows the development of split tensile
strength with curing age. The 3-day split tensile strength of
3DP-LC3-D1 and 3DP-LC3-D2 is 2.9 and 2.3 MPa, respec-
tively, amounting to 111% and 88% of the cast-LC3 ECC at
2.7 MPa. At 28 days, 3DP-LC3-D1 shows a slightly higher
split tensile strength than cast-LC3, while 3DP-LC3-D2 and
3DP-LC3 have comparable split tensile strengths.

As expected, the split tensile strength between printed
layers (D3 direction) is significantly lower than the cast-LC3
ECC and 3DP-LC3 ECC in D1 and D2 directions. The ratio
of 3DP-LC3-D3 to cast-LC3 is approximately 1/3 at 3 days,
increasing to 1/2 at 28 days. However, the split tensile
strength gain over time of 3DP-LC3-D3 is faster, showing a
similar trend to the compressive strength gain.

Figure 12 shows the failure mode after the split tensile test
for cast and 3DP ECC. For cast-LC3, multiple microcracks
are found distributed along the tensile stress axis between the
loading bars (Fig. 12(a)). In addition to the microcracks along
the tensile stress axis, horizontal cracks between printed
layers can be observed with the 3DP-LC3-DI1 specimen
(Fig. 12(b)), accounting for the slightly higher split tensile
strength than cast-LC3. The failure mode in the D2 direction
is quite different from the D1 direction. In addition to the
microcracks on the front surface, some macro cracks were
observed on the side surface. The crack number on the side
surface decreases with curing age (Fig. 12(d), (e), and (f)).
The cracks on the side surface are affected by the interfaces
between printed layers. Weaker bonding induces more cracks
at an early age when compared with fewer cracks at 28 days.

Although multiple cracks are observed in cast-LC3
ECC and 3DP-LC3 in D1 and D2 directions, only a few
macro cracks can be observed along with the printed layers
(Fig. 12(c)), reflecting the brittle nature of the interfaces.
PVA fibers are distributed along the print direction in the
printed layers, while few fibers bridge the layers. The brittle
interface between layers remains a vital issue for 3DP ECC;
the 3DP-ECC structure should be carefully designed to
avoid excessive tensile stress across layers.

Uniaxial tensile performance

The uniaxial tensile test results of the cast and 3DP ECC
are shown in Fig. 13. Similar to the compressive strength,
the tensile strength of the H30-cast-LC3 is lower than that of
the H30-cast-OPC at early age but are comparable at 28 days
(Fig. 13(a)). Although the OPC-binder ratio of LC3-ECC
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Fig. 11—Split tensile strength of cast and 3DP ECC.

is lower than OPC-ECC, LC3 ECC exhibits sufficient
strength increase at a later age. Unlike the tensile strength
results of OPC-ECC, the average tensile strain capacity of
the H30-cast-LC3 is 6.3% at 3 days, much larger than that
of H30-cast-OPC (4.5%). The ductility of H30-cast-LC3
decreases with curing time and is 4.4% at 28 days, similar
to that of H30-cast-OPC (4.6%). The strength and ductility
development of cast-LC3 ECC are in accordance with
the finding in Zhang et al.!” In summary, the developed
LC3-ECC has comparable tensile strength and ductility to
the OPC-ECC at 28 days.

The ultimate tensile strength (Fig. 13) is comparable to
the split tensile strength (Fig. 11) for the cast specimens. For
concrete and fiber-reinforced concrete (FRC), the split tensile
strength to direct tensile strength ratio reported in the liter-
ature’41* reveals a large range (102 to 200%), depending
on the specimen details (size, geometry, and compositions)
and test conditions (setup and curing history). This differ-
ence between ECC and plain concrete/FRC reflects the
different failure mechanisms of these material classes. The
ductile failure of ECC is governed by the fiber bridging
stress, while plain concrete and FRC exhibit brittle or quasi-
brittle fracture so that the tensile strength is dominated by
matrix conditions (flaw size and matrix fracture toughness).
In contrast, the ultimate tensile strength and the split tensile
strength in ECC reflect the maximum fiber bridging stress
determined by fiber and fiber/matrix interface properties.

Fiber dispersion uniformity critically affects the tensile
ductility of ECC. ECC prepared with different mixers may
result in different tensile performances. 3DP applications
usually require a larger volume of materials than specimen
testing. Therefore, the influence of mixer size or batch size
in relation to tensile strength and ductility was investigated
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Fig. 12—Failure mode of split tensile test.
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Fig. 13—Uniaxial tensile results of cast and 3DP ECC at 3, 7, and 28 days.

using two mixers, H30 and H60. Figure 13 shows that
H60 batches have reduced tensile strength and strain
capacity compared to the ECC cast by H30 mixing. The
H60-3DP-LC3 has a tensile strength of 4.4 MPa and a tensile
strain capacity of 3.7%, compared to 5.2 MPa and 4.4% of
H30-3DP-LC3 at 28 days. The performance degradation due
to different mixer use was also reported by Lepech et al.*
The fiber dispersion of large-scale mixing is not as uniform
as small-scale mixing (affected by the volume, speed, and
power of the mixer).

The dogbone specimens typically fail by fracture localiza-
tion on the plane with the least amount of fibers. However, in
the split tensile cubes, the least fiber section may differ from
the loading section. Hence, the weakest section in the 3DP
dogbone specimens shows a lower ultimate tensile strength
compared to the split tensile strength.

Comparing the effect of 3DP versus cast processing, the
tensile performance of H60-3DP-LC3 is diminished compared
to H60-cast-LC3 (Fig. 13). The average uniaxial tensile
strength decreases from 4.4 MPa to 3.5 MPa at 28 days, and
a 20% uniaxial tensile strength loss can be observed after
printing. The average tensile strain capacity of 3DP-LC3 ECC
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maintains approximately 3.0% from 3 to 28 days. Although the
reduced tensile performance is found in 3DP-LC3 ECC, the
average tensile strength at 3.5 MPa and strain capacity at 3.0%
remain comparable to those of 3DP ECC reported in the liter-
ature.>®!1%!! Larger variability of the tensile results is observed
compared to traditional cast specimen in the uniaxial tensile
stress-strain response of 3DP-LC3 ECC (Fig. 13 and 14)
and nozzle-cast-LC3 ECC (Fig. 15), as reported in previous
studies.>!® The large errors of 3DP specimens are caused by
non-uniform fiber dispersions affecting the printing process.
Table 5 summarizes the cracking characteristics of the
dogbone specimens after tension tests. The average crack
width of the H30-cast-OPC ECC is 57.3 um, and the average
crack spacing is 1.3 mm at 28 days, revealing a saturated
multiple-cracking pattern (Fig. 16(a)). The crack pattern of
H30-cast-OPC ECC is consistent with that of the OPC-ECC
from the literature.*!” The crack number of H30-cast-LC3
is 32, compared to 65 of H30-cast-OPC ECC, where the
crack width and spacing are approximately twice that of
H30-cast-OPC ECC. The crack patterns of cast-LC3-ECC
prepared by different mixers (H30 and H60) are not signifi-
cantly different. The crack number and spacing of the
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Fig. 14—Uniaxial tensile stress-strain curves of cast/3DP LC3-ECC at 3, 7, and 28 days.

H60-3DP-LC3 were almost the same as H60-cast-LC3;
however, the crack width corresponding to the maximum
tensile strength of the H60-3DP-LC3 is significantly reduced,
leading to the lower strain capacity of the printed specimen.
Additional flaws were found in the 3DP samples compared
to the cast specimen, as shown in Fig. 12(b) and 17(c),
which has also been reported in other 3DP studies.!*** Flaws
promote crack formation and propagation; hence, more cracks
were induced at a relatively low-stress level for 3DP-LC3,
accounting for the small crack width in 3DP specimens.

DISCUSSION
Extruding system and fiber dispersion

The diminished tensile performance and higher variability
observed limit the advantage of 3DP-ECC. The under-
lying reasons were investigated in this study. It appears
that fiber clumping, as revealed on the fracture surface of
3DP-LC3 ECC (Fig. 17(d) and (e)) dogbone specimens, is
the main cause.

The printing process plays a major role in fiber dispersion
uniformity. Different from mold-cast ECC, the 3DP ECC
was pumped by a peristaltic pump after mixing, delivered
through the hose, then extruded by a progressive cavity
pump through a customized nozzle (Fig. 2). Because ECC
has been demonstrated to work well with peristaltic pumps
to deliver the material through a hose in spray applica-
tions, 647 the fiber dispersion problem is most likely a result
of the material processed through the progressive cavity
pump which was used to moderate pulsation caused by the
peristaltic pump.

To investigate the effect of the extruding process, fresh
ECC materials were collected after extrusion from the
nozzle and then cast directly into the dogbone mold, labeled
as nozzle-cast-LC3 ECC. The tensile stress-strain response
of the nozzle-cast-LC3 ECC (Fig. 15) shows apparent vari-
ability, similar to 3DP-LC3 ECC (Fig. 14).
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Fig. 15—Twenty-eight-day uniaxial tensile stress-strain
relationship of the nozzle-cast-LC3 ECC (fresh ECC was
collected and cast after extruded out of nozzle).

The ECC was extruded out from the narrow gap between
the stator and rotor of the progressive cavity pump (several
millimeters). The internal geometry of the progressive cavity
pump, including the gap dimension and extruding length,
influenced fiber dispersion, which negatively impacts the
tensile strain-hardening of ECC. One cracked specimen of
nozzle-cast-LC3 ECC (Fig. 17(e)) showed fewer fibers than
H60-LC3 ECC, indicating non-uniform fiber dispersion
after extrusion.

Table 6 summarizes the tensile results of cast-ECC and
3DP-ECC from the literature. Depending on the extruding
method, both improved and reduced tensile properties have
been reported. While manual extrusion with a caulk gun
can achieve a comparable or better tensile performance, the
process between the caulk gun and mechanically controlled
3DP is different. For 3DP application using ram-extrusion, '?
only 0.5% tensile ductility was obtained, much lower than
this study. Apart from PVA fiber, 3DP ECC with PE fiber
demonstrated good performance with both auger-extrusion
method’ and progressive cavity pump-extrusion,? likely due
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Table 5—Average crack number, width, and space after uniaxial tensile tests

3 days 7 days 28 days
Mixture No. CW, um Crack space, mm No. CW, um Crack space, mm | No. CW, um Crack space, mm
H30-cast-OPC | 52 (2) 69.1(1.7) 1.5(0.1) 56 (4) 56.7 (3.9) 1.4 (0.1) 65(10) | 57.3(8.5) 1.3(0.2)
H30-cast-LC3 | 37 (4) 133.3(8.2) 2.2(0.3) 37(3) | 105.1(20.2) 2.2(0.2) 32(1) | 111.7(10.7) 2.5(0.1)
H60-cast-LC3 | 39 (4) 68 (8.4) 2.1(0.2) 36 (1) 80.8 (13.2) 2.2(0.1) 37 (2) 95.6 (8.2) 2.2(0.1)
H60-3DP-LC3 | 38(5) 64.5(5.4) 2.2(0.3) 39(7) 67.8 (6.3) 2.1(0.4) 37 (6) 59.8 (6.4) 2.2(0.3)

Note: No. is number of cracks; CW is crack width; and number in parentheses is standard deviation of corresponding parameters.

(a) 28d-OPC

(b) H30-LC3 (c) H60-LC3

Fig. 16—Crack patterns of cast specimens after tension test.

to the high strength of PE fibers, which can produce robust
tensile strain-hardening*® with lower fiber content (1.5%).

Sample quality

Apart from fiber dispersion, test sample quality is another
factor that may affect the measured tensile performance.
Although the rheology of LC3-ECC was deliberately
designed for 3DP printing in terms of extrusion and build-
ability, the low flowability of 3DP-ECC leads to more air
void in the printed sample, which has been found in Chaves
et al.”® and also shown in Fig. 12(b) and 17(c). In the 13 mm
thickness tensile dogbone specimen, large defects caused by
incomplete compaction of the low flowability 3DP ECC may
lead to unsaturated cracking and local failure (Fig. 17(b)).

CONCLUSIONS

Three-dimensional-printable (3DP) engineered cementi-
tious composites (ECC) have been developed using lime-
stone calcined clay cement (LC3) and polyvinyl alcohol
(PVA) fiber. Fresh and hardened properties were systemat-
ically investigated. The following conclusions can be drawn:

1. The flowability of LC3-ECC was significantly lower
than that of ordinary portland cement and engineered cemen-
titious composites (OPC-ECC) with the same water reducer
content. Despite the lower cement content, LC3-ECC
attained 28 days of compressive strength, tensile strength,
and tensile ductility comparable to OPC-ECC. The advan-
tages of lowered embodied carbon increased viscosity and
superior mechanical performance, making LC3-ECC an
attractive material for 3DP.
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2. In addition to the effect of mechanical reinforcement,
PVA fiber was found to act as a viscosity modifier in the fresh
state. The addition of 2% volume of PVA fiber significantly
enhanced the shape retention ability of the fresh composite.

3. The printed LC3-ECC exhibited anisotropic compres-
sive and split tensile strength, which was significantly
impacted by printed layer interfaces. The 3DP-LC3 ECC has
comparable 28-day-strengths compared to cast-LC3 ECC
for D1-compression, D1-split tension, and D2-split tension
direction. The strengths of D2-compression and D3-split
tension are lower than the cast specimens.

4. Mixer capacity and material volume were found to
influence the quality of fiber dispersion, affecting the tensile
strain-hardening performance of ECC. These factors should
be considered for large-scale 3DP applications of ECC.

5. The narrow gap between the stator and rotator of
the progressive cavity pump promoted fiber clumping,
accounting for the large variability of tensile strength and
ductility of 3DP-ECC specimens. Additional research
is needed to overcome this limitation. Despite this, the
developed 3DP-LC3 ECC retains an average tensile strength
of 3.5 MPa and ultra-high strain capacity of 3.0% at 28 days.
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(a) Saturated cracks.

(d) Fracture surface with
minor balling of fiber.

(b) Unsaturated cracks

(e) Fiber clump.

(c) Local failure due to
the print flaw

(f) Fracture surface of
nozzle-cast-LC3 ECC

with limited fibers.
Fig. 17—Crack patterns of 3DP specimens after tension test.
Table 6—Comparison of cast-ECC and 3DP-ECC in literature
Reference Extruder Fiber C-f; (MPa) C-¢, % 3DP-f,, MPa 3DP-¢,, %
Soltan and Li® Caulk gun PVA ~2.8" ~1.7" ~4.0 ~2.9
Bao and Li'’ Caulk gun PVA 5.6 3.6 5.5 3.1
Yuetal.!! Caulk gun PVA 32 4.0 3.5 5.1
Chaves et al.'? Ram-extrusion PVA — — <25 <0.5
Ogura et al.® Progressive cavity pump 1.5% HDPE 6.3 1.7 5.7 32
2% HDPE 5.0 10.0 53 11.4
Zhu et al.” Auger-type extruder
1.5% HDPE 5.0 8.5 5.7 9.6

“Results of cast and 3DP samples were based on coupon specimen, while tensile strength and ductility of dogbone-shaped specimen with same mixture were approximately 6 MPa and 3.5%.
Note: C-f, and C-¢, represent ultimate tensile strength and ductility of cast specimen; 3DP-f; and 3DP-g, represent ultimate tensile strength and ductility of 3DP specimen.

designing, processing, and characterizing smart fiber-reinforced cementi-
tious composites for resilient and sustainable built environments.
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