<]
TUDelft

Delft University of Technology

Cementitious composites reinforced with 3D printed functionally graded polymeric lattice
structures

Experiments and modelling
Xu, Yading; Zhang, Hongzhi; Gan, Yidong; Savija, Branko

DOI
10.1016/j.addma.2021.101887

Publication date
2021

Document Version
Final published version

Published in
Additive Manufacturing

Citation (APA) .

Xu, Y., Zhang, H., Gan, Y., & Savija, B. (2021). Cementitious composites reinforced with 3D printed
functionally graded polymeric lattice structures: Experiments and modelling. Additive Manufacturing , 39, 1-
13. Article 101887. https://doi.org/10.1016/j.addma.2021.101887

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

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

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


https://doi.org/10.1016/j.addma.2021.101887
https://doi.org/10.1016/j.addma.2021.101887

Additive Manufacturing 39 (2021) 101887

FI. SEVIER

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

Contents lists available at ScienceDirect = 1=
Additive

MANUFACTURING

Additive Manufacturing

Research Paper

Check for

Cementitious composites reinforced with 3D printed functionally graded | e
polymeric lattice structures: Experiments and modelling

Yading Xu, Hongzhi Zhang ', Yidong Gan, Branko Savija

Microlab, Delft University of Technology, The Netherlands

ARTICLE INFO

Keywords:

Cementitious composites
Polymeric reinforcement
Functionally grade

3D printing

ABSTRACT

Cementitious materials are widely used in construction. For their low ductility, they typically need to be rein-
forced by steel rebars, which cause potential corrosion problems. Polymeric reinforcement, which does not have
corrosion problems, has been used to replace steel rebars. However, a relatively high reinforcing ratio is usually
required for the cementitious composites reinforced by conventional polymeric reinforcement. Owing to the
customizability of 3D printing technology, polymeric reinforcement with a functionally graded structure is able
to be manufactured, which significantly reduces the reinforcing ratio of the reinforced cementitious composites
meanwhile improves their mechanical properties. In this present study, 3D printed polymeric octet lattice
structures were used as reinforcement to develop cementitious composites with enhanced ductility. Four-point
bending experiments were performed on the plain mortar, and the reinforced specimens and a finite element
model was used to simulate the experiments numerically. A good agreement between experiments and simu-
lations was found: the reinforced specimens have a significantly increased flexural ductility comparing to plain
mortar. Composites reinforced by vertically functionally graded lattice structures have a significantly lower
reinforcing ratio while exhibiting obviously higher normalized ductility. In addition, the fracture behavior of the
reinforced cementitious composites was evaluated using a fracture energy based analytical model. The analysis
shows that, from the perspective of fracture energy release, the steady state cracking criteria were not satisfied by
the cementitious composites developed in this study so that multiple cracking and strain hardening behavior was
not obtained. However, according to numerical predictions, increasing strength of the printed reinforcement
material by 40% would allow these behaviors to be potentially achieved. This work shows that additive
manufacturing has great potential for developing reinforcement for cementitious materials to reduce the rein-
forcing ratio and enhance ductility.

1. Introduction

critical issue when cementitious materials are reinforced by steel rebars.
Corrosion of the steel rebars causes expansion inside the cementitious

In recent years, digitalized construction has been more and more
popular in the field of civil engineering. Among these digitalized con-
struction processes, additive manufacturing, commonly called 3D
printing, has attracted attention for its possibilities in the manufacturing
of cementitious materials [1-4]. As the most widely used construction
materials, the main drawback of cementitious materials is their lack of
ductility, namely, they have low tensile strength and prone to cracking
[5,6]. Traditionally, steel rebars are used as reinforcement to improve
the ductility of cementitious materials. Depending on the loading con-
ditions, steel rebars need to be manually placed at the positions with
high tensile or shear stress such that no catastrophic failure occurs after
the cementitious matrix cracking. However, reinforcement corrosion is a
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matrix and potential internal cracking appears as a result [7,8]. The
cracked matrix may cause further corrosion as the aggressive ingredients
penetrate easier through the cracks [9-11]. Fibers have been used as
reinforcement materials to replace steel rebars [12-15]. A typical type of
fiber reinforced cementitious material are engineering cementitious
composites (ECC) [12], also known as the strain hardening cementitious
composites (SHCCs) [16,17] in which PVA (Polyvinyl alcohol) fibers are
often used as the reinforcement material. The main feature of this type of
fiber reinforced cementitious composites is the so-called multiple
cracking and pseudo strain hardening behavior in uniaxial tension: the
SHCCs are able to crack multiple times before eventual failure, while the
ultimate failure strength is higher than their first cracking strength.
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Owing to this, the SHCCs have significantly higher ductility compared to
plain cementitious materials. The fiber reinforced cementitious mate-
rials also have their limitations. Normally, only very limited types of
fibers are able to be used to develop the SHCCs as the requirement for
surface modification [18] of the fibers is rather strict in order to achieve
proper crack bridging. Worldwide, only a few manufacturers are able to
produce such fibers and the price is rather high. In addition, fiber
orientation is another issue: fibers that are not perpendicular to the
crack surface have reduced crack bridging ability, which decreases the
efficiency of the fiber reinforcement.

Recently, more and more studies are focusing on using 3D printing
technology to produce reinforced cementitious materials. One approach
is to directly print reinforced cementitious material, such as fiber rein-
forced cementitious composites [19-21] or cable reinforced cementi-
tious materials [22,23]. During the extruding process, fibers or a cable
are able to be aligned to the printing direction due to the extrusion so
that reinforcement can be orientated to increase crack bridging ability
parallel to the printing direction. However, this also introduces anisot-
ropy in the cementitious material. Another approach is to print the
reinforcement first and then cast cementitious material afterwards, such
as using 3D printed steel bars [24], steel bolts [25] or metallic fibers [26,
27] as reinforcement. In these cases, owing to the customizability of 3D
printing, the surface roughness can be tailored [24,27] to enhance the
bond between the reinforcement and the cementitious matrix such that
the performance of the reinforced composites can be improved.
Comparing to printing metal and metallic material, 3D printing poly-
meric materials are much more accessible and economical in terms of
the requirement for printing equipment, production of raw material, and
printing cost. Numerous types of polymeric filaments [28-30] or ink
[31,32] are easily accessible and can be used even on desktop 3D
printers to manufacture polymeric objects with good printing quality.
Previously, 3D printed polymeric structures have been proved capable
of creating the SHCCs [33,34] when used as reinforcement while a
relatively high reinforcing ratio was required. For three-dimensional
lattice structures, functionally grading is an efficient method to
improve properties at minimal material use [35,36], which could
possibly be used to reduce the reinforcing ratio of the cementitious
composites. Depending on the loading conditions, structural parameters
such as lattice cell density and lattice cell size can be functionally graded
such that the lattice structures exhibit equivalent or even better prop-
erties, for example, specific stiffness and energy absorption [35-38].

In this work, three-dimensional polymeric octet lattice structures are
3D printed and used as reinforcement for cementitious mortar. The octet
lattice structures are functionally graded to optimize the flexural
ductility of the cementitious composites, meanwhile minimizing the
reinforcing ratio. Flexural behavior of the reinforced cementitious
composites was experimentally and numerically studied and critically
discussed. Adopting the experimental and numerical results, crack
bridging ability of the reinforced cementitious composites is further
analytically investigated. Based on these analyses, suggestions for future
potential methods to enhance the performance of the cementitious
composites are given.

2. Experiment methods
2.1. 3D printing of lattice reinforcement

Four different lattice structures were designed, printed, and used as
reinforcement. An octet structure (see Fig. 1) was used as a unit cell of
the lattice structures. The reinforcement lattice structures were designed
by combining the unit cells of different sizes. Both in the longitudinal
and the vertical direction, the reinforcement lattice structures were
functionally graded according to the bending moment and tensile stress
distribution (see Fig. 2), respectively. In the longitudinal direction, a
smaller cell length was used in the middle so that more material locates
in the maximum moment region at mid span. In the vertical direction,

Additive Manufacturing 39 (2021) 101887

Fig. 1. Unit cell of the lattice structure, x,y and z are the dimensions of a unit
cell in three directions, D is the diameter of the lattice strut, detail information
of used unit cells can be found in Table 1.
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Fig. 2. Schematics of four-point bending, distribution of bending moment and
stress on the loaded specimen is shown, maximum bending moment exists at
the mid span of the specimen and highest tensile stress exists at the bottom of
the specimen mid span.

because tensile stress is linearly distributed on the specimen cross sec-
tion (see Fig. 2), the diameter of the lattice struts was also functionally
graded, ensuring that more material was used at the bottom which had
higher tensile stress. This was done by linearly increasing the strut
diameter from 3 mm to 2 mm bottom up. Dimensional parameters of all
used unit cells are listed in Table 1. The configuration of these unit cells
in four designed lattice structures are shown in Fig. 3. Note that four
“studs” were also designed for each reinforcement structure, ensuring
they can be easily positioned in the molds during casting. All designed
lattice structures are printed accordingly and then used as reinforcement
for cementitious mortar under four-point bending tests, description of
experimental test groups is listed in Table 2.

Table 1

Dimensional parameters of the used unit cells.
Unit Cell X (mm) y (mm) z (mm) D (mm)
C10 10 20 20 3
C15 15 20 20 3
C25 25 20 20 3
C40 40 20 20 3
RC10 10 20 20 2 (top) ~ 3 (bottom)
RC15 15 20 20 2 (top) ~ 3 (bottom)
RC25 25 20 20 2 (top) ~ 3 (bottom)
RC40 40 20 20 2 (top) ~ 3 (bottom)
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Fig. 3. Designed functionally graded octet lattice structures, unit cells are indicated, “C “and “RC” indicate the type of used unit cells, dimensions of these unit cells

can be found in Table 1.

Table 2
Testing groups.
No. Volumetric Description
reinforcing ratio
REF 0% Reference

L10 10.13% Unit cell size graded in longitudinal direction with
C10 cell in the middle

Unit cell size graded in longitudinal with C15 cell
in the middle

L10 with strut diameter functionally grade in
height direction

L15 with strut diameter function grade in height
direction

L15 11.22%

RL10 5.78%

RL15 5.32%

The designed reinforcement lattice structures were printed using a
fuse deposition modeling (FDM) commercial 3D printer Ultimaker 2 +.
Considering the alkaline environment of cementitious materials, ABS
(Acrylonitrile Butadiene Styrene), which has high chemical resistance,
was used as the printing filament material. Printing parameters for all
four designs were kept constant and listed in Table 3. As the reinforced
specimens were designed to be flexural loaded, the maximum tensile
stress will be present at the bottom of the specimen as well as the
reinforcement lattice structure. In order to ensure the reinforcement
with maximum tensile resistance [39], the printing direction of the
lattice structures was arranged such that the printed layers are parallel
to the tensile stress direction (shown in Fig. 4c). The printed lattice
structures were placed inside the Styrofoam molds, and the “studs” were
glued on the molds by silicone rubber making sure the reinforcement
unable to detach from the molds during vibration (see Fig. 4c). The
casted specimens had dimensions of 40 mm x 40 mm x 160 mm. In
addition, in order to obtain input parameters for numerical simulations,
dog bone shaped ABS bars with a cross section of 3 mm x 3 mm were
printed and tested in uniaxial tension (shown in Fig. 4b).

Table 3

Printing parameters.
Printing parameter Configuration
Nozzle diameter (mm) 0.8
Temperature (°C) 260
Layer height (mm) 0.25
Line width (mm) 0.7
Infill density (%) 100

2.2. Casting and curing

In order to properly compare mechanical properties of the mortar
bars reinforced with 2D structures reported in [33], the same matrix and
reinforcement materials, reinforcement printing parameters and speci-
mens preparing procedures are used. The mix proportion of the mortar
used is listed in Table 4.

Dry materials (cement, fly ash, and sand) were first weighted and
mixed using a Horbart machine for four minutes. Superplasticizer and
water were weighted together and added to the dry mix. All materials
were mixed for additional four minutes. Then the mixed materials were
cast inside Styrofoam molds and vibrated for 30 s. Afterwards, the
specimens were cured in room temperature for one day, and plastic films
were covered on top of the casted specimens to prevent water evapo-
ration. After one day, the specimens were demolded and cured in a
curing chamber (96% + 2%RH, 20 + 2 °C) for 27 days until the age of
28 days. One hour before test, the specimens were taken out of the
curing chamber and painted on one surface by white background and
black dots for DIC analysis used for measuring crack mouth opening
displacement (CMOD). In order to obtain compressive and tensile pa-
rameters needed for the numerical model, cementitious mortar cubes
(15mm x 15mm x 15 mm) and cementitious mortar  bars
(30 mm x 10 mm x 100 mm) were also cast and cured at the same
condition until the same age. These specimens were then tested under
uniaxial compression and tension, respectively.

2.3. Mechanical tests

Four-point bending tests were performed on all the prepared speci-
mens by a servo hydraulic press (INSTRON 8872). Loading was applied
on the top of the specimens under displacement control with a constant
rate 0.01 mm/s. The loading scheme and the experimental setup of the
four-point bending test are shown in Fig. 5. Note that the reinforcement
structure shown in Fig. 3 was optimized for this specific loading setup: if
a different loading setup were used, the middle region (i.e., the region
with the maximum bending moment in Fig. 5a where a denser lattice
mesh was printed) would have been different. A digital camera was
placed in front of the specimen to take pictures for DIC. During the test
load and deflection (vertical displacement at the middle of the speci-
mens) was measured by Instron 8872. After the first main crack
appeared, crack mouth opening displacement (CMOD) was measured by
DIC. Uniaxial compression and tension tests were performed on
cementitious mortar cubes, mortar bars and ABS bars respectively to
obtain compressive and tensile stress-strain curves for calibration the
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Fig. 4. Schematics of a) printed specimens and Styrofoam mold; b) the printed ABS bars; c) positioning of specimen in Styrofoam mold during casting.

Table 4
Mix proportion of the matrix material(kg/m3), adopted from [33].
CEM I Fly Sand Superplasticizer Water
425N ash (0.125-0.250 mm) (Glenium 51)
550 650 550 2 395

Fig. 5. Four-point bending experimental setup.

numerical models.
3. Numerical simulations
3.1. Concrete damaged plasticity model (CDPM)

A commercial FEA software ABAQUS/Explicit was used to simulate
the four-point bending tests. In terms of simulating damage process of
cementitious materials, concrete damaged plasticity model (CDPM) are
commonly used as the material model for cementitious matrix.

The constitutive equation of CDPM is written as follows:

6= (1—d)Ey(e—¢") (@]

Where is ¢ Cauchy stress; e and ! are total strain and equivalent plastic
strain, respectively; E, is initial elastic modulus. d is damage variable
and can be defined from 0 to 1. In this study, as the matrix is brittle
stiffness degradation is not considered, then d = 0.

The damage in CDPM is characterized by compressive plastic strain
?c’l and tensile plastic strain Efl, respectively. As shown in Fig. 6, the
stress oo and oy, indicate the onset of in-elastic stage under compression
and tension. The compressive inelastic strain (¢") and tensile cracking
strain (%) is defined as the total strain minus the elastic strain,
respectively. As mentioned previously, in this study the damage
parameter d in Eq. (1). is taken as 0, then compressive plastic strain ?c’l =

¢ and tensile plastic strain &' = ¢in,
3.2. Model calibration and validation

Prior to simulating the four-point bending tests, calibration and
validation procedures were performed to obtain proper material
compressive and tensile input parameters. Considering the accuracy and
computational cost, 2 mm hexahedron elements were used for the
cementitious matrix and 2 mm tetrahedron elements were used for ABS
reinforcement. The mesh size was kept constant for all numerical sim-
ulations in this study. In order to model the interaction between the
cementitious matrix and reinforcement, the “embedded region”
constraint was assigned for the reinforcement composites using the
cementitious matrix as host region and the printed reinforcement
structure as embedded region. Table 5 shows the physical properties of
cementitious mortar and input parameters for CDPM. Elastic modulus,
density and Poisson’s ratio were measured from experiments, other
parameters were adopted using ABAQUS default values. By trial and
error, the compressive and tensile input parameters were calibrated
through varying the input parameters so that the simulated compressive
and tensile stress-strain curves fit the experimental results. In order to
simulate the damage process of cementitious matrix and ABS
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Fig. 6. Constitutive law of CDPM in a) compression and b) tension.

Table 5

Input parameters for CDPM.
Material input parameters Value
Density (kg/m>) 1870
Elastic Modulus (MPa) 15,500
Poisson’s Ratio 0.2
Dilation Angle (°) 35
Eccentricity 0.1
fb0/fcO 1.16
K 0.667
Viscosity Parameter 0.001

reinforcement, respectively, the CDPM material model was used for
cementitious mortar while brittle cracking material model was used for
ABS reinforcement. Numerical uniaxial compression tests were per-
formed on the cubic mortar specimens to calibrate the cementitious
matrix compressive parameters. Input parameters of cementitious
mortar and ABS reinforcement are listed in Tables 6-8. The comparison
of calibrated compression curve and experimental curves are shown in
Fig. 7a. Similarly, numerical uniaxial tension tests were performed on
the mortar and ABS bars to validate tensile input parameters of the
cementitious matrix and ABS reinforcement. The comparison of cali-
brated compression curve and experimental curves are shown in Fig. 7b
and c.

3.3. Four-point bending simulation

Corresponding to experiment setup, numerical four-point bending
tests were performed. In order to decrease the computational cost,
symmetrical boundary conditions were used, and half of the actual
specimen (shown in Fig. 8) was numerically simulated. Four rigid rollers
were generated as loading and supporting devices on the top and bottom
of the specimen. A minor friction coefficient (0.15) was assigned be-
tween the loading rollers and the specimen to prevent unrealistically

Table 6
Compressive parameters of cementitious mortar.

Yield stress (MPa) Inelastic strain

38 0

42 0.00149
3 0.0018
1 0.002

Table 7
Tensile parameters of cementitious mortar.

Yield Stress (MPa) Cracking strain

5.8 0
0.1 0.0005

Table 8
Tensile parameters of ABS reinforcement.

Direct stress after cracking (MPa) Direct cracking strain

25 0
20 0.2
0.1 0.25

large lateral movement of the specimen in the case of an ideal fric-
tionless contact. Downwards displacement was applied on the two upper
loading rollers, while all degrees of freedom of bottom loading rollers
are completely fixed (Fig. 8). Plain mortar specimens and the four
reinforced specimens are numerically tested. The results of numerical
simulations are discussed in detail in the next section.

4. Results and discussion
4.1. Flexural stress-deflection response

The comparison of experiments and simulated stress-deflection
curves of the four-point bending test are shown in Fig. 9. A good
agreement can be found between experiment (red curves) and numerical
simulation (black curve) results. For the plain specimen (see Fig. 9a
REF), as no reinforcement was used brittle cracking behavior, witnessed
by a sudden load drop as deflection increases, can be observed on the
stress-deflection curves. The flexural strength of plain mortar reaches
around 5.8 MPa at 28 days, which is somewhat higher than the flexural
strength (5.0 MPa) reported in [33] for the same mix. This difference
can be attributed to the fact that in [33] a much thinner specimen was
used, which could be more sensitive to the influence of small defects
such as air voids on flexural strength.

On the other hand, it can be seen from Fig. 9b to e that all reinforced
specimens show ductile stress-deflection response (witnessed by a sig-
nificant drop followed by a second peak with hardening and softening
branch on the stress-deflection curve). This ductile stress-deflection



Y. Xu et al.

50 T T :
—=MatrixCompression-Experiment
—MatrixCompression-Calibration

0 0.005 0.01 0.015 0.02

Strain

(a)

= MatrixTension-Experiment
= MatrixTension-Calibration | .

(0]

)]

w »
T

Stress (MPa)
N

L L

0 0.5 1 1.5 2
Strain %1073

(b)

40

——ABS-Experiment
= ABS-Calibration

Stress (MPa)

10 1

0 . ‘
0 0.01 0.02 0.03 0.04 0.05

Strain

(c)

Fig. 7. Calibrated stress-strain curve of cementitious mortar in a) compression,
b) tension and c¢) ABS reinforcement in tension.

response clearly indicates that the brittle cracking failure of cementi-
tious mortar was significantly changed by the reinforcing octet lattice
structures to ductile failure. The failure process of all reinforced speci-
mens is shown in Fig. 11, as the symmetric boundary condition was used
for simulation, the symmetrical mirrored results using the symmetrical
boundary plane are also shown. As CDPM was used as a material model
for the cementitious matrix, the model element damage is then indicated
by plastic strain, and the cracks are the regions with non-zero plastic
strain. The entire failure process of the reinforced cementitious mortar
can be described by two stages. The first stage corresponds to the first
peak on the stress-deflection curve which indicates the brittle cracking

Additive Manufacturing 39 (2021) 101887

of cementitious matrix (deflection ranges from d = 0 to d = 0.06 mm).
Similar to plain mortar, when flexural load was applied, the highest
tensile load generated at the bottom mid span of the reinforced spec-
imen. As soon as the tensile stress reaches the tensile strength of the
cementitious mortar (5.8 MPa), a crack initiates at the bottom of the
specimen and rapidly propagates to the top side. As shown in Fig. 11, the
main crack occurs at the mid span of each of the reinforced specimens
when the deflection reaches 0.06 mm. It is shown in Fig. 10 that both in
experimental and simulation results the plain mortar specimens (REF)
have the highest flexural cracking strength (6.33 MPa from experiment
and 6.17 MPa from simulation) while the reinforced specimens have
relatively lower flexural cracking strength. This is because the rein-
forcement has a lower elastic modulus than the cementitious matrix,
comparing to the plain mortar, the neutral axis of the reinforced com-
posites is shifted closer to the top side of the specimen. As a result, under
the same bending moment, higher tensile stress will occur at the bottom
side of the reinforced composites. In addition, due to the fact that
experimental specimens may contain defects such as entrapped air voids
due to improper vibration, especially when complex reinforcement
structures are used, the simulated flexural cracking strength is also
relatively higher than the experiment of these reinforced specimens.

After the first main crack, the reinforcement takes over the tensile
load. Consequently, the flexural stress in reinforced specimens increased
again until a second peak was reached, and a hardening branch can be
observed during the fracture process (see Fig. 9). As deflection increases,
the flexural load reaches a second peak, followed by a softening branch.
During this process the crack opening increases continuously, witnessed
by larger plastic strain (see Fig. 11, d =1 mm). Eventually the rein-
forcement broke, leading to the failure of the reinforced composites. The
fracture behavior of the reinforced composites is discussed in detail in
the next section.

As mentioned before, with the presence of the hardening branch
failure mode of the reinforced specimens is no longer brittle, but
changed to ductile failure. The ductility of the reinforced specimens can
be qualitatively and quantitatively characterized by ductility parame-
ters. In this study, as shown in Fig. 12 two parameters are used to
evaluate the ductility of the tested specimens: ductile failure strength ¢4
(defined as the maximum stress after hardening branch) and the total
work required to rupture the specimens (defined as the area surrounded
by the flexural stress-deflection curve before 0.8 mm of deflection). In
order to study the influence of the functionally grading, these two pa-
rameters are also normalized to the same volume of reinforcement ac-
cording to the reinforcing ratio listed in Table 2. The ductile failure
strength of all reinforced specimens is normalized relative to the same
reinforcement volume of L10. The total work is normalized to per cubic
centimeter of used reinforcement material.

Because plain mortar (REF) shows brittle cracking failure without
any ductility, REF specimens have the ductile failure strength equal to
zero, according to previous definitions. Comparatively, as the reinforced
specimens exhibit ductile failure behavior, it can be seen from Fig. 13
that they have distinctly higher ductile failure strength. In addition,
because of the ductile failure behavior of the reinforced specimens, the
total work needed to rupture is also considerably increased comparing to
the REF specimens. As shown in Fig. 14, the total work of the reinforced
specimens increased 1200% (L10), 1143% (L15), 743% (RL10) and
785% (RL15), compared to the REF.

Among the reinforced specimens, L10 and L15 have higher rein-
forcing ratio (10.1% and 11.2% by volume) compared to RL10 (5.78%)
and RL15 (5.32%), they have relatively higher ductile deflection ca-
pacity, ductile failure strength as well as higher total work of rupture
than RL10 and RL15. However, in terms of the same amount of rein-
forcement, the normalized value gives a fairer comparison between the
reinforced specimens. Ideally, under pure flexural loading condition, the
tensile stress is linearly distributed along the height of the specimen so
that the tensile stress at the bottom side of the specimen has a higher
impact on the mechanical behavior. In this sense, the lattice struts of the
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Fig. 8. Schematics of flexural loading condition in numerical simulation, half of the specimen was simulated under a symmetrical boundary condition.
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Fig. 10. Flexural cracking strength of all tested specimens obtained from ex-
periments and simulations.

printed reinforcement at the bottom side always bear higher tensile
stress in the ductile failure regime. Correspondingly, the radius of the
lattice struts in RL10 and RL15 were functionally graded such that the
reinforcement volume also linearly distributed along the height. It is
clearly shown in Fig. 14 that both from experimental and simulated
results, RL10 and RL15 contrarily have considerably higher ductile
failure strength and total work comparing to L10 and L15 when the
values are normalized to the same amount of reinforcement. Comparing
to L10, RL10 increased 50.59% (52.40% from simulation) of the ductile
failure strength and 13.34% (34.56% from simulation) of the total work
meanwhile decreased 48.48% of reinforcement use. Comparing to L15,
RL15 increased 57.18% (62.02% from simulation) of the ductile failure
strength and 50.03% (42.30% from simulation) of the total work
meanwhile decreased 47.48% of reinforcement use. A summary of
ductile failure strength and total work of all tested specimens is given in
Table 9.
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According to previous analyses and discussions, from the qualitative
point of view, the reinforced composites have shown ductile failure
behavior. Quantitatively, the results of ductile failure parameter values
also indicate a distinct increase in ductility of reinforced cementitious
composites. More importantly, the ductile failure parameters also show
that the functionally grading is very efficient in enhancing the flexural
ductility of the cementitious materials while reducing the reinforcement
use. In order to profoundly understand the failure mechanism as well as
provide guidance in tailoring mechanical properties of the lattice
structure reinforced cementitious composites, an in-depth analysis on
the fracture behavior is provided in the next section.

4.2. Fracture behavior

Taking RL15 as an example, fracture behavior of the cementitious
composites reinforced by functionally graded structure is discussed in
detail in this section. Typically, notched specimens are preferred when
studying the fracture behavior, however, in our study the bottom
cementitious cover layer was rather thin and the cover layer thickness
varied in different specimens. In this case, it was not possible to make a
notch of the same size in all specimens. So, in our study making a notch
is not the best choice. Instead, considering to the ductile failure behavior
of the reinforced specimens, it was still possible to study the fracture
behavior after the first main crack appeared in the cementitious matrix
as long as crack opening can be measured. By digital image correlation
(DIC), crack mouth opening displacement (CMOD) was obtained during
the tests and the fracture behavior of the reinforced specimens are
analyzed based on these data.

The experimental obtained and flexural load-CMOD curves of RL15
are shown in Fig. 15. Both from experiments and simulations, obvious
hardening can be observed as the crack opening increases. Under four-
point bending, a pure bending zone forms in the middle of the spec-
imen. As a result, Mode I fracture condition was obtained and the
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Fig. 11. Failure process of reinforced specimens obtained from experiments and simulations at different deflection, cracks are indicated by elements with non-zero
plastic strain in the simulation; a) L10, b)L15, ¢)RL10, d) RL15; note that symmetrically mirrored simulation results are also shown.
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Fig. 12. A typical stress-deflection curve of reinforced cementitious compos-
ites, ductile failure stress (64) and the total work of rupture (hatched area)
is indicated.
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Fig. 13. Ductile failure strength and its normalized value, standard deviation is
indicated for experiment results.
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Fig. 14. Total work (left y axis) and normalized total work (right y axis) of all
tested specimens, standard deviation is indicated for experiment results.

fracture process of the reinforced specimen is similar to that of fiber
reinforced cementitious material with pseudo strain hardening
behavior; namely, the crack is bridged by reinforcement phase between
the generated crack surfaces. Because the struts constituting the lattices
structure are connected within the cementitious matrix, pulling out of a
single strut was not possible until the it was stretched to be completely
broken. In addition, because the strength of the reinforcement is
significantly higher than the matrix tensile strength, the crack bridging
stress was only considered to be provided by the elastic stretching of
lattice struts exposed across the generated crack surface until the strut
broken (detaching and sliding between the reinforcement and the matrix
interface might provide a minor crack bridging force, which was not
considered in this study). The maximum crack bridging strength is then
determined by the strength of the reinforcement material. As can be seen
from the simulated black curve in Fig. 15, as CMOD increases the
hardening branch reaches the flexural crack bridging strength at point
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Table 9
Ductility parameters of the tested specimens.

No. Ductile failure Normalized Total work/ Normalized
strength/ ductile failure Simulation total work/
Simulation strength/ [J] Simulation [J/
[MPa] Simulation [MPa] cm®]

Plain 0/0 0/0 0.07 0.07( + 0.02)/

(+0.02)/ 0.07
0.07

L10 3.69( = 0.31)/ 3.69( = 0.31)/ 0.91 35.19( £ 8.51)/

4.7 4.7 (+0.22)/ 38.68
1.00

L15 3.67( + 0.02)/ 3.31( + 0.02)/ 0.87 30.34( £+ 5.93)/

4.18 4.18 (+£0.17)/ 37.67
1.08

RL10 3.18( + 0.39)/ 5.56( + 0.68)/ 0.59 39.87( £ 6.08)/

4.02 4.02 (+0.09)/ 52.04
0.77
RL15 2.74( + 0.41)/ 5.20( + 0.78)/ 0.62 45.52( + 8.07)/
3.11 3.11 (+0.11)/ 53.60
0.73
2 T T T
A Test 1
’ B —Test 2
150 esg
= Simulation

Flexural Load (kN)

0 . . .
0.5 1 1.5 2

CMOD (mm)

Fig. 15. Flexural load-CMOD curves of RL15, CMOD is measured by DIC.

“A”. Correspondingly, the tensile stress in the reinforcement increased
up to its tensile strength (25 MPa, see Fig. 16). The point “A” indicates
the onset of the reinforcement failure and the maximum fiber birding
ability for a crack-open-hardening behavior. After point “A” the rein-
forcement started to fail, and as a result softening branch can be
observed from the load-CMOD curves. It can be seen from Fig. 16 that
from point “B” to point “C” the reinforcement generally cracked. Under
ideal conditions, the tensile stress should be linearly distributed on the
lattice strut from top to the bottom. However, due the heterogeneity of
the cementitious matrix and the lattice structure, in reality after
cracking a shear stress also exists inside the reinforcement struts so that
the principle tensile stress distribution is not completely linear along the
height direction.

Stress distribution inside the reinforcement struts exposed by the
crack surface can also be analytically calculated adopting the trans-
formed area method (see Fig. 17). As mentioned previously, it is
assumed that elastic stretching of the exposed reinforcement struts
provides the crack bridging force. Then, bending of the cracked cross
section can be described by a transformed cross section combining the
cross section of uncracked cementitious matrix A,, and the equivalent
cross section A; of the crack bridging reinforcement struts. A; can be
calculated by Eq. (2).

A=ty @
EITI

Where S; is the cross-sectional area of the reinforcement at a same height

on the cross section; A; is the equivalent cross-sectional area of the crack
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S, Max. Pnnapal [
(Avg: 75%)

+2.500e+01
+2.292e+01
+2.083e+01
+1.875e+01
+1.667e+01
+1.458e+01
+1.250e+01
+1.042e+01
+8.333e+00
+6.250e+00
+4.167e+00
+2.083e+00
+0.000e+00
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Fig. 17. Schematics of transformed cross section and the stress distribution.

bridging reinforcement at a same height; E,, and E, are the elastic
modulus of cementitious matrix and reinforcement, respectively.

The neutral axis coordinates y, of the transformed cross section can
be obtained by Eq. (3) and the moment of inertial of the equivalent cross
section I, can be obtained by Eq. (4).

i

Anthn + > diA;
y=—— 3)
Am —‘rEA,
1
Anl? hn\® = (AR 5
I, = = Am —- - Ai i — Nm
== (2>+Z(12+ ¢! h)) &)

Where are the y,, and y; are the centroid coordinates of the uncracked
matrix cross section and equivalent cross sections; A,, is the area of the
uncracked matrix cross section; h,, is the height of the uncracked matrix
section; h; is the height of the equivalent cross sections, respectively.
Using the neutral axis as the reference, then y, =0 and h,, can be
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obtained.

After h,, is obtained, the moment of inertia I; of the transformed cross
section can be calculated by Eq. (4) and the equivalent strain of this
transformed cross section ¢ can be calculated by Eq. (5).

M
e=2
LE,

)

Then the stress within the reinforcement at the cracked cross section
can be obtained using the data from flexural load-CMOD curve (Fig. 15).
As the stress distribution varies along the height direction, the crack
bridging stress of this cracked cross section needs to be calculated using
the total force transferred within the reinforcement.

EG,‘A,’
_ 1
T A4,

©

Where, A is the specimen cross section.
It is mentioned in the previous section that a hardening branch can
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be observed on the load-CMOD curves. However, the peak load of this
hardening branch is still lower than the cracking load of the cementi-
tious matrix and the multiple cracking behavior typical of strain hard-
ening cementitious composites (SHCC) was not observed in any of the
tested specimens. This indicates that in the tested specimens, steady
state cracking was not achieved and the generated cracks still followed
Griffith type cracking behavior. Similar to SHCC, the energy release of
cracking on the lattice reinforced cementitious composites can be
determined by the J integral approach, as described in [40]. In order to
obtain a steady state cracking, the crack bridging complementary energy
J (Eq. 7) need to exceed the crack tip energy release rate Jy,. Under
uniaxial tension condition:
00
J = 6050 — / 06dd (7)
0

As the crack tip is very small comparing to the specimen size in

length and height, then under plain stress conditions it holds:

Jlip = KIZ/Em (8)
where, oy is the crack bridging strength and &y is the corresponding
crack opening displacement. The crack bridging complementary energy
is indicated by the hatched area (see Fig. 18). Kj and E,,, are the fracture
toughness and elastic modulus, respectively; K; of plain cementitious
mortar is normally 0.2-0.3 MPa,/m.

However, under flexural loading conditions the flat crack surface
cannot be achieved. Because the tensile stress on a cross section is
distributed linearly along the height, for a given bending moment the
crack opening varies along the height direction of the specimen. Then,
an equivalent crack opening should be found. Because the stress is lin-
early distributed along the height of the crack cross section, it is
reasonable to assume that the crack opening is also linearly distributed
(see Fig. 19). In this sense, the equivalent crack opening of a cracked
surface is half of the crack opening measured at the crack mouth then Eq.
(7) is written as:

1 1 [
Jy = =006p — = / 06ds (C))
0

2 2

6 is the measured CMOD at the bottom of the cracked specimen; ¢ is
the crack bridging stress which can be obtained by Eq. (6). using the
experimental and numerical simulated flexural load-CMOD data. The
calculated complementary energy J, results are shown in Fig. 20.

Due to the heterogeneity of the cementitious composites, in order to
achieve the so-called multiple cracking behavior, a quite large margin
value is required for the complementary energy J,,. It has been proved by
[41] that for some fiber reinforced composites, Ji, needs to be at least

Equivalent crack bridging stress

»

Crack openin'g

8o

Fig. 18. Schematics of crack bridging stress-crack opening curve, the shaded
area indicates the crack bridging complementary energy [12,40].
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cementitious matrix
neutral axis

crack

—l 5 5
CMOD S caibD
Fig. 19. Equivalent crack opening under flexural load.
20
3 X] tip

Energy (J/m?)

J,SM JExXP Jiip

Fig. 20. Comparison of crack bridging complementary energy of RL15 and the
required energy at the crack tip (standard deviation is indicated for experi-
mental results); dashed line indicates the minimum required complementary
energy for strain hardening (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.).

three times higher than J, to obtain a saturated multiple cracking
behavior. Similarly, in this study such energy requirement is also
adopted. As can be seen from Fig. 20, the complementary energy of RL15
obtained from experiment JPXP(13.80J/m? and simulation J5™
(10.02 J/m?) are lower than the required energy 3 x J;, (17.4 J/m>?,
marked by red dash line in Fig. 20). As a result, although after the first
cracking a hardening branch can be found on the stress-strain curve the
typical multiple cracking behavior of SHCCs multiple cracking behavior
could not be obtained by RL15 both from experiments and simulation
observations.

Some potential methods can be used to increase the complementary
energy such as increasing the reinforcement strength and reinforcing
ratio. In order to verify the multiple cracking criteria defined by the
complementary energy J, is valid, additional numerical simulations
were performed. In these simulations, the strength of the reinforcement
fr was assumed to be 30 MPa, 35 MPa and 40 MPa respectively, mean-
while maintaining the elastic modulus as 1590 MPa. Then the calculated
complementary J, will be 14.43 J/m? 19.63 J/m? and 25.65 J/m?,
respectively. In this sense, only when f; is not less than 35 MPa, the J,
satisfies the requirement 3 x Jy, (17.4 J /mz). As shown in Fig. 21, when
the reinforcement material strength f; is 25 MPa (i.e. the reinforcement
material used in this study) and 30 MPa, the reinforcement breaks at the
deflection d =1 mm and eventually only one crack was obtained.
Comparatively, when reinforcement material strength f; is increased up
to 35 MPa and 40 MPa, the complementary energy J;, is higher than
3 X Jijp, then the reinforcement does not completely break at d = 1 mm
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0.56 0
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Fig. 21. Cracking of specimens reinforced by materials with different strength, cracks a indicated by red arrow (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.).

and multiple cracks occur (indicated by red arrow in Fig. 21). In addi-
tion, because the energy requirement is satisfied in these two cases, the
crack development is closer to the so-called steady state cracking with
finer crack openings.

The possibility of creating SHCCs by increasing the strength instead
of the elastic modulus is rather important for 3D printed polymeric
materials. On the one hand, for reinforced cementitious materials,
normally very high E-modulus of the reinforcement is required to ach-
ieve multiple cracking behavior [42,43]. However, for 3D printable
polymeric materials, E-modulus is physically limited because of their
molecular nature. On the other hand, modifying the strength of 3D
printed polymeric materials is easier. By modifying the printing pa-
rameters [39,44,45] and post processing [46,47], strength of the printed
material can be obviously improved.

5. Conclusions

This work investigates the mechanical behavior of cementitious
composites reinforced by 3D printed functionally grade lattice struc-
tures. Adopting functionally grading, four types of octet lattice struc-
tures are designed according to the bending moment and tensile stress
distribution of flexural loaded cementitious specimens. The designed
lattice structures are 3D printed using polymeric material ABS and used
as reinforcement for cementitious mortar. Combining experimental,
numerical and analytical studies, the flexural properties and fracture
behavior of the reinforced cementitious composites are investigated.
Based on the obtained results, several conclusions are drawn as follows:

e The experimental and numerical results indicate that the failure
behavior of cementitious composites reinforced by 3D printed lattice
structures was altered from brittle cracking to ductile failure. The
ductility of the reinforced cementitious composites was significantly
increased comparing to plain cementitious material in terms of
ductile failure strength and total work of rupture.

e The functionally grading method proved to be very efficient in
modifying flexural performance of the reinforced cementitious
composites. The functionally graded reinforcement lattice structures
use significantly less material while having even higher normalized
ductility. In our study, an optimal case (RL15) is reducing 47.48% of
reinforcement material meanwhile increasing 57.18% of normalized
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ductile failure strength and 50.03% of normalized total work of
rupture.

According to the analytical results, crack bridging complementary
energy J, of the reinforced cementitious composites used in this
study is lower than the required energy Ji,. As a result, although a
hardening branch can be found in the stress-deflection curve of the
cementitious composites, multiple cracking and strain hardening
behavior are not achieved.

According to the analytical model and numerical simulation results,
3 X Jijp is the minimum required energy for the lattice structure
reinforced cementitious composites to achieve multiple cracking and
strain hardening behavior. Informed from the simulation results, by
increasing the strength of the reinforcement material from 25 MPa to
higher than 35 MPa the energy requirement could be satisfied.

This study mainly focuses on structural modification of the lattice
reinforcement to improve mechanical properties of the reinforced
cementitious composites. The proposed approach has shown great po-
tential however, many aspects can be further improved. For example, as
shown in the last section, multiple cracking and strain hardening can be
achieved by increasing reinforcement strength without need for higher
E-modulus. This is rather important for creating SHCCs with 3D printed
polymeric materials because the E-modulus of 3D printable polymeric
materials is rather limited by their inherent molecular nature however,
their strength can be improved by, such as, modifying printing param-
eters and post processing. This needs to be investigated further in the
future.
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