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Abstract: 3D printing of concrete presents the new challenge of anisotropy to an already
heterogenous medium of concrete. The layer-wise mode of construction quintessential to the printing
of concrete leaves interfaces which have different properties to that of the layer. These interfaces
interact and interfere with crack propagation compared to monolithically cast specimens and
contribute to differential properties of structural elements in different directions. This phenomenon is
identified by performing 3-point bending tests on printed elements with different layer orientations
and comparing the fracture energy in Mode | (Gr) and peak flexural stresses (o) of the printed
concrete tested. Subsequently, ABAQUS model of 3-point bending tests are developed with different
material properties of the interface elements and the layers which are validated against the
experimental results. Upon parametrisation of the fracture energy and peak flexural stress values, it
has been noted that the properties of the interface elements are categorised by the tests done with the
loading direction parallel to the layer orientation.

1 INTRODUCTION

Given the novelty of the concrete 3D
printing technology (C3DP), the structural

specifically the orthotropy of structural
elements formed using the layer-wise additive
manufacturing process [1,2]. The early age

design of printed structures is still an
understudied area. With form-free fabrication
made possible with the use of C3DP several
benefits such as material savings and faster
construction are unlocked. However, most
current applications of this emergent
technology remain non-structural due to the
lack of studies of meso-scale and macro scale
engineering structural properties of the printed
concrete elements. One of such important
structural phenomena is the anisotropy or more

properties of a printable cementitious material
are known to impact the hardened state
properties through phenomenon like the
presence of cold-joint like interfaces between
layers. Given the complexity of printing
processes, the involvement of additional
parameters such as the printing speed, printing
path, extrudability and buildability of the mix,
open time of a given mix, the strength
characteristics of the interfaces can vary
significantly within a given a printed element
despite having the exact same material
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composition and age [3-6].

While there are no effective standards to
study the bond between layers in printed
concrete, several studies have been taken up to
understand the effect of orthotropy and other
interface related effects as part of the literature.
The structural orthotropy of printed elements
can be studied by understanding the influence
of layer orientation on crack-propagation in
Mode | fracture across layers. [7-10]. This
study focusses on the understanding of the
inter-layer bond in printed concrete elements by
examining the Mode | fracture response in 3-
point bending tests of printed elements of 160
mm x 25 mm x 40 mm with different layer
orientations. Specimens were tested with layers
parallel and perpendicular to the direction of
loading. Specimens were also taken from the
top and bottom of the printed element to
understand different compaction of layers.
Companion monolithically cast specimens
were also tested similarly. The specimens with
a lower compaction due to self-weight were
registered as “top specimens”, specimens with
a higher compaction due to self-weight were
registered as “bottom specimens”, the
specimens with layers orientation parallel to the
direction of testing were registered as “vertical
specimens” and specimens that were
monolithically cast were tested as “cast
specimens”. The experimental results are then
used for the development of an ABAQUS based
finite element model as described further
below.

2 EXPERIMENTAL METHODOLOGY
AND ANLYSIS OF RESULTS

The mix design of the printable
cementitious mortar was achieved after an
iterative procedure. As can be expected, the
mortar has a high proportion of binder. The
special binder used is a blend of White 52.5 R
CEM | cement (92%) and Calcium Sulfo
Aluminate cement (8%) to achieve a fast-
setting property. No specific set retarders or
accelerators have been employed in this mix to
ensure printability. The maximum aggregate
size in the current mix is 0.6 mm which is that

of ground recycled glass. The rest of the matrix
is composed of Silica sand and quartz glass fine
compound. Basalt fibres which are 16 mm in
length and 13 um in diameter have been used to
ensure the cohesiveness required in the fresh
state and avoid plastic shrinkage related
defects. The basalt fibres had a tensile strength
of 2800 MPa and an elastic modulus of 84 GPa.
The proportion of 20 kg/m3 is equivalent to
0.7% VIV concentration in the cementitious
composite upon homogeneous fibre dispersion.
A water - binder ratio has been 0.295 to ensure
adequate strength, together with 2.8% by
weight of binder of a polycarboxylate ether-
based superplasticiser to enhance workability, .
The resulting mix had a 28-day compressive
strength of about 70 MPa.

Rectangular prismatic specimens were
extruded at 50 mm/min up to a height of 450
mm and lengths of 2000 mm from which
specimens of mentioned heights and depths are
cut with 10 mm notch depth and 4 mm width.
These notches were made on all the specimens
to localise cracking during the 3-point bending
tests. Clips that can accommodate a clip-gauge
were then glued to either side of the notch 4 mm
apart. A clip-gauge connected to an
electromechanical Instron machine with a range
of 3 mm was then fitted to these clips. 3-point
bending tests are then performed using crack-
width control at a rate of 0.015 mm/s. The load
was noted every 0.02 seconds until failure. The
setup of the 3-point bending test can be seen
below in Fig 1. The load vs COD curves of
individual specimens with different layer
orientations is plotted. The peak load registered
in the 3-point bending test is then used to
compute the peak flexural stress capacity of
each individual specimen using the formula
below where I, b & d are the dimensions of the
specimens:

_3Fmaxl (1)
OF = Zpaz

The peak flexural stress thus calculated for
all the specimens of similar dimensions are
averaged together and are presented in the form
of bar graphs in Fig 2. represented below. The
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error bars depicted in the following figures are
used solely to represent the maximum and
minimum values of the flexural strength in
MPa. It can be seen that the values of peak
flexural capacity are similar for the printed
elements tested with layer orientations
perpendicular to the direction of loading and
these are similar to that of the monolithically
cast specimens. This indicates that the printing
process has minimal effect on the flexural
capacity in the direction perpendicular to the
layer orientation. Whereas the vertical
specimens reached only 45% of the flexural
capacity of the printed specimens with layers
perpendicular to the direction of loading. This
indicates a clear orthotropy and the presence of
weak interfaces between the layers.

The average load vs COD curves of
specimens of different layer orientations have
been calculated for different specimens of the
same category by normalising the abscissa and
ordiate values with respect to their local
maxima and averaging the resultant normalised
values. These curves are plotted for different
categories of specimens as shown below in Fig
3. This is indicative of their overall mechanical
performance. It can be seen that the vertical
specimens were much weaker compared to the
specimens with layer orientation perpendicular
to the direction of loading. It can also be seen
that the printed specimens have a very similar
mechanical performance to that of the cast
specimens when loaded across layers. This is
indicative of good printing technique with no
presence of cold joints.

In order to avoid the normalisation of
dimensions, the same sets of specimens were
analysed using the calculation of work of
fracture. Work of Fracture is an indicator of the
crack resistance of the specimens upon loading.
This is calculated using the least R-squared
method from the area of the curves under the
load vs crack-opening displacement graph.
Considering that a displacement control method
of loading has been employed, the failure of the
specimens is very gradual. The work of fracture
is normalised by the ligament area (product of
width and effective depth of each specimen) to

obtain the fracture energy which is a material
parameter represented in N/m as studied and
developed by Bazant et al (1984) [11, 12].
These fracture energy values are plotted in Fig
4.

The micro-pores in the top layers of the printed
elements remain and solidify during the
printing process whereas those in the bottom
layers are consolidated and lost after the
subsequent layers are added on top. These
micro-pores act as barriers for crack
propagation allowing for a higher energy
release during the fracture. This phenomenon
precipitates in the slightly higher fracture
energy and flexural capacity of the specimens
taken from the top compared to those taken
from the bottom of a printed element. The
printed specimens loaded vertically fail with the
crack propagating along the printing path
resulting in a much more brittle failure and
results in poor flexural capacity due to a poor
crack resistance. The cast elements also have a
higher proportion of voids compared to the
printed elements due to the additional
compaction of the printed elements in the
extrusion process. This allows for an even
higher crack path resistance compared to that of
the printed elements and therefore a higher
fracture energy compared to that of the printed
elements. It is therefore seen that while the
same mix design of the cementitious mortar is
employed in the printing process and the
casting process, the printing process itself and
the orientation of the specimens can have a
significant influence on the material parameters
such as the flexural capacity and fracture
energy. This also implies that despite the
presence of weaker interfaces between layers,
the printed specimens on average offered a
similar resistance to load as the monolithically
cast counterparts. Therefore understanding the
influence of interfaces becomes even more
paramount to an effective design process.
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3 NUMERICAL MODELLING USING
ABAQUS AND VALIADTION OF
RESULTS

Concrete Damage Plasticity (CDP)
model has been developed using ABAQUS
software to understand the influence of
interfaces on the load capacity in 3-point
bending tests. The parameters such as the
dilation angle, eccentricity and poisson’s ratio
are taken from a collection of similar studies
involving fracture in 3D printed materials [13,
14]. For the purpose of this study the viscosity
parameter has been chosen as 5x107 after an
iterative procedure to identify the appropriate
residual capacity of specimens. The complete
set of parameters used as input for the CDP
model are shown below in Table 1.

To understand the influence of the
interfaces, separate interface elements with
Imm thickness are modelled in between the
layers of 9 mm which contain the bulk
materials. All the elements are bonded to each
other with a tie constraint always maintaining
the relative strain between the layers equal to 0.
The load conditions used in the model can be
seen below in Fig 5.

A linear geometric triangular mesh
consisting of (CPE3) 3-node linear plane strain
triangle elements as shown below in Fig 6 has
been employed to discretize the specimen
geometry. The mesh is structured with an
element size of 0.5 mm at the interface. A
higher density of the mesh is employed close to
the perceived crack with an element size of 0.5
mm. Both the layers and the interface parts are
given the same geometrical effective length of
160 mm same as the size of the specimens
tested in 3-point bending.

In the case of the monolithically cast
specimens to avoid the presence of interfaces,
both the interface elements and the layer
elements were assigned the same constitutive
properties. The compressive constitutive
behaviour is approximated based on estimates
from the fib Model Code (2010) for a
compressive strength of 70 MPa. The tensile
constitutive behaviour of concrete used in the
case of monolithically cast elements is depicted
in Fig 7 with an equivalent tensile stress (o)

vs crack opening (w) curve. The area under the
bilinear curve is calibrated to the fracture
energy (Gg). It can be noted that for the case of
monolithically cast elements, the equivalent
tensile strength of 5.54 MPa and an equivalent
Gr of 144 N/m has been employed. The Gr
value has been taken from the average fracture
energy in the case of printed elements taken
from the top with a layer orientation
perpendicular to the direction of loading. The
equivalent tensile stress has been computed
based on the Flexural tensile strength
suggestion of the fib Model Code (2010) from
a flexural capacity of 8.4 MPa in 3-point
bending as written below.

0.06h%7

Ot = T 0.06n07 f 2)

To avoid the mesh dependence of the
model, the CMOD in the constitutive model is
divided by a characteristic length (equivalent to
the mesh size) to obtain an equivalent strain.

As can be seen from the localisation of
plastic strain shown in Fig 8, the crack is
localised at the notch at the centre of the
specimens. Upon computing the Load vs
CMOD response from the resulting ABAQUS
model, it can be seen in the Fig 9 that there is a
good agreement between the experimental
results and the ABAQUS model in the case of
cast elements.

To simulate the presence of interface
elements in the printed specimens, the interface
elements have been chosen to have a poorer
tensile constitutive property. Specifically, the
tensile constitutive property equivalent of the
flexural tensile strength of vertical specimens
has been utilised. The equivalent tensile
strength of 1.54 MPa based on the fib model
code (2010) for a flexural tensile strength of 3.5
MPa and an equivalent Gr of 40 N/m computed
from the vertical specimens is employed. The
tensile constitutive properties of the interface
elements and the layer elements are depicted in
the Fig 10.

It can be seen from Fig 11 that upon
reducing the tensile constitutive properties of
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the interface elements, a good agreement can be
achieved in the Load vs CMOD results of the
experimental and ABAQUS models.

4 CONCLUSIONS

It can be established from Figs 2,3 & 4
that there is clear orthotropy in the properties of
printed elements. The printed elements tested
with layer orientations parallel to the direction
of loading have a much weaker mechanical
performance compared to the elements tested
with layer orientation perpendicular to the
direction of loading. This indicates a presence
of weak interfaces between the layers. While
there are no direct methods to establish the
mechanical properties of these interfaces such
as the tensile strength and the fracture energy,
the ABAQUS model can estimate the properties
using a comparison between the properties of
the printed elements and the monolithically cast
elements. The vertical elements are
characterised by the weak interfaces and
therefore it can be said that the limiting
constitutive properties such as the tensile
strength and the fracture energy of the interface
are that of the printed elements tested with
direction of loading parallel to the layer
orientation. In this case the tensile strength of
the interface is 1.54 MPa and the fracture
energy of the interface is 40 N/m, whereas the
tensile strength of the monolithically cast
specimens and the printed elements,
characterised by the layer elements (bulk
material) is 5.54 MPa and the fracture energy of
the layer elements is 144 N/m.

The following correlation can therefore
be established:

Ointerface

Gr ;
— f,interface — 0277

Olayer Gf, layer

It can also be noted that the printed
elements tested with layer orientations
perpendicular to the direction of testing have
the same mechanical properties as that of the
monolithically cast elements of similar
dimensions. This establishes that the printing
quality is maintained despite the presence of
weak interfaces which are unavoidable when
the elements are loaded across the interfaces.

The presence of interfaces acts as barriers to
crack propagation offering a higher resistance
to fracture and thus can be utilised to augment
the performance of printed elements.
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Dilati | Ecc | ob0/ccO | Kc | Visco | Poiss

on |ent sity | on's
angle | rici para | ratio
ty meter

30 [0.1]| 1.16 [0.667 [5E-07| 0.2

Table 1: Parameters used in the CDP model in
ABAQUS

Figure 1: 3-point bending test setup with a clip-
guage at the notch-tip to control CMOD.

Flexural strength at I=16cm
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Figure 2: Nominal flexural strength for cast and
printed specimens
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Figure 3: Average of Load vs COD curves of printed

and cast specimens
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Figure 4: Average Fracture energy of printed and
cast specimens

Figure 5: 3-point bending model with interfaces
elements represented along with the loads

Figure 6: CPE3 plane strain mesh with denser mesh
close to the notch and interface elements

tensile constitutive behaviour MODEL CODE

—e—printed top
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Figure 7: Tensile constitutive property

Figure 8: Crack in 3-point bending characterised by
plastic strain in X-direction

Load vs COD curves in 3 point bending of standard specimens

—— Cast experimental

- - - Cast interface model; Flexural tensile
strength = 5.5 Mpa

Load (kN)

0 0.1 02 03 04 05
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Figure 9: Agreement between the experimental
results and ABAQUS model in case of monolithically
cast specimens
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Tensile constitutive property

6
? —@— cracked tensile specimen
from flexure and model
4
code top
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Figure 10: Tensile constitutive property of layer and
interface elements

Load vs COD curves in 3 point bending of standard specimens

Printed clement with lmm interface thickness

COoD fmlﬂ‘l-
Figure 11: Agreement between the experimental

results and ABAQUS model in case of printed
element



