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Abstract. The use of 3D printed polymers in the form of lattice reinforcement can enhance the
mechanical properties of cementitious composites. Methods like Fused Deposition Modelling (FDM)
3D printing enable their creation, but this process has a large (negative) effect on their mechanical
properties, with a large dependency on the printing direction. Continuing on our previous study
concerned with modelling the anisotropic behaviour of 3D printed polymeric reinforcement, this work
focuses on the reinforcement-matrix bond. Because of the layer-by-layer filament extrusion process of
the 3D printing technique, the edges of FDM 3D printed polymers are typically composed of ellipses.
Based on this, it is hypothesized that morphological effects as a result of the 3D printing technique
enhance the bond between 3D printed reinforcement and cementitious matrix: The elliptic geometry
potentially facilitates interlocking with the cementitious mortar, thereby possibly enhancing the bond
behaviour in certain directions. To investigate the geometrical directional-dependent features at the
edges of 3D printed polymers in more detail, micro-scale models are developed. Geometrical effects
induced by different printing configurations are studied. The simulation results are verified through
meso-scale pull-out experiments. The interlocking effects as a result of the 3D printing technique
show to be significant seeing a bond strength increase of 56% compared to the direction without any
geometrical effects.

1 INTRODUCTION of anisotropy [6]. The layer-by-layer filament

extrusion process of the 3D printing technique

3D printed polymers in the form of lattice
reinforcement can enhance the properties of ce-
mentitious composites [ 1H3]]. However, the pro-
duction process of such reinforcements has a
large effect on their mechanical properties, with
a large dependency on the direction of print-
ing and loading [4]]. Some concerns for 3D
printed objects are, for instance, the containing
of geometrical imperfections [5] and high level

causes the edges of Fused Deposition Mod-
elling (FDM) 3D printed polymers to be com-
posed of ellipses [7]. The elliptic geometry po-
tentially facilitates interlocking with the cemen-
titious mortar, thereby possibly enhancing the
bond behaviour in certain directions.

A methodology for determining the bond be-
tween cementitious matrix and 3D printed poly-
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mers is explained, starting with pull-out exper-
iments between FDM 3D printed Acrylonitrile
Butadiene Styrene (ABS) bars and cementitious
mortar (described in [§8]]), which are used to cali-
brate a meso-scale pull-out model. Morpholog-
ical effects on the bond behaviour are studied
by numerical simulations on two length scales
using Lattice Beam Model (LBM) simulations.
Bond properties are fist determined at the meso-
scale using a pull-out model which resembles
the pull-out experiments (as described in [8]]).
These pull-out tests are performed on ABS bars
in which the printing path is parallel to the di-
rection of loading to avoid any influence from
the intra-layer and inter-layer bonds caused by
the printing process [9]. Secondly, geometri-
cal directional-dependent edge features of FDM
3D printed polymers are explicitly modelled at
the micro-scale using the meso-scale properties
as a reference. The material properties of the
ABS bars for both the meso-scale and micro-
scale models are adopted from our previous
work [10] and are calibrated based on experi-
mental results.

2 METHODOLOGY

2.1 Experimental analysis

The bond behaviour between FDM 3D
printed ABS reinforcement and cementitious
mortar will be determined from pull-out exper-
iments described in our previous study [8]]. The
pull-out samples were created using 2 X 3 mm
ABS bars with a length of 50 mm. The first 5
mm of the cementitious matrix was prevented
to touch the ABS bar by means of a plastic tube
with a radius of 5 mm and the embedded length
was 10 mm. The dimensions of the pull-out
specimens are depicted in Figure [I] and were
loaded at a displacement rate of 5 x 10~3 mm/s.
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/
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Figure 1: Dimensions of pull-out specimens [§]]

Experimental pull-out results [8] are pre-
sented as bond stress-slip curves in Figure [2]
The bond stress in Figure [2] is calculated us-
ing the actual circumference obtained from the
expanded geometrical model described in [10],
which describes the cross-sectional shape of
3D printed materials that are composed of el-
lipses having a larger contact area with the
cementitious mortar. The geometric model
has been implemented in the CAD application
Rhinoceros® using Grasshopper to model the
morphology of FDM 3D printed parts.
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Figure 2: Experimental pull-out curves and numerical
failure mode showing damage in blue

From the bond stress-slip results in Figure
it can be observed that the bond strength be-
tween FDM 3D printed ABS and cementitious
matrix is very low, i.e. below 1 MPa. Because
all experiments resulted in successful bar pull-
out, the weak bonding can be attributed to the
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fact that, at the molecular scale, ABS consists of
hydrophobic groups [8]. As a result, there is no
chemical adhesion with the cementitious mor-
tar. Because of the absence of chemical adhe-
sion, the bond strength mainly reflects the con-
tribution of friction.

To better understand the bond behaviour be-
tween the FDM 3D printed ABS and cemen-
titious matrix, Scanning Electron Microscope
(SEM) pictures are taken to visualize the inter-
face amongst the two materials. Figure [3] de-
picts two 20.0 kV images at different magnifi-
cations of 100 and 1000, clearly showing the
elliptical morphology at the edges of the ABS
3D print. Furthermore, Figure [3| shows that the
cementitious mortar has completely filled the
sharp interior portions at the intersections be-
tween the stacked bead layers. This raised the
hypothesis that interlocking effects as a result of
the 3D printing technique could be facilitated,
particularly in the inter-layer direction which
has a strong resemblance with deformed rein-
forcement bars.
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Figure 4: Bond behaviour of hypothesized mechanical in-
teractions caused by different (local) shapes of reinforce-
ments depending on printing path and build direction

Figure 4]illustrates the bond behaviour of the
hypothesized mechanical interactions for the
three different directions as a result of morpho-
logical effects. Please note that the intra-layer

and inter-layer directions are only investigated
numerically at the micro-scale. These two di-
rections can be regarded as if the ABS bars in
the experiment were printed in the two mutu-
ally orthogonal build directions with respect to
the bead direction.

2.2 Numerical simulations
2.2.1 Lattice beam model

In LBM simulations, a specimen is dis-
cretized into a network of lattice beam elements
which enable load transfer [[11-13]]. As the ra-
tio between length and cross-sectional size of
the lattice beams is usually small, Timoshenko
beam elements are applied to consider shear
contributions [[14-16]. The mesh can be made
irregular and distinct input properties can be
given to different elements [17], thereby includ-
ing heterogeneity. The fracture process is cap-
tured via element removal, which may be lead
by (step by step [11]) impairment of the ele-
ment’s stiffness [[18]].

The fracture process is initiated through the
application of a certain load (i.e. deformation
or force controlled), after which a linear elas-
tic analysis is performed. During the analysis,
stresses are recorded in all beam elements and
assessed against the failure criterion in Equation

(1):

Flo)= 2 <1, (1)
Iy
N M|, [ M

where o is the stress computed using Equation
and f, the material’s strength. NV is the nor-
mal force, A the cross-sectional area, M, and
M; are the local bending moments in nodes :
and j, W is the section modulus, an and oy
are the normal force and bending moment in-
fluence factors, respectively. Based on our pre-
vious study [10], ax and ay; are taken as 1.0
and 0.05, respectively.

If one of the elements reaches the failure cri-
terion in Equation (1), i.e. F(o) = 1, this ele-
ment is removed from the latte network, thereby
imposing damage. At this time, the load level
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Figure 3: SEM picture of the interface between FDM 3D printed ABS and cementitious mortar

and displacement field are saved before reload-
ing the updated (i.e. damaged) mesh and redo-
ing the aforementioned procedure. The analy-
ses continue through deleting elements exceed-
ing the failure criterion one by one until the
modelled specimen fails. The damage’s inten-
tion is to replicate crack initiation and propaga-
tion. All linear-elastic analyses combined con-
stitute a non-linear analysis containing detailed
cracking information [[T1L[I9].

The numerical procedure used here is simi-
lar to that of our previous work [10], but will be
briefly explained next:

* The test specimen is discretized by a grid
of cubic cells with length A as shown in

Figure 3

* Inside all cells, sub-cells having length s
are created provided 0 < s < A, see
Figure[5] Every sub-cell contains one lat-
tice node at a random location within its
volume. Hence, R = s/A defines the
randomness of the lattice mesh, thereby
including heterogeneity. In this work,
R equals 0.5, except for lattice nodes at
boundary conditions (i.e. load applica-
tion and support locations). Boundary
nodes have zero randomness to ensure
even load distribution.

* Neighboring lattice nodes are connected
by means of lattice beam elements along
the three main axes (XX, Y'Y, and ZZ%),
planar diagonals (XY, YZ, and XZ%),
and spatial diagonals (XY Z). To prevent
intersecting diagonals, only the shortest
are maintained.

» The phase of each lattice beam element is
determined using two strategies, depend-
ing on the location of its two end nodes.
The first strategy takes care that if both
end nodes are located in the same region,
the lattice beam element receives material
properties belonging to that region (i.e.
cementitious matrix in Figure [5). When
the two end nodes are in different regions,
such that the element crosses between
them, it is considered an interfacial ele-
ment having properties corresponding to
that particular interface (i.e. ABS-matrix
bond in Figure [5). The second strategy,
proposed in [[10], only concerns elements
with both end nodes inside 3D printed
material (i.e. ABS region in Figure [3).
In that case, mechanical properties are as-
signed based on the element’s orientation
with respect to the printing path (n; in
Figure [3)).

» Calibrations for each phase’s stiffness
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and strength are performed as described
in [10] by means of an iterative deter-
mination procedure. For the constitu-
tive relationships, multi-linear curves are
used such that the elemental stiffness and
strength are gradually altered during the
analyses as illustrated in Figure [0]

Printing path-dependent lattice properties
are assigned by introducing a local coordinate
system consisting of unit vectors n;, s; and ;.
As shown in Figure [5] n; corresponds to the
ABS bar’s longitudinal axis, which is parallel
to the printing path, whilst s; is perpendicular
to n; and lies in the same plane. ?; is the normal
vector of this plane and is therefore not depicted
in the two-dimensional representation in Figure
5] Directional element categories are imposed
in every local coordinate system by means of
spherical angles, where 6, is the azimuth an-
gle of the projection on the plane formed by
unit vectors n; and ¢;, measured from vector
n;, and ¢, is the polar angle measured from
the unit vector s;. Now, the directional element
categories can be decomposed into directional
element domains in the local coordinate sys-
tem with respect to the spherical angles. The
decomposed directional element domains are
listed in Tablelll Each colour of the lattice beam
elements in Figure [5] corresponds to a different
constitutive relationship. The input properties
for the lattice beam elements corresponding to
matrix phase are calibrated according to the ex-
perimental data presented in [20]].
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Figure 6: Multi-linear constitutive relationship for 3D
printed ABS in uniaxial bead or n direction following Ta-
ble 2] from our previous work [[10]

2.2.2 Modelling procedure

The meso-scale model allows for calibration
of the ABS-mortar bond properties through pa-
rameter fitting. The generated lattice mesh for
the meso-scale pull-out simulations is displayed
in Figure [5] having a mesh size of 0.6 mm.
The input parameters for the ABS filament can
therefore be taken from our previous study [[10],
which are provided in Table

Once the ABS-mortar bond properties at the
meso-scale are fitted with the experimental pull-
out results, these are scaled down to the micro-
scale. To enable explicit modelling of the
microstructural morphology as a result of the
FDM 3D printing technique (see [9]), a very
fine mesh is required that would yield too com-
putationally expensive numerical simulations at
the meso-scale [8]. Therefore, taking into ac-
count the geometrical analyses described in [9]
and Figure |3| three different directions with re-
spect to the printing path will be studied by
means of micro-scale LBM simulations: 1) the
bead or filament direction (parallel to the print-
ing path, n;), i) the intra-layer direction (%;),
and iii) the inter-layer direction (s;). Particu-
larly the inter-layer direction has a strong re-
semblance with deformed reinforcement bars,
see Figure 3]

The bead direction is the only direction that
was successfully tested by means of pull-out
experiments. It is therefore assumed that the
bond behaviour between ABS and cementitious
matrix is the same in terms of chemical adhe-
sion and friction. Accordingly, morphological
effects only contribute to the mechanical inter-
action through anchorage or interlocking of the
mortar and elliptical edges.

2.2.3 Micro-scale models

At the micro-scale, a mesh size of 25 pum
is used throughout all models. The out-of-
plane model thickness is set to 750 pm with
a matrix width kept constant at 1000 pm. All
other dimensions related to the ABS bar corre-
spond to the microstructural experimental anal-
ysis performed in [10] and are modelled via
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Figure 5: Generated lattice mesh
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Table 1: Directional element domains for property assignment from our previous work

Directions 0, (rad) Onst (rad)

n [0, 7] U [§m 5] U [$m.2m) & &7]

s [0,27) [O, %W] U [gﬂ', 71']

t [, 3x] U [§m, 7] (&7, §7]

ns (0,3m) U (§m, §m) U (F, 2m) (57 §7) U (37, §7)
st (§mgm) U (§m ¥n) (57 §m) U (3. §7)
o (e UG U (e ) U (S B (3mdn)

mt (iU (nin) UG e U (BB (ndn UG

Rhinoceros® using Grasshopper according to
the geometrical models by Ahn et al. and
its extension in [21].

To see the isolated effect of morphological
features without any influence of the intra-layer
and inter-layer bonds within the 3D printed
ABS material, another methodology to test mi-
cromechanical bond behaviour is used at the
micro-scale, namely the push-out test [22].
By exposing the reinforcement to compres-
sion, tensile failure of the internal bonds will
not be governing. Hence, given the same
experimentally-fitted bond properties as before,
push-out tests can measure the contribution of
mechanical interactions.

To reduce computational costs only a half of
each cutout is modelled in view of symmetry.
To approximate experimental conditions, the
loading and constraints are directly applied to
the cutout portions of the ABS and surrounding
matrix. However, note that the boundary con-
ditions are modified to simulate push-out con-
ditions. In total, four scenarios are modelled at
the micro-scale: a reference for the intra-layer
direction which mimics the bead direction (Fig-
ure [7[(a)), the intra-layer direction containing
two adjacent beads (Figure Ekb)), areference for
the inter-layer direction that reflects the bead di-
rection (Figure [7(c)), and the inter-layer direc-
tion consisting of eight stacked layers (Figure
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Table 2: Printing path-dependent directional element properties from our previous work [[10]]

Properties (MPa) n S t ns st nt nst

E 1590 1570 1584 1912 1912 1923 2430
G, 530 523.33 528 637.33 637.33 641 81

fea 30.77 4.57 22.03 4.58 4.58 22.86 6.93
fer -38.46 -5.71 -27.54 -5.73 -5.73 -28.58 -8.66
Ey 642 980 812 789 775 1313
Gy 214 326.67 270.67 263 258.33 437.67
f2 38.93 1431 1.96 1.90 9.38 3.75
feo -48.66 -17.89 -2.45 -2.38 -11.73  -4.69
Es 543 780 776 776 1256
Gs 181 260 258.67 258.67 418.67
fis 35.18 1539  10.74 15.26  22.06
fes -43.98 -19.24  -13.43 -19.08 -27.58
By 162 313 580 346 598
Gy 54 104.33 193.33 115.33 199.33
froa 10.86 19.65 8.16 18.72  10.51
fea -13.58 -24.56  -10.20 -2340 -13.14
Ex 275 90 295 514
Gs 91.67 30 98.33 171.33
fes 1749 1.28 1843 15.28
fes -21.86 -1.60 -23.04 -19.10
Eq 82 89 211
Gg 27.33 29.67 70.33
fee 5.34 6.12 19.44
fes -6.68 -7.65 -24.30
by 59

Gy 19.67
for 6.09
fc,7 -7.61

[7(d)). The two references in Figures [/(a) and
[/c) reflecting the bead direction are there to
prevent any mesh dependencies when compar-
ing the reference and morphological featured
cases for the intra-layer and inter-layer, respec-
tively. There is less polymer phase (i.e. ABS) in
the micro-scale models for the intra-layer com-
pared to the inter-layer (see Figure [7). Hence,
due to the randomness of the lattice mesh and
the difference in dimensions, a reference simu-
lation for each direction is required to make a
fair comparison.

3 RESULTS
3.1 Meso-scale constitutive relationship

The meso-scale bond stress-slip relationship
is fitted with experimental pull-out data, simi-
lar to [8]. The starting point is to model the
ABS bar, which is done in accordance with the
printing path-dependent two-scale modelling
scheme data explained in [10]. The local input

for the matrix phase is calibrated with experi-
mental data in [20] and lattice properties used
in [8]], corresponding globally to mortar with
a Young’s modulus of 11417 MPa. The local
input therefore yields £ = 11417 MPa, G =
3805.7 MPa, f; = 4.07 MPa, and f. = -32.59
MPa. Please note that local input (i.e. ele-
ment properties) are always calibrated in such
a way so that the global specimen response is
achieved. Hence, depending on the mesh pa-
rameters (e.g. size and randomness), slightly
different local properties are needed to mimic
the same global behaviour [23]].

The constitutive relationship for the bond el-
ements between FDM 3D printed ABS bars and
cementitious matrix is defined as a multi-linear
curve composed of five segments (see Figure[§)),
similar to the pull-out models developed in [§].
Hence, their stiffness and strength are modified
accordingly throughout the analyses rather than
being directly discarded. The input parame-
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Figure 7: Generated lattice meshes for micro-scale push-out models of a) intra-layer reference, b) intra-layer direction, c)

inter-layer reference, and d) inter-layer direction

ters for the bond phase regarding the meso-scale
pull-out model in Figure [5] are contained in Ta-
ble 3l The values for the ABS bars from [10],
including the directional discretizations to cap-
ture their anisotropy, can be found in Table 2]

x10

Jia s

o[MPa)|

Figure 8: Multi-linear constitutive relationship for ABS-
mortar bond

The shape of the multi-linear constitutive re-
lationship for ABS-mortar bond in Figure [§]
shows strong similarities with analytical mod-
els by Harajli et al. [24426]. The implemented
multi-linear constitutive relation approximates
the experimental curves in a realistic manner as

shown in Figure [0 The maximum bond stress
that can be reached without breaking the ABS
bar in the LBM simulations is 0.8 MPa, which
is about 16% lower compared to the experimen-
tal data.
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Figure 9: Comparison of meso-scale pull-out bond stress-
slip curves and failure mode showing damage in blue

3.2 Micro-scale bond stress-slip analysis

Small virtual cutouts from the meso-scale
pull-out experiments as described in Section
2.2.3] are subjected to LBM simulations of
micro-scale push-out tests. The micro-scale
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Table 3: Input for meso-scale ABS-mortar bond elements, following the curve shown in Figure 3]

Properties Segment1 Segment2 Segment3 Segment4 SegmentS5
E;(MPa) 114170 57085 23750 9500 4750

G; (MPa) 38057 19028 7917 3167 1583

fri (MPa) 16000 16000 16000 11500 11500

fei MPa)  -16000 -16000 -16000 -11500 -11500

bond stress-slip relationships resulting from the
four scenarios described therein are displayed in
Figure maintaining the same format as Fig-
ure [/l However, the micro-scale slip values in
Figure [10] cannot be compared to their meso-
scale counterparts, because the latter include
elastic deformation from the ABS bar whilst the
former does not [27]. The micro-scale input for
the bead, inter-layer and intra-layer phases is
used from our previous work [10]. These are
provided in Table 4] where the subscripts corre-
spond to the segment number of a (multi-)linear
curve (see Figure[6).

Table 4: Input parameters for micro-scale simulations

Properties (MPa) Bead Inter-layer Intra-layer Matrix

E, 1590 1590 1590 11417
G, 530 530 530 3805.7
fia 40 6.6 29 423
fer -50 -8.25 -36.25 -33.84
E, 343

G, 114.33

Jeo 38

Je2 -47.5

The local input for the matrix phase is recal-
ibrated for the different mesh size at the micro-
scale. Compared to the meso-scale simulations,
in the micro-scale simulations the local strength
input parameters for the matrix (see Table H))
and ABS-mortar bond elements (see Table [5)
are slightly reduced.

Figure [I0(a) shows the reference push-out
behaviour for the intra-layer direction model
which reflects the bead direction and therefore
directly corresponds to the experimental pull-
out observations. It can be seen that the ob-
tained bond strength of about 0.73 MPa is al-
most identical to the meso-scale pull-out re-
sults in Figure [9 of about 0.8 MPa. This dif-
ference can be attributed to small differences
in the lattice mesh because of its randomness.

Moreover, the shape of the pull-out bond stress-
slip curve and failure mode are similar to those
obtained experimentally and numerically at the
meso-scale (see Figure [9). Please recall that
the micro-scale slip values in Figure [10] are
not comparable to the meso-scale as the lat-
ter include elastic deformation from the ABS
bar whilst the former does not [27]]. Further-
more, Figure [I0(a) also includes the deformed
mesh showing cracks in blue at final stage of the
analysis which clearly indicates a clean push-
out response. Figure [I0[b) displays the intra-
layer direction having a similar response with
a slightly higher bond strength of nearly 0.84
MPa and also a clean pull-out with softening
behaviour. Figure [I0[c) depicts the reference
pull-out behaviour for the inter-layer direction
model which also corresponds to the bead di-
rection. In this case, the obtained bond strength
of 0.80 MPa perfectly matches the meso-scale
pull-out results in Figure 9] and the fracture of
the model also clearly indicates a clean push-
out response. Figure [I0[(d) also displays a suc-
cessful push-out in which the inter-layer bond
within the ABS bar survives. Even though the
peak is not as smooth as the others in Figure[T0}
a bond strength of about 1.24 MPa is reached.
Therefore, this result truly shows the isolated
effect of morphological features without any in-
fluence of the intra-layer and inter-layer bonds
within the 3D printed ABS material. It can
also be observed in Figure [I0(d) that due to the
wedging of the morphological features, some
splitting of the matrix occurs.

The directional-dependent bond behaviour
of the intra-layer and inter-layer directions at
the micro-scale can be related to that of the bead
direction using a strength ratio

s
bi = T
‘ fb,bead ’

3)
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Table S: Input parameters for micro-scale ABS-mortar bond phase elements

Properties Segment1 Segment2 Segment3 Segment4 Segment S5
E;(MPa) 114170 57085 23750 9500 4750

G; MPa) 38057 19028 7917 3167 1583

fii MPa) 12075 12075 12075 8682 8682

fei MPa)  -12075 -12075 -12075 -8682 -8682

—Intra-layer REF —— Inter-layer REF
— Intra-layer Inter-layer

1.4

0.04 0.06 0.08

s|mm]

0 0.02

0.1

a) Intra — layer REF c¢) Inter — layer REF

b) Intra — layer d) Inter — layer

Figure 10: Micro-scale push-out simulation bond stress-slip and fracture results. Deformed meshes showing cracks in

blue at final stage of the analyses.

where f},; can be regarded as fi, intra and fi, inter
corresponding to the bond strengths in the intra-
layer and inter-layer directions at the micro-
scale, respectively, and fipeaa 1S the bond
strength in the bead direction at the micro-scale.
Considering the directional-dependencies de-
scribed by Equation (3), bond strength ratios
of 1.15 and 1.56 are obtained for the intra-layer
and inter-layer directions, respectively.

4 CONCLUSIONS

The presented work illustrates that print-
ing direction influences the bond between 3D
printed polymeric reinforcement and cementi-
tious matrix. By explicitly modelling the geom-
etry, and without changing input parameters, we
learned what effect printing direction has on the
bond between 3D printed polymeric reinforce-

10

ment and cementitious matrix. Interlocking ef-
fects as a result of the 3D printing technique
in the inter-layer direction show to be signif-
icant, seeing a bond strength increase of 56%
with respect to the (reference) bead direction
(i.e. the ‘bulk material’ without interfaces per-
pendicular to the loading direction). However,
these mechanical interaction effects in the intra-
layer direction are found to be much smaller
with a bond strength increase of only 15%
compared to the reference direction. In con-
clusion, the hypothesized directional-dependent
bond behaviour as a result of morphological
features at the edges of FDM 3D printed ABS
has been quantified and proven to exist.
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