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ARTICLE INFO ABSTRACT
Keywords: The use of 3D printed polymers in the form of lattice reinforcement can enhance the mechanical
3D printed reinforcement properties of cementitious composites. Methods like Fused Deposition Modelling (FDM) 3D

Additive Manufacturing (AM)
Bond behaviour

Numerical simulation

Lattice Beam Model (LBM)

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 up to 56% in one of the print configurations
compared to the direction without any geometrical effects.

1. Introduction

3D printed polymers in the form of lattice reinforcement can enhance the properties of cementitious composites [1-3]. One
of the considered composite categories exhibits excellent compressive ductility, which is achieved by auxetic reinforcement
architectures [4]. These auxetic architectures are mechanical metamaterials which have a negative Poisson’s ratio [5-18]. Additive
Manufacturing (AM) methods like 3D printing enable the creation of auxetic structures [7]. However, the production process of
such reinforcements has a large effect on their mechanical properties, with a large dependency on the direction of printing and
loading [19]. Some concerns for objects constructed through AM are, for instance, the containing of geometrical imperfections [14]
and high level of anisotropy [9].

Our literature review on micromechanical models for 3D printed polymers, focusing on Fused Deposition Modelling (FDM), covers
numerous literature on the topic of so-called printing process parameters, elaborating their influences on mechanical properties and
behavioural features [20]. Among the investigated process parameters for FDM are surface roughness and quality (e.g. [21-26]).
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Surface roughness, also described as surface quality, is related to the layer-by-layer filament extrusion process of the 3D printing
technique. Therefore, the edges of FDM 3D printed polymers are typically composed of ellipses [27]. These can be regarded as
superficial defects, because the intended shapes, usually modelled through 3D software, do not contain these edge effects [26]. As
a result, the elliptic exterior surfaces of FDM 3D printed polymers include variations [27], which can be seen as ‘porosity of the
edges’ [20].

Based on the review by Bol & Savija [20], it is hypothesized that morphological effects as a result of the 3D printing technique
may enhance the bond behaviour between FDM 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. This,
in combination with our previous work on printing path-dependent two-scale models for 3D printed planar auxetics by material
extrusion (i.e. FDM) [28], is the next step in our development of a modelling framework for simulating deformation and fracture of
Auxetic Cementitious Composites (ACCs). In the aforementioned reference, we propose an experimentally validated two-scale model
that is able to capture the printing path-dependent anisotropy of 3D printed polymers using the Lattice Beam Model (LBM). So far, the
bond behaviour in LBM simulations for reinforced cementitious composites was considered either by parameter fitting [29,30] or
through analytical expressions [31,32]. More recently, Mustafa et al. [33] determined the concrete-reinforcement interface element
properties via inverse analysis to get the same crack widths as experimentally measured, and Gu et al. [34] proposed a generalized
mathematical approach to model reinforcement-concrete bond.

The current paper provides valuable insights regarding the effect of printing direction on the interface properties between 3D
printed reinforcement and cementitious matrix. Using a novel approach to model pull-out experiments on two different length scales,
this study offers a good understanding of bond properties between 3D printed reinforcement and cementitious matrix at the micro-
scale. Microscopic investigations of failure mechanisms in additively manufactured reinforcement as well as amongst 3D printed
reinforcement and cementitious matrix are considered. Failure analysis for a 3D printed polymeric-cementitious composite system
is performed with numerical simulations. To the best of the authors’ knowledge, this work is the first to quantitatively investigate
the influence of printing direction on the bond between 3D printed polymeric reinforcement and cementitious matrix. A novel
methodology for determining the bond between cementitious matrix and 3D printed polymers is explained, starting with pull-out
experiments between FDM 3D printed Acrylonitrile Butadiene Styrene (ABS) bars and cementitious mortar (described in [35]),
which are used to calibrate a meso-scale pull-out model. Morphological effects are studied by numerical simulations on two length
scales, leading to a good understanding of the effects the geometrical directional-dependent edge features of 3D printed polymers
have on the bond behaviour. Bond properties are first determined at the meso-scale using a pull-out model which resembles the
pull-out experiments (as described in [35]). It should be noted, however, that these pull-out tests are performed on ABS bars in
which the printing path is parallel to the direction of loading to avoid any influence from the intra-layer and inter-layer bonds
caused by the printing process. Monaldo & Marfia [36] describe the inter-layer bond as cohesion among layers stacked vertically
during the printing process, and the intra-layer bond as cohesion among filaments deposited next to each other horizontally within
the same layer (see Fig. 6). Secondly, to explicitly model the geometrical directional-dependent features at the edges of FDM 3D
printed polymers, micro-scale models are developed 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 [28] and are calibrated based on
experimental results.

2. Literature
2.1. Reinforcement-matrix bond behaviour

The bond between cementitious materials and reinforcement has been investigated for almost 150 years since Hyatt [37]
performed tests on concrete and iron bars as early as 1876 [38]. This action of force transfer plays a crucial role in the performance
of Reinforced Concrete (RC) elements [39-41]. Bond properties significantly affect the structural response of RC members, such
as their load-carrying capacity (i.e. strength), crack propagation, crack widths, and deformation capacity and seismic resistance
(i.e. energy absorption and dissipation capacity) [34,40]. It is therefore essential to provide accurate constitutive relationships for
interface elements in numerical simulations of RC structures [34,42]. Although extensively researched by both experimental and
analytical means [39], the bond between cementitious materials and reinforcement remains complex because of its dependency on
numerous parameters (e.g. cover thickness, confinement conditions and concrete strength) [34].

Generally, bond behaviour can be defined as the force transfer or shear stress between concrete and reinforcement [43]. The
term bond stress is often used to describe this shear stress or unit shear force that acts parallel to a reinforcement bar on its interface
with surrounding concrete [44]. The bond transfers the reinforcement bar forces to the cementitious matrix, or vice versa, by which
the bond stress alters the steel stress: ‘(...) there can be no bond stress unless the bar stress changes, and there can be no change in
bar stress without bond stress.” [44]. As defined by the American Concrete Institute (ACI), bond is composed of the following three
constituents (Fig. 1): (i) chemical adhesion between the concrete and the reinforcement bar; (ii) friction as a result of interfacial
surface roughness, transverse forces exerted on the bar, and relative slip between the concrete and the reinforcement bar; and (iii)
mechanical interaction between the cementitious matrix and steel by means of anchorage or interlocking of the surrounding concrete
and ribs on deformed reinforcement bars [43,45]. Moreover, it is asserted that the bond stress varies with respect to the bond slip,
which represents the difference in displacements between the concrete and reinforcement [39]. It is this bond slip that causes local
concrete failure, which in turn deteriorates the bond behaviour.
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Fig. 1. Bond force transfer mechanisms [45].

2.2. Experimental contributions

Various test setups can be utilized for investigating the bond between concrete and (deformed) reinforcement bars [45]. Due to its
convenient manufacturing and straightforward testing procedure [39], the majority of experiments for obtaining bond are performed
using a pull-out set-up [45]. In these tests, a reinforcement bar is embedded in a concrete cylinder or prism and directly pulled out
from one end whilst the matrix is held in place from the same side [44]. However, it is argued in several studies (e.g. [39,45]) that the
pull-out configuration is not representative or even unrealistic because of its boundary conditions: the compressive reaction stresses
in the concrete near the supports cause an induced confinement of the interface, which is not present in most RC members. American
Concrete Institute (ACI) Committee 408 [45] therefore discourages the use of this testing configuration. This view is supported in [46]
for deformed reinforcement bars, where it is remarked that pull-out tests typically overestimate the bond capacity. Nevertheless, the
latter reference also reflects on the case for plain reinforcement bars for which it is concluded that pull-out tests capture the actual
failure mode and enable for precise evaluation of their bond behaviour as these do not (primarily) rely on mechanical interlock.

After the occurrence of slip, the bond stress along the reinforcement bar is assumed to be uniform. In view of this, most
(experimental) studies consider a bond unit stress (e.g. [29,38,44,46,47]):

P _ P
mh ~ mdL’
where 7 is the nominal (average) bond stress or interfacial shear stress, P is the applied pull-out load or reinforcement bar force,
m = nd the circumference of the reinforcement bar, d the reinforcement bar diameter, and h and L are the embedded length
(sometimes simply equal to the specimen length [38,44], depending on the reference and test setup).

Recent developments have led researchers to study the mechanical bonding of the interface between cementitious matrix and
3D printed polymer material as reinforcement in composites, such as the work by Namakiaraghi et al. [48]. In particular, they
investigate the influence of surface texture on the bond behaviour by means of performing pull-out experiments on rectangular 3D
printed PLA specimens having smooth and textured exterior surfaces (see Fig. 2). Their experimental campaign involves specimens
having two rectangular dimensions (D) of 5 x 5 and 6.75 x 6.75 mm?, as well as five different embedded lengths (L) equal to 2D,
6D, 10D, 14D, and 18D. Results indicate that larger tensile stresses need larger embedded lengths to prevent bond failure and that
if the PLA specimens broke before pull-out, bond stresses are proportional with the embedded length L. The exterior surface texture
has a positive effect on the bond behaviour such that equal embedded lengths can sustain higher tensile stresses compared to the
smooth specimens. This means that a rough surface results in a stronger bond than a smooth surface. Through extrapolating fitted
linear regression curves critical bond lengths (/) are found, which are explained as a lower bound for when tensile stresses cause
rupture of the 3D printed material instead of pull-out. Phrased differently, one should ensure that / > I to exploit the reinforcement
to its full potential. Using the experimental data and determined critical bond lengths, shear bond strengths are computed as:

T = Pmax , (2)
nmdl,

where P, is the maximum force measured upon breaking of the bond at /., and d the rectangular specimen dimension. Bond
strengths of 0.76, 0.67, and 1.35 MPa were found for specimens having 5 and 6.25 mm smooth, and 6.75 mm textured exterior surfaces,
respectively. Similar to conventional reinforcement (i.e. ribbed steel reinforcement bars), this points out that the mechanical bonding
of the interface between cementitious matrix and 3D printed polymer material is dependent on both the embedded length and the
surface texture, where the latter facilitates a significant raise in bond strength of over 100%. Finally, Namakiaraghi et al. [48] also
consider, both experimentally and numerically, flexural beam specimens. Bond behaviour is related then to the fact whether the
surface texture of the reinforced samples are smooth or having vertical anchorage of the PLA reinforcement. These are found to
exhibit the same characteristics as plain mortar beams up to initial cracking, however, the anchored beams regain their strength
by over 250% and show ultimate mid-span deflections reaching more than ten times that of plain mortar before failure of the
reinforcement. However, in their numerical models of the flexural beam specimens Namakiaraghi et al. [48] assume no bond
failure will occur before the PLA reinforcement fails. They reason that the Young’s moduli of the cementitious matrix and 3D
printed material have the same order of magnitude, as opposed to conventional RC beams, and therefore argue that no slipping

(€Y

T =
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Fig. 2. Pull-out experiments on rectangular 3D printed PLA specimens having varying diameters (D) and embedded lengths (L): (a) Schematic, (b) Setup [48].

nor detachment of the reinforcement will occur. Instead, it is discussed that both materials are likely to mutually fail such that
the bond behaviour can be modelled using the Embedded Region (ER) constraint available in commercially available FEM software
(e.g. ABAQUS Explicit). Nevertheless, this constraint does not enable the implementation of a bond stress—slip relationship between
cementitious matrix and 3D printed polymer material.

2.3. Analytical models

Experimental results are often generalized in terms of analytical models that represent the observed behaviour in a mathematical
manner. This is mainly done to quantify these relationships under different boundary conditions [34]. A large number of analytical
models has been developed that describe the bond behaviour between concrete and deformed reinforcement bars (e.g. [40,42,44,
47,49,50]). A recent study by Gu et al. [34] proposed a methodology for LBM simulations to determine the mechanical properties
(strength and Young’s modulus) of interface elements between concrete and deformed reinforcement bars. Therein, a particularly
interesting analytical model by Harajli et al. [40,47,50] was used. The analytical model is graphically displayed in Fig. 3. The
analytical model shows similarities with one previously proposed by Eligehausen et al. [49]. It can be seen that the pull-out envelope
consists of four phases, starting with an ascending branch that was derived using similar experiments as performed by Eligehausen
et al. [49].

3. Methodology

Determining the bond behaviour between cementitious mortar (i.e. matrix) and 3D printed polymers (e.g. ABS) is relevant for
all cases where 3D printed reinforcement is used in cementitious composites. In fact, it is a crucial intermediate step when moving
from solely modelling 3D printed polymeric reinforcement architectures (see [28]) towards modelling composites. Therefore, it is
important that this behaviour is implemented into numerical simulations. The starting point for this are pull-out experiments between
FDM 3D printed ABS bars and cementitious mortar (described in [35]), which are used to calibrate a meso-scale pull-out model.
From this meso-scale bond model, the calibrated bond properties could be directly used in specimen-scale models for simulating
the composite behaviour of cementitious mortar reinforced with auxetic architectures like the Re-Entrant (RE) and Rotating Square
(RS) designs in [28]. However, based on our literature review [20], as well as the Scanning Electron Microscope (SEM) pictures
in Fig. 4, it is hypothesized that morphological effects as a result of the 3D printing technique may have a beneficial effect on the
bond behaviour between FDM 3D printed polymers and cementitious matrix.
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Fig. 4. SEM picture of the interface between FDM 3D printed ABS and cementitious mortar before failure.

To study the influence of these morphological effects on the bond behaviour, numerical simulations on two length scales using
LBM simulations are proposed in this section. To begin with, bond properties shall be determined on the meso-scale using a pull-out
model which resembles the pull-out experiments (as described in [35]). These pull-out tests are performed on ABS bars in which
the printing path is parallel to the direction of loading to avoid any influence from the intra-layer and inter-layer bonds caused by

the printing process, see Fig. 6. In other words: the pull-out behaviour is experimentally measured in the bead or filament direction
(i.e. the ‘bulk material’ without interfaces perpendicular to the loading direction, see [20]).
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Table 1
Printing parameters from our previous study [35].
Parameters Configuration
Nozzle diameter (mm) 0.8
Temperature (°C) 260
Layer height (mm) 0.2
Line width (mm) 0.7
Infill density (%) 100
Printing speed (mms™!) 40
Table 2
Mixture design of cementitious matrix from our previous study [35].
Mixture components Quantities (gL™")
CEM I 425N 550
Fly ash 650
Sand (0.125-0.250 mm) 550
Superplasticizer (Glenium 51) 2
Water 395
2x3 mm 2x3 mm
“ e
a Reinforcement bar
Reinforcement bar =Shlsiy
35mm 35 mm
Bottle ca 2
p Plastic tube
v P v
Plastic tube § 5mm - Cementitious i 5mm
o A mortar ____
Cementitious | 10 mm 1 v 10 mm
mortar y - I
$10mm $10mm
25 mm 25 mm
v v
@26 mm 20 mm

Fig. 5. Bars fixed in cylindrical moulds (left) and dimensions of the prismatic pull-out specimens after cutting (right) [35].

3.1. Experimental analysis

The mix design of the mortar with a water to cement ratio of 0.33 therein was taken from [51] as provided in Table 2 and tested
after 28 days. The experimental pull-out results are adopted from our previous work [35] in which four specimens were created by
a commercially available FDM 3D printer (Ultimaker 2+) provided the printing parameters in Table 1. The resulting 2 x 3 mm ABS
bars with a length of 50 mm were placed in plastic cylindrical moulds having a radius of 10 mm. To prevent any boundary effects
near the bonded region, the first 5 mm of the cementitious cylinder was prevented to touch the ABS bar by means of a plastic tube
with a radius of 5 mm, while the embedded length was 10 mm. When cured and demolded, the specimens were cut into rectangular
pull-out samples. The creation and dimensions of the pull-out specimens are depicted in Fig. 5. All experiments were conducted in
our laboratory at room temperature.

The pull-out tests were executed by a hydraulic press INSTRON 8872, in which the cementitious cylinders were installed upside
down within the steel loading frame of the device (see Fig. 6). The ABS bars were loaded by means of a clamp that was fixed to
the hydraulic press and displaced at a rate of 5 x 107> mms~!. The force and deformation recordings were performed through the
INSTRON itself and Linear Variable Differential Transducers (LVDTs) at both sides of the clamp, respectively, as shown in Fig. 6.

Experimental pull-out results [35] are presented as bond stress—slip curves in Fig. 8. The bond stress in Fig. 8 is calculated using
the actual circumference obtained from the expanded geometrical model described in [28] as shown in Fig. 7. This model describes
the cross-sectional shape of 3D printed materials and requires the following input parameters: the layer thickness (), vertical overlap
interval (c), air gap (H), raster orientation (f), cross-sectional shape parameters (a, b) or the ratio between the bead’s semi-major and
semi-minor axes (r = a/b), the layer width (L), horizontal overlap interval (d), inter-layer bond width (wj,), and intra-layer bond
height (h;,,,)- The average input parameters for the extended geometrical model shown in Fig. 7 as obtained from the microstructural
experimental analysis performed in [28] are listed in Table 3.
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Fig. 6. Schematics of the pull-out test set-up [35].
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Fig. 7. Geometrical model describing the cross-sectional shape of 3D printed materials (from our previous work [28], based on models by Ahn et al. [27] &
[26]). Build direction is vertical.

From the bond stress-slip results in Fig. 8 it can be observed that the bond strength between 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 fact that, at the molecular scale, ABS consists of hydrophobic groups [35]. As a result, there is no
chemical adhesion with the cementitious mortar. Because of the absence of chemical adhesion, the bond strength mainly reflects
the contribution of friction.

To better understand the bond behaviour between the FDM 3D printed ABS and cementitious matrix, SEM pictures are taken
to visualize the interface amongst the two materials. Fig. 4 depicts two 20.0kV images at different magnifications of 100 and 1000,
clearly showing the elliptical morphology at the edges of the ABS 3D print. Furthermore, Fig. 4 shows that the cementitious mortar
has completely filled the sharp interior portions at the intersections between the stacked bead layers. This raised the hypothesis
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Table 3
Average input measurements for geometrical model from our previous work [28].
Input parameters Dimensions (mm) Standard deviation (mm)
a 0.3864
b 0.1111
c 0.0722
d 0.1728
Rinira 0.14 0.006
Winger 0.57 0.027
t 0.15 0.006
L 0.6 0.027
H 0.6 0.027
1r
0.871

s[mm]

Fig. 8. Experimental pull-out bond stress—slip curves and numerical failure mode showing damage in blue.

Out-of-plane failure

A

Before test

After test

Fig. 9. Auxetic cementitious composite specimens before and after uniaxial compression tests [4].

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 reinforcement bars. Nevertheless, aside from potentially elevating the ABS-matrix bond,

the interlocking matrix could also induce deterioration: If the elliptical edges of the ABS 3D print are pushed into the cementitious

matrix (or vice versa), the matrix could act like a splitting wedge leading to separation of the 3D printed layers. This may cause

out-of-plane failure of the weak inter-layer bond within ABS 3D printed reinforcement as observed in [4] (i.e. adhesion failure

among different printed layers), see Fig. 9.
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Fig. 10. Bond behaviour of hypothesized mechanical interactions caused by different (local) shapes of reinforcements depending on printing path and build
direction.

Fig. 10 illustrates the bond behaviour of the hypothesized mechanical interactions for the three different directions as a result
of morphological effects. Please note that the intra-layer and inter-layer directions are only investigated numerically at the micro-
scale. These two directions can be regarded as if the ABS bars in the experiment were printed in the two mutually orthogonal build
directions with respect to the bead direction.

3.2. Numerical simulations on two length scales

3.2.1. Lattice beam model

In LBM simulations, a specimen is discretized into a network of lattice beam elements which enable load transfer [29,33,52].
As the ratio between length and cross-sectional size of the lattice beams is usually small, Timoshenko beam elements are applied
to consider shear contributions [53-55]. These models are particularly useful to study and incorporate microstructural information
from a material [56] by means of overlapping the lattice mesh on top of (experimentally) obtained microstructures [57]. The model
is able to simulate quasi-brittle (or even ductile) behaviour at the global level, even though local input properties usually prescribe a
brittle relationship [29,58,59]. The mesh can be made irregular and distinct input properties can be given to different elements [60],
thereby including heterogeneity. Different constitutive relationships can be implemented [33], e.g. linear-elastic [29,51,59] or non-
linear [34,52,61]. The fracture process is captured via element removal, which may be lead by (step by step [29]) impairment of
the element’s stiffness [62]. After successful applications of LBM for materials such as concrete [57,63], having multiple phases
(e.g. aggregates, cementitious mortar and interface [56] or ITZ [64]), the anisotropy present in FDM 3D printed polymers and
reinforcement (e.g. intra-layer and inter-layer bonds [20]) was recently modelled through LBM by Bol et al. [28].

The fracture process is initiated through the application of a certain load (i.e. deformation or force controlled), after which a
linear elastic analysis is performed. During the analysis, stresses are recorded in all beam elements and assessed against a predefined
failure criterion (e.g. strength, strain, or energy [59]). If one of the elements reaches the criterion it is removed from the lattice
network, thereby imposing damage. At this time, the load level and displacement field are saved before reloading the updated
(i.e. damaged) mesh and redoing the aforementioned procedure. The analyses continue through deleting elements exceeding the
failure criterion one by one until the modelled specimen fails. The damage’s intention is to replicate crack initiation and propagation.
All linear-elastic analyses combined constitute a non-linear analysis containing detailed cracking information [29,59]. The following
stress evaluation takes place in all of the lattice beam elements [19,53,55,59,65-67]:
max(lM[|,|Mj|) 3

S ®)
where N is the normal force, A the cross-sectional area, M; and M; are the local bending moments in nodes i and j, W is the section
modulus, ay and ay; are the normal force and bending moment influence factors, respectively. Based on our previous study [28],
ayn and oy are taken as 1.0 and 0.05, respectively. In this work, the failure criterion is defined based on strength, i.e. stress (F(¢)):

o =q —N+a
=oN M
A

Feo)=Z <1, 4
(o) 7, S @
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Fig. 11. Generated lattice mesh for meso-scale pull-out model.

where ¢ is the stress computed using Eq. (3) and f, the material’s strength. If one of the elements reaches the failure criterion in Eq.
(4), i.e. F(c) = 1, this element is removed from the latte network as explained before.

Realistic mechanical and fracture responses were obtained through LBM by Xu et al. [19] for FDM 3D printed specimens subjected
to uniaxial tension. Therein, the anisotropy caused by the manufacturing technique was captured implicitly. Our previous work [28]
successfully improved upon this by explicitly modelling the anisotropy as a result of the intra-layer and inter-layer bonds present in
FDM 3D printed polymers. More recently, Xu et al. [35] implemented experimentally validated properties for the bond behaviour
between FDM 3D printed ABS and cementitious matrix. However, their LBM simulations assumed the 3D printed bars, as well as
the interface among the two materials, to be homogeneous and isotropic. Therefore, the LBM simulations presented herein can be
regarded as an extension of our previous model in [35] through incorporation of the anisotropic response observed in FDM 3D
printed polymers. In this study, the hypothesis that morphological effects as a result of the 3D printing technique may have an
beneficial effect on the bond behaviour between FDM 3D printed (auxetic) reinforcement and cementitious matrix will be tested.
The numerical procedure used here is similar to that of our previous work [28], but will be briefly explained next:

» The test specimen is discretized by a grid of cubic cells with length A as shown in Fig. 11.

» Inside all cells, sub-cells having length s are created provided 0 < s < A, see Fig. 11. Every sub-cell contains one lattice

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 application and support

locations). Boundary nodes have zero randomness to ensure even load distribution.

Neighbouring lattice nodes are connected by means of lattice beam elements along the three main axes (XX, YY, and ZZ),

planar diagonals (XY, YZ, and X Z), 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, depending 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 Fig. 11). When the two end nodes are in different regions,

such that the element crosses between them, it is considered an interfacial element having properties corresponding to that

particular interface (i.e. ABS-matrix bond in Fig. 11). The second strategy, proposed in [28], only concerns elements with both

end nodes inside 3D printed material (i.e. ABS region in Fig. 11). In that case, mechanical properties are assigned based on

the element’s orientation with respect to the printing path (»; in Fig. 11).

+ Calibrations for each phase’s stiffness and strength are performed as described in [28] by means of an iterative determination
procedure shortly explained in Sections 3.2.2 and 3.2.3. For the constitutive relationships, multi-linear curves are used such
that the elemental stiffness and strength are gradually altered during the analyses as illustrated in Fig. 12.

The same directional element domain discretization strategies as elaborated in [28] are used to capture the anisotropic behaviour
of the ABS material as a result of the FDM 3D printing technique. Printing path-dependent lattice properties are assigned by
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Table 4
Directional element domains for printing path-dependent property assignment from our previous work
[28].

Directions 0, (rad) ¢hny (rad)

n [0, %7:] U [%n, 37{] U %n,Zn) [in, gn]

s [0, 27) [O, %n] V] [%n,n]

t [%n,%n]u[%n,gn [%n,%n]

ns (0,%n>u(gn gn)u(%n 21:) (%n,%x)u(%n,%n)
st (%n,%n)u(%"n %1{) (én,%n)u(gn,én)
nt (én %n)u(%n,%n)u(%n %n)u(%n,lfn (%n,gn)

nst (%n,%n)u(%n,%n)u(%n,%n)u(%n E1|:) (éﬂ:, %u)u(%n,%n)
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Fig. 12. Multi-linear constitutive relationship for 3D printed ABS in uniaxial bead or n direction following Table 5 from our previous work [28].

introducing a local coordinate system consisting of unit vectors n;, s; and ¢;. As shown in Fig. 11, n; corresponds to the ABS bar’s
longitudinal axis, which is parallel to the printing path, whilst s; is perpendicular to »; and lies in the same plane. ¢; is the normal
vector of this plane and is therefore not depicted in the two-dimensional representation in Fig. 11. Directional element categories
are imposed in every local coordinate system by means of spherical angles, where 6, is the azimuth angle of the projection on the
plane formed by unit vectors »; and 7;, measured from vector »;, 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 system with respect
to the spherical angles. The decomposed directional element domains are listed in Table 4. Each colour of the lattice beam elements
in Fig. 11 corresponds to a different constitutive relationship. The input properties for the lattice beam elements corresponding to
matrix phase are calibrated according to the experimental data presented in [4].

3.2.2. Modelling procedure

The generated lattice mesh for the meso-scale pull-out simulations is displayed in Fig. 11, having a mesh size of 0.6 mm that
is chosen to match the dimensions of a cubical Representative Volume Element (RVE) of FDM 3D printed ABS material from our
previous study [28]. This RVE is calibrated based on microstructural experimental analysis to explicitly include the anisotropy
present in FDM 3D printed material caused by the layer-by-layer deposition process [20]. Hence, it provides the constitutive
relationships based on the beam element’s orientation with respect to the printing path (»; in Fig. 11) [28]. The input parameters for
the ABS filament in the LBM simulations presented here can therefore be directly adopted from [28], which are provided in Table 5.
The matrix phase input is calibrated according to the standard procedure for LBM simulations [28], which entails the beam element
radii and their local strength: First the element radii are iteratively determined in order to have matching local and global Young’s
moduli, followed by setting the local strength input such that the material’s global strength matches experimental observations
in the same manner. As pointed out before, the input properties for the lattice beam elements corresponding to matrix phase are
calibrated according to the experimental data presented in [4]. With the bond phase being the only unknown, the meso-scale model
allows for calibration of the ABS-mortar bond properties through parameter fitting.

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 [20]), a very fine mesh is required that would yield too computationally expensive numerical simulations at the meso-scale [35].
Therefore, taking into account the geometrical analyses described in [20] and Fig. 4, three different directions with respect to the
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Table 5
Printing path-dependent directional element properties from our previous work [28].

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

Sl 30.77 4.57 22.03 4.58 4.58 22.86 6.93
Ser —38.46 -5.71 —27.54 -5.73 -5.73 —28.58 —8.66
E, 642 980 812 789 775 1313
G, 214 326.67 270.67 263 258.33 437.67
fi2 38.93 14.31 1.96 1.90 9.38 3.75
fea —48.66 -17.89 —2.45 -2.38 -11.73 —4.69
E;4 543 780 776 776 1256
G, 181 260 258.67 258.67 418.67
fis 35.18 15.39 10.74 15.26 22.06
fes —43.98 -19.24 -13.43 -19.08 -27.58
E, 162 313 580 346 598
G, 54 104.33 193.33 115.33 199.33
fia 10.86 19.65 8.16 18.72 10.51
fea -13.58 —24.56 -10.20 -23.40 -13.14
E; 275 90 295 514

Gs 91.67 30 98.33 171.33
fis 17.49 1.28 18.43 15.28
fes -21.86 -1.60 -23.04 -19.10
Eg 82 89 211

G 27.33 29.67 70.33
fis 5.34 6.12 19.44
fes -6.68 ~7.65 -24.30
E, 59

G, 19.67
fia 6.09
e -7.61

printing path will be studied by means of micro-scale LBM simulations: (i) the bead or filament direction (parallel to the printing
path, n;), (ii) the intra-layer direction (7;), and (iii) the inter-layer direction (s;). These are the three mutually orthogonal print
configurations in extrusion-based 3D printing, such as FDM, which is the method applied here. Particularly the inter-layer direction
has a strong resemblance with deformed reinforcement bars, see Fig. 4.

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 adhesion and friction. Accordingly,
morphological effects only contribute to the mechanical interaction through anchorage or interlocking of the mortar and elliptical
edges.

3.2.3. Micro-scale pull-out models

At the micro-scale, a mesh size of 25um is used throughout all models. Similar to Section 3.2.2, this matches with the
discretization used for the ABS cubical RVE in our previous study [28]. Therefore, the experimentally calibrated microstructural
constitutive relationships used therein can be directly adopted too (see Table 7). 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 correspond to the microstructural
experimental analysis performed in [28] and are modelled via Rhinoceros® using Grasshopper according to the geometrical models
by Ahn et al. [27] and its extension in [26] (see Fig. 7 and Table 3). The cementitious matrix is calibrated using the same iterative
procedure as described in Section 3.2.2 for finding the element radii and local strength input at the micro-scale, according to the
experimental data presented in [4]. The local strength input parameters for the ABS-mortar bond elements is scaled accordingly.

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. In total, four
scenarios are modelled at the micro-scale: a reference for the intra-layer direction which mimics the bead direction (Fig. 13(a)),
the intra-layer direction containing two adjacent beads (Fig. 13(b)), a reference for the inter-layer direction that reflects the bead
direction (Fig. 13(c)), and the inter-layer direction consisting of eight stacked layers (Fig. 13(d)). Because the semi-minor axis of
the elliptic cross-section in the intra-layer direction (i.e. b in Fig. 7) is smaller compared to the semi-major axis in the inter-layer
direction (i.e. @ in Fig. 7), there is less polymer phase (i.e. ABS) in the micro-scale pull-out models for the intra-layer compared
to the inter-layer (see Fig. 13). Due to this difference in dimensions, as well as the randomness of the lattice mesh, a reference
simulation for each direction is required to make a fair comparison. Hence, the two references in Fig. 13(a) and (c) reflecting the
bead direction are there to prevent any mesh dependencies when comparing the reference and morphological featured cases for the
intra-layer and inter-layer, respectively.

3.2.4. Micro-scale push-out models

Another methodology to test micromechanical bond behaviour is the push-out test [68] (see Section 2.2). This procedure allows to
see the isolated effect of morphological features without any influence of the intra-layer and inter-layer bonds within the 3D printed
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Fig. 13. Generated lattice meshes for micro-scale pull-out models of (a) intra-layer reference, (b) intra-layer direction, (c) inter-layer reference, and (d) inter-layer
direction.

ABS material. By exposing the reinforcement to compression, tensile failure of the internal bonds will not be governing. Hence, given
the same experimentally-fitted bond properties as before, the push-out tests can measure the contribution of mechanical interactions.
Similar to the micro-scale pull-out simulations, LBM push-out simulations are performed on the same small virtual cutouts from the
experimental setup as displayed in Fig. 10. The only difference with the models in Fig. 13 are the boundary conditions, which
are modified to simulate push-out conditions. Four push-out scenarios are modelled in parallel at the micro-scale to prevent any
interfacial failure modes: a reference for the intra-layer direction which mimics the bead direction (Fig. 14(a)), the intra-layer
direction containing two adjacent beads (Fig. 14(b)), a reference for the inter-layer direction that reflects the bead direction (Fig.
14(c)), and the inter-layer direction consisting of eight stacked layers (Fig. 14(d)). Similar to the micro-scale pull-out models, the
two references in Fig. 14(a) and (c) reflecting the bead direction are there to avoid mesh dependencies due to the randomness of
the lattice mesh and the difference in dimensions amongst the intra-layer and inter-layer, respectively.

4. Results
4.1. Meso-scale bond stress—slip relationship

The meso-scale bond stress—slip relationship is fitted with experimental pull-out data, similar to [35]. 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 [28]. The local input for the matrix phase is calibrated with experimental data in [4] and lattice properties used in [35],
corresponding globally to mortar with a Young’s modulus of 11417 MPa. The local input therefore yields E = 11417MPa, G =
3805.7MPa, f, = 4.07MPa, and f. = —32.59 MPa. Please note that local input (i.e. element properties) are always calibrated in such
a way so that the global specimen response is achieved. Hence, depending on the mesh parameters (e.g. size and randomness),
slightly different local properties are needed to mimic the same global behaviour [69].

The constitutive relationship for the bond elements between FDM 3D printed ABS bars and cementitious matrix is defined as a
multi-linear curve composed of five segments (see Fig. 15), similar to the pull-out models developed in [35]. Hence, their stiffness
and strength are modified accordingly throughout the analyses rather than being directly discarded. The input parameters for the
bond phase regarding the meso-scale pull-out model in Fig. 11 are contained in Table 6. The values for the ABS bars from [28],
including the directional discretizations to capture their anisotropy, can be found in Table 5.

The shape of the multi-linear constitutive relationship for ABS-mortar bond in Fig. 15 shows strong similarities with analytical
models described in Section 2.3. It resembles the analytical model by Harajli et al. [40,47,50] displayed in Fig. 3. Other analytical
models discussed in Section 2.3 contain strikingly equivalent (portions of these) shapes [39,49,70]. As explained in Section 2.1,
the analytical model by Harajli et al. [40,47,50] has been implemented successfully before in LBM simulations for obtaining input
parameters of interface elements between concrete and deformed reinforcement bars by Gu et al. [34]. The implemented multi-
linear constitutive relation approximates the experimental curves in a realistic manner as shown in Fig. 16. 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 experimental data.
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Fig. 14. 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
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Fig. 15. Multi-linear constitutive relationship for ABS-mortar bond.

Table 6

Input parameters for meso-scale ABS-mortar bond phase elements, following the curve shown in Fig. 15.
Properties Segment 1 Segment 2 Segment 3 Segment 4 Segment 5
E; (MPa) 114170 57085 23750 9500 4750
G; (MPa) 38057 19028 7917 3167 1583
fii (MPa) 16000 16 000 16 000 11500 11500
fei (MPa) -16 000 —-16 000 —-16 000 —-11500 -11500

4.2. Micro-scale bond stress—slip analysis

Small virtual cutouts from the meso-scale pull-out experiments as described in Section 3.2.3 are subjected to LBM simulations
of micro-scale pull-out tests. The micro-scale bond stress—slip relationships resulting from the four scenarios described therein are
displayed in Fig. 17, maintaining the same format as Fig. 13. However, the micro-scale slip values in Fig. 17 cannot be compared
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Table 7

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
fui 40 6.6 29 4.23
fea -50 -8.25 -36.25 -33.84
E, 343
G, 114.33
f:,z 38
fea -47.5

1r

— Experiment
— Simulation

Tactual [MP&]
()
N

s[mm]

Fig. 16. Comparison of meso-scale pull-out bond stress—slip curves and failure mode showing damage in blue.

Table 8
Input parameters for micro-scale ABS-mortar bond phase elements.
Properties Segment 1 Segment 2 Segment 3 Segment 4 Segment 5
E; (MPa) 114170 57085 23750 9500 4750
G, (MPa) 38057 19028 7917 3167 1583
fii (MPa) 12075 12075 12075 8682 8682
fe; (MPa) -12075 -12075 -12075 —8682 —8682

to their meso-scale counterparts, because the latter include elastic deformation from the ABS bar whilst the former does not [71].
The micro-scale input for the bead, inter-layer and intra-layer phases is used from our previous work [28]. These are provided in
Table 7, where the subscripts correspond to the segment number of a (multi-)linear curve (see Fig. 12).

The local input for the matrix phase is recalibrated 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 7) and ABS-mortar bond
elements (see Table 8) are slightly reduced.

Fig. 17(a) shows the reference pull-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 obtained bond strength of about
0.73 MPa is almost identical to the meso-scale pull-out results in Fig. 16 of about 0.8 MPa. This difference 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 Fig. 16). Please recall that the micro-scale slip
values in Fig. 18 are not comparable to the meso-scale as the latter include elastic deformation from the ABS bar whilst the former
does not [71]. Furthermore, Fig. 17(a) also includes the deformed mesh showing cracks in blue at final stage of the analysis which
clearly indicates a clean pull-out response as observed during the experiments. Fig. 17(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. Fig. 17(c) depicts the reference
pull-out behaviour for the inter-layer direction model which also corresponds to the bead direction. In this case, the obtained bond
strength of 0.80 MPa perfectly matches the meso-scale pull-out results in Fig. 16 and the fracture of the model also clearly indicates
a clean pull-out response as found during testing. However, Fig. 17(d) displays the inter-layer direction having a very sharp peak of
nearly 1.14 MPa that can be attributed to the fact that the inter-layer bond inside the ABS bar fails. Hence, the matrix-reinforcement
bond behaviour cannot be measured as there is no full pull-out in this case, i.e. the bond is too strong. The fact that the bar could
not be pulled out validates the micro-scale model in a qualitative manner, as similar preliminary findings have been recorded. The
directional-dependent bond behaviour of the intra-layer and inter-layer directions at the micro-scale can be related to that of the
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Fig. 17. Micro-scale pull-out simulation bond stress-slip and fracture results. Deformed meshes showing cracks in blue at final stage of the analyses.
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Fig. 18. Micro-scale push-out simulation bond stress—slip and fracture results. Deformed meshes showing cracks in blue at final stage of the analyses.

bead direction using a strength ratio:

So.i
;= — . 5
Tbi So.bead ®

In Eq. (5), f,; can be regarded as fy i, and fy iye; corresponding to the bond strengths in the intra-layer and inter-layer directions
at the micro-scale, respectively, and f; y,q is the bond strength in the bead direction at the micro-scale. Considering the directional-
dependencies described by Eq. (5), bond strength ratios of 1.15 and 1.56 are obtained for the intra-layer and inter-layer directions,
respectively. Nevertheless, the inter-layer direction ratio does not constitute successful pull-out. Preliminary experimental results
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Fig. 19. Inter-layer push-out simulation damage evolution. Deformed meshes showing cracks in blue at indicated stages of the analysis.

have also shown that the inter-layer bonds present in the FDM 3D printed ABS are too weak and result in breakage of the filament
instead of the bar pull-out. To see the actual bond behaviour in the inter-layer direction, micro-scale push-out simulations are
needed.

Given the same experimentally-fitted bond properties provided earlier, micro-scale push-out simulations are used to purely
measure the contribution of mechanical interactions without any interfacial failure modes. The same small virtual cutouts from
the meso-scale pull-out tests are simulated, with the only difference being the boundary conditions as illustrated in Fig. 14. Again,
resulting micro-scale bond stress—slip relationships are contained in Fig. 17, having the same format as the aforementioned figure.
The exact same constitutive relation as in the LBM micro-scale pull-out simulations is used for the bond behaviour here.

Fig. 18(a) shows the push-out results for the intra-layer reference case. It is noteworthy that the bond strength perfectly matches
the value of the micro-scale pull-out intra-layer reference (0.73 MPa). Additionally, the shape in Fig. 18(a) is identical to that of Fig.
17(a), which is in favour of the utilized numerical acquisition procedure of directional-dependent bond properties, irrespective of the
boundary conditions (i.e. pull-out versus push-out). The fracture of the aforementioned case also constitutes a clean and successful
push-out response. Similarly, Fig. 18(b) displays the intra-layer direction, again comprising a clean push-out with softening behaviour
after reaching an identically increased bond strength of 0.84 MPa compared to Fig. 13(b). Fig. 18(c) depicts the inter-layer reference
case where it is notable that the bond strength of 0.80 MPa is maintained once more, thereby exactly matching the bond strength
values of both the meso-scale and micro-scale pull-out LBM results. The model’s fracture behaviour also indicates a clean push-out
response. Where the inter-layer direction failed prematurely under pull-out conditions, Fig. 18(d) displays a successful 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 Fig. 18, a bond
strength of about 1.24 MPa is reached. Therefore, this result truly shows the isolated effect of morphological features without any
influence of the intra-layer and inter-layer bonds within the 3D printed ABS material. It can also be observed in Fig. 19(d) that due
to the wedging of the morphological features, some splitting of the matrix occurs. As a result, the aforementioned bond stress—slip
curve looks similar in shape as the monotonic envelope for splitting failure displayed in Fig. 3. Finally, revisiting the bond strength
ratios in Eq. (5) that relate the directional-dependent bond behaviour of the intra-layer and inter-layer directions to that of the bead
direction at the micro-scale, the intra-layer and inter-layer directions yield values of 1.15 and 1.56, respectively.

5. Discussion

In this study, it is hypothesized that the elliptical geometry resulting from 3D printing may enhance the bond strength between
the polymeric reinforcement and cementitious matrix. This is based on the following considerations:

1. From literature on reinforced concrete (i.e., with steel reinforcement, see Section 2.1) it is known that the bond comprises
three components: Chemical (adhesive) bond, frictional bond and physical bond. The former two are geometry independent,
whilst the latter is strongly dependent on the geometry. This is why ribbed reinforcement bars have stronger bond and,
consequently, shorter transfer length than plain reinforcement bars.
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2. In our previous work on ABS reinforcement [51], we observed that intentionally adding ribs on 3D printed reinforcement
meshes enhances the bonding by physical interlocking.

To conclusively support the hypothesis, additional experimental investigations are necessary for validation purposes. Specifically,
the effect of the different geometrical configurations should be quantified (e.g., elliptic versus plain). Although it is acknowledged
that specific experiments relating the polymer geometry with the bond strength are not present, the authors have shown in the
past that LBM simulations as used herein are able to replicate the experimentally observed geometrical surface configurations in
concrete/concrete repair systems without any additional parameters, see Lukovi¢ et al. [72]. In that work, simulations of the direct
shear test clearly showed that rough surface results in a higher strength compared to smooth surface, simply as a result of the
geometry of the bond.

In the current work, a similar approach was taken with the first step being meso-scale pull-out simulations to determine the
bond stress-slip curve between the 3D printed polymer bars and the cementitious matrix. This resulted in Fig. 8, which holds for
the “bead” printing direction (i.e., flat bond between the polymer and the matrix, see Fig. 10). The bond was also tested for the inter-
layer direction, but proved to be too strong: The reinforcement broke, and the pull-out curve could not be measured. Nevertheless,
from the pull-out curves of the “bead direction” printed bars, micro-scale adhesive bond properties could be determined, which
hold for any printing direction. Since the only difference between the printing directions is the geometry, these properties could
be confidently used to simulate the bond behaviour for the other printing directions (i.e., with elliptical bond instead of “flat”), as
shown in Lukovié et al. [72].

A comparison between experimental pull-out tests and numerical results is given in Fig. 16. As explained above, for other printing
directions (inter-layer and intra-layer), the bond was too strong (i.e., the reinforcement too weak) to perform a successful pull-out
test due to rupture of the reinforcement. This clearly does not allow quantitative comparison with the simulations: However, such
behaviour is clearly expected based on the modelling work presented here. Based on the discussion above, the modelling framework
entails a high level of confidence. Nonetheless, developing a dedicated small-scale setup for testing the bond strength between the
polymeric reinforcement and cementitious matrix will be the focus of future research.

6. Summary and conclusions

The bond behaviour between cementitious mortar (i.e. matrix) and 3D printed polymers (e.g. Acrylonitrile Butadiene Styrene
(ABS)) has been studied using the Lattice Beam Model (LBM) on two length scales. To numerically investigate the hypothesis that
morphological features as a result of the Fused Deposition Modelling (FDM) 3D printing technique may enhance the bond, the first
step was to use pull-out experiments to calibrate a replica meso-scale model by means of parameter fitting. This model provided
constitutive relationships at the meso-scale which served as a reference for micro-scale models that explicitly capture the directional-
dependent mechanical interaction coming from geometrical features at the edges of FDM 3D printed parts. The anisotropy present
in FDM 3D printed reinforcement (i.e. intra-layer and inter-layer bonds) was modelled according to our previous work, but the
ABS-matrix bond was calibrated in the current study. By explicitly modelling the geometry, and without changing input parameters,
we learned what effect printing direction has on the bond between 3D printed polymeric reinforcement and cementitious matrix.
Because of premature pull-out failure of the ABS bar in the inter-layer direction, push-out micro-scale models are considered in
parallel to measure the contribution purely related to mechanical interactions. Their results will be used to inform specimen-scale
models for simulating the composite behaviour of Auxetic Cementitious Composites (ACCs). The properties of the ABS material for
both the meso-scale and micro-scale models discussed here are directly adopted from earlier developed printing path-dependent
two-scale models.

From the presented work, it can be concluded that push-out models are needed to see the actual bond behaviour between
cementitious matrix and FDM 3D printed ABS bars in the inter-layer printing direction. In this direction, pull-out models are found
unable to reach full bond failure without breaking the inter-layer bond present within FDM 3D printed ABS. The interlocking effects
as a result of the 3D printing technique in the inter-layer direction show to be significant, seeing a bond strength increase of 56%
with respect to the (reference) bead direction (i.e. the ‘bulk material’ without interfaces perpendicular 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. Finally, 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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