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� The effect of different printing parameters on bond strength was investigated.
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For a single batch material, time intervals and nozzle standoff distances between two subsequent layers
are two critical printing parameters that influence the mechanical performance of the printed concrete.
This paper presents an experimental and numerical study to investigate the impacts of these printing
parameters on the interlayer bond strength of the 3D printed limestone and calcined clay-based cemen-
titious materials. All samples were manufactured by a lab-scale 3D printer equipped with a hybrid back-
and down-flow nozzle (rectangular opening). The uniaxial tensile test was employed to quantify the
interface adhesion of printed specimens. Moreover, the greyscale value image of microstructure, as well
as the air void content and distribution of the printed specimens were acquired by X-ray computed
tomography and characterized by image analysis. The experimental results showed that extending the
time interval between construction of two layers could decrease the bond strength, whereas only increas-
ing the nozzle standoff distance exhibited limited effects on that. The weak bond strength could be attrib-
uted to the high local porosity at the interface of the specimen. Additionally, numerical simulations of the
uniaxial tensile test were conducted using a 2D lattice fracture model, which can predict the bond
strength of printed specimens for different void content in the interface layer.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

In the past decade, extrusion-based 3D concrete printing (3DCP)
as an emerging construction technology has attracted remarkable
attention from both academia and industry worldwide [1–3]. The
working mechanism of 3DCP could be understood as linear fila-
ments of cementitious materials being extruded and deposited
layer by layer to form objects without the aid of formwork [4].
As reported by many studies [5–9,63], 3DCP could bring many ben-
efits to concrete construction, e.g., increasing flexibility of architec-
tural design, eliminating formwork, reducing wastes, and saving
labor costs. In comparison with conventional concrete, the fresh
cementitious materials for 3DCP were required to exhibit many
specific rheological properties, including extrudability, and build-
ability during the printing process.

To satisfy these rheological requirements, aggregate content is
reduced [10,11], which leads to an increased quantity of binder
in the mix design of printable cementitious materials [3]. Until
today, most of the proposed mix designs for 3DCP contained a high
volume of ordinary Portland cement (OPC) [2,3,12,13]. The
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Table 1
Mix design of 3D printable cementitious material (wt.% of the binder mass).

Type PC Calcined Clay LP Sand Water SP VMA

Low-grade High-grade

Content (wt.%) 40 30 10 20 150 30 2 0.24
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production of OPC leads to many negative impacts on the environ-
ment, such as non-negligible CO2 emissions and large amounts of
energy consumption. Replacing high volumes of OPC by supple-
mentary cementitious materials (SCMs) is gradually becoming a
solution for developing sustainable mixtures for 3DCP [2,12]. How-
ever, as mentioned by Scrivener [14], the main problem of using
common SCMs, including fly ash, slag, and silica fume, is the lim-
ited supplies. Calcined clay as an alternative source of SCMs is
widely available and has been utilized in concrete. The limestone
and calcined clay cement (LC3), containing only 50% of the clinker
in the binder composition, has been developed and produced suc-
cessfully in Cuba and India [14–16]. The advantages of using LC3 in
concrete have been reported by many researchers [17–20], e.g.,
low CO2 emissions, comparable mechanical performance with
Fig. 1. (a) A lab-scale extrusion-based 3DCP setup at TU Delft. (b)
plain OPC after 7 days, and good resistance to chemical attacks.
It is also feasible to use limestone and calcined clay to substitute
high volumes of OPC in the printable cementitious materials
[3,13]. Alternative mix designs and fresh state behaviors of lime-
stone and calcined clay-based printable cementitious materials
have been reported in our previous studies [2,8,21–23]. Neverthe-
less, to our knowledge, currently no dedicated study reported the
mechanical performance of 3D printed limestone and calcined
clay-based cementitious materials.

The interlayer bond strength, also known as interlayer strength
or bond strength, between two adjacent layers is believed to be a
weakness in a printed structure [24]. The cold joint is usually
referred to as the weak interlayer adhesion due to a lack of inter-
mixing between the old and new layers [25–27]. From the material
Schematic section of the hybrid back- and down-flow nozzle.



Fig. 2. (a) Three scenarios: i. a small object with 1200 mm of path length for each layer (Time interval-20 s); ii. a medium object with 3600 mm of path length for each layer
(Time interval-1 min); and iii. a large object with 36000 mm of path length for each layer (Time interval-10 min). (b) Schematic diagram of the printing process by different
time intervals between two layers.
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aspect, thixotropy plays a dominant role in forming cold joints
[26]. In 3DCP, a high thixotropy (or structuration rate) of fresh
cementitious materials is required to ensure that the deposited
layers have sufficient yield stress to sustain the gravity-induced
dead weight of the gradually increasing layers [24]. However,
materials with a high thixotropy could easily lead to a weak inter-
face adhesion [26,28]. This phenomenon has been initially
observed in self-compacting concrete [25,29] and was confirmed
by several recent studies about printable cementitious materials
[27,30]. Besides thixotropy, the bond strength may also be influ-
enced by two printing parameters as follows:

(1) The time interval between two subsequent layers. According to
many earlier studies [4,9,26,30–32], extending the time gap
between layers could provide sufficient time for the static
yield stress evolution of the deposited layers to enhance
the buildability, whereas it would decrease the bond
strength. The time interval could be as short as several sec-
onds (minutes) or could be longer than 10 h. Since cement is
a time-dependent material, the printability window may be
a boundary to divide the short and long-time intervals. For
short-time intervals (within the printability window), the
material of both layers is from the same batch (Note that,
the process like continuous mixing/production of fresh mix-
tures is not considered in this study. In this case, multiple
small batches were employed within a short period.). Tay
et al. [31] provided a good example for determining the ten-
sile bond strength between two layers with short-time inter-
vals ranging from 1 min to 20 min by using a direct tensile
test. A strong correlation between the time-dependent rheo-
logical behavior and interface adhesion has been observed.
Their study confirmed that the thixotropy of the deposited
material has a severe impact on the adhesion at the interface
between two layers for short-time intervals.
In addition, many studies [4,9,32] also targeted the investi-
gation towards the effects of long-time intervals (after the
printability window) on the bond strength. In this situation,
the mixtures of the first and second layers were not pre-
pared at the same time. The printing environment may play
a dominant role in influencing bond strength. The experi-
mental results in [4,33,34] showed that the exposed resting
layer under a drying environment could lead to a consider-
able reduction in bond strength while protecting the layer
from drying was an efficient way to improve the bond
strength for long-time intervals. Sanjayan et al. [35] and
Van Der Putten et al. [36] pointed out that the moisture con-
tent of the layer surface is of significant importance regard-
ing the tensile bond strength. Therefore, for long-time
intervals, the task should be shifted to seeking better meth-
ods to maintain the surface moisture of the deposited layers.



Fig. 3. (a) Increasing the nozzle standoff distance h could lead to the inaccurate layer deposition; (b) Schematic diagram of the printing process by different nozzle standoff
distances between two layers.
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(2) The nozzle standoff distance. The material deformation could
hardly be avoided during a printing process. The height
change of deposited layers would vary the nozzle standoff
distance that might influence the interlayer bond strength.
Panda et al. [9] found a severe decrease in more than 30%
of bond strength with increasing the nozzle standoff dis-
tance. However, limited effects have been found in the study
of Wolfs et al. [4]. The authors reported that the deviation of
results becomes more significant when increasing the nozzle
height from the default setting. The different results may be
attributed to the differences in mixture and nozzle type, for
instance, shapes of opening (round or rectangle), directions
of material deposition (back- or down-flow), and others.
These variables of nozzles may influence the contact pres-
sures and surface areas between two layers, which could
affect the interlayer bonding. However, to our knowledge,
the effect of different nozzle types on bond strength is still
an opened research question.

For quasi-brittle materials, the increment of porosity could be
one reason for the reduction of strength [37]. Panda et al.[30]
and Tay et al. [31] reported that the macropore content in the
interlayer affected the bond strength of printed cementitious
materials. Macropores or air voids in the interfacial zone may be
due to a lack of efficient contact areas between two layers. Through
scanning electron microscope (SEM) observations, Nerella et al.
[34] found large cavities between two layers for the sample with
lower bond strength. Several methods were introduced to improve
the bond strength between consecutive layers. Zareiyan and
Khoshnevis [27] illustrated that increasing the effective contact
areas between two layers through interlocking could contribute
to improving the interlayer bond strength. A similar method was
used by Van der Putten et al. [36]. The authors adopted a comb
to make the rough surface and create the interlocking of the depos-
ited layer, which also showed a positive result for enhancing the
tensile bond strength. Besides, Marchment et al. [38] employed a
paste layer on the substrate layer before the deposition of subse-
quent layer. The enhancement of bond strength was also evident.

Most of the recent studies attempted to explore the mechanism
of interface formation induced by different printing parameters.
Performing uniaxial tensile test [9,31,32,35,36,38] is a direct way
to obtain the bond strength between two layers. However, for
printed cementitious materials, the details of the uniaxial tensile
tests are not so commonly reported in the literature, i.e., the com-
plete load and displacement curve including pre- and post-peak
properties. In general, there is a lack of knowledge regarding frac-
ture mechanics and fracture modeling within the context of 3D
printed cementitious materials.

Lattice fracture model, as a mechanical modeling approach, is
widely used to explain the fracture behavior of cementitious mate-
rials since the simulated crack patterns and tensile strengths are
very close to those observed in experiments [39,40]. Earlier studies
[40–43] employed the discrete lattice fracture model to predict
and model the fracture process of the digital specimen in a
mechanical test, e.g., compression, flexural, splitting, and uniaxial
tensile strength. The digital specimen, mimicking the cementitious
material (the input of material mesostructure), can be constructed
by using different techniques, e.g., X-ray computed tomography
[42–44], nanoindentation [45], and others [46,47].

The printing parameters, including short-time intervals and
nozzle standoff distances, seemed extremely critical for a single
batch material in practice. This paper aims to investigate the effect
of these printing parameters on the interlayer bond strength of 3D
printed limestone-calcined clay-based cementitious materials. The
printed specimens were tested in the uniaxial tension under a non-
rotational boundary condition for obtaining the complete load and
displacement curve (containing the softening branch). Further-
more, X-ray computed tomography scanning was used for acquir-
ing the digital material structure. Based on the obtained digital
material structure, the air void (also known as macropores) con-
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tent and distribution were measured and analyzed as well. Finally,
numerical simulations of the experiments were conducted using a
2D lattice fracture model.
2. Experimental program

2.1. Materials

A printable mixture proposed in our previous study [23] was
used in this paper. As shown in Table 1, the binder was a ternary
blend of CEM I 52.5R type Portland cement (PC), limestone powder
(LP), and calcined clay. The calcined clay was prepared by mixing
low- and high-grade calcined clay in a 3:1 proportion. Through
using a chemical dissolution method [2], the reactive content of
the low-grade calcined clay and the high-grade calcined clay was
determined as 48.8 wt% and 75.1 wt%, respectively. Quartz sand
with the maximum grain diameter of 2 mm was used as aggregate
that possessed near 60% of the total mass of dry components. It is
worth noting that the printable mixture used in this study should
be called 3D printable mortar technically due to no coarse aggre-
gate addition. The water to binder ratio was 0.3. Besides, 2% of
the binder mass of polycarboxylate ether-based superplasticizer
(SP) and 0.0024% of hydroxypropyl methylcellulose-based viscos-
ity modifying admixture (VMA) were added in the mixture to
adjust the fresh properties for printing.

For 3D printing, the fresh materials were prepared according to
the following procedure:

(1) t = �4 min, homogenizing the dry materials (binder + sand)
at speed 1 (60 rpm) by a HOBART planetary mixing machine.

(2) t = 0 min, adding water and superplasticizer, and keeping
speed 1.

(3) t = 3.5 min, stopping, and adding VMA. Mixing at speed 1.
(4) t = 7 min, scraping the bottom and wall of the container.
(5) t = 7.5 min, mixing at speed 2 (124 rpm).
(6) t = 10 min, stopping, and casting/printing.

2.2. 3D concrete printing setup

The samples were printed by the 3DCP setup of Delft University
of Technology (TU Delft), which has been introduced by [22,23]. As
illustrated in Fig. 1 (a), there are two main parts of the printing sys-
tem: an extrusion configuration (a nozzle, a material hose, and a
PFT Swing M conveying pump) and a three-degree freedom Com-
puter Numerical Control (CNC) table (length � width � height of
the workspace: 1100 � 720 � 290 mm3). Up to 38 L of the fresh
mixture could be filled into the hopper of pump manually. Under
the extrusion force, the fresh mixture was delivered from the hop-
per container through the hose (inner diameter: 25 mm; length:
5 m) to the nozzle. As suggested by Wolfs [48], a hybrid down-
and back-flow nozzle was utilized in this study (Fig. 1 (b)). The
nozzle with a rectangle-opening of 40 � 13.5 mm2 could provide
a large contact surface area between two layers, which may ensure
printing stability. The moving speed of the nozzle was set as
60 mm/s with respect to a material flow rate of 1.9 L/min. Samples
were printed and prepared under the same ambient condition of
20 ± 2 �C and about 55% RH.
Fig. 4. (a) Extracting the specimen from the printed sample; (b) Illustration of the
specimen for performing uniaxial tensile test; (c) A photograph of the uniaxial
tensile test setup.
2.3. Sample preparation

All printed objects with the designed dimensions of 800 mm in
length, 25–27 mm in height, and 40 mm in width consisted of two
layers (only one filament for each layer). Two printing parameters
were investigated in this paper: the time interval between two
adjacent layers, as well as the height between the bottom of the
nozzle and the substrate (nozzle standoff distance).

2.3.1. Time interval
In this study, the default printing speed was 60 mm/s. Thus,

assuming the object has the identical layers (the same path length
of each layer) from the bottom to the top, 20 s, 1 min, and 10min of
time intervals may represent three scenarios in Fig. 2 (a): objects
with path length of 1200 mm, 3600 mm, and 36000 mm for each
layer, respectively. In this test series, the nozzle standoff distance
was kept as 0 mm. The first layer was exposed to the ambient envi-



Fig. 5. Extracting specimens from the printed sample (left); A photograph of the cored specimen for XCT scanning (right).

Fig. 6. The process of acquiring GSV based images for air void analysis and modeling.

Fig. 7. Schematic explanation of the approach used to segment the air voids.

6 Y. Chen et al. / Construction and Building Materials 262 (2020) 120094
ronment without any cover, and the second layer was laid after a
time interval of 20 s, 1 min, and 10min, respectively (see Fig. 2 (b)).
2.3.2. Nozzle standoff distance
The nozzle was featured as a hybrid back- and down-flow (see

Fig. 1 (b)). According to our preliminary printing tests (see Fig. 3
(a)), nozzle standoff distance greater than 10 mm led to inaccurate
positioning of the layers. Therefore, as shown in Fig. 3 (b), three dif-
ferent nozzle standoff distances 0, 5, and 10 mm were selected to
make the second layer. 0 mm was the default value, and 10 mm
was the maximum tolerance value. For each trial, the time gap
between the two adjacent layers was controlled as 1 min in this
test series.

2.3.3. Mold-cast specimen
Cast samples with dimensions of 160 � 40 � 40 mm3 were also

prepared and tested. Fresh mixtures were filled into the mold man-
ually. No compaction was applied. Both cast and printed samples
were stored under the plastic film for the first 24 h. Afterwards,
all samples were cured and stored in a fog room (20 ± 2 �C, and
99% RH) before conducting the tests.

2.4. Uniaxial tensile test

Uniaxial tensile test was performed to determine the bond
strength of printed and cast samples. One day before testing, three
specimens (Fig. 4 (a) (b)) with 20 mm of length, 20 mm of width,
and 24 mm of height were sawn from the printed and mold-cast
objects by using a cutting machine. To ensure the printed sample
failed at the interface zone, a notch with a depth of 5 mm and a
height of 3 mm was made on four sides of the sample at the inter-
layer (Fig. 4 (b)). The notches were also made on the cast samples
at the same position. Uniaxial tensile tests were conducted on a
servo-hydraulic Instron 8872 machine. Before implementing the



Fig. 8. GSV based XCT image (left); The segmented binary image (middle); The air void analysis of the binary image (right).

Fig. 9. The notched digital specimen (cast specimen) used for the fracture and
deformation analysis.

Fig. 10. Schematic illustration of the 2D mesh generation.

Fig. 11. The boundary condition of the computational uniaxial tension test.
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test, the frontal surface of specimens was painted white by using
acrylic paint. Afterwards, evenly distributed black dots were ran-
domly made with a permanent marker for employing digital image
correlation (DIC). The prepared specimens were glued between
two non-rotating platens via using a rapid hardening adhesive to
keep the same deformation along the four sides of the specimen
(Fig. 4 (c)). The test was controlled by the average value of two lin-
ear variable differential transducers (LVDTs) at loading speed of
0.01 mm/s. A Canon camera model EOS 6D equipped with a Tamron
aspherical 28–75 mm lens was utilized to acquire images during
the test process. DIC of each test was analyzed by an open-
source software Ncorr2 [49].

2.5. X-ray computed tomography

In this study, X-ray computed tomography (XCT) scanning was
used to acquire the greyscale-based digital microstructure of the
printed and cast specimens for air void analysis and specimen dig-
italization for modeling. In Fig. 5, cylindrical samples with a circu-
lar cross-section of 25 mm diameter and 25–27 mm height were
drilled from both printed and cast objects (at the material age of
7 days), which were manufactured in Section 2.3. The prepared
specimens were scanned by a Phoenix Nanotom Micro CT-
Scanner. Under the setting of 120 kV/60 lA of the X-ray source,
1441 tomographic images were obtained on a digital GE DXR
detector (3072 � 2400 pixel2), and a spatial resolution of
50 � 50 � 50 lm3/voxel was acquired. The 3D tomographic recon-
struction was carried out with the software Phoenix Datos|x
Reconstruction 2.0.



Fig. 12. An example: (a) a typical load and displacement curve of the uniaxial tensile test and (b) the corresponding DIC analysis of the specimen.
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For each specimen, 40 longitudinal cross-sections of greyscale
value (GSV) images were extracted from the reconstructed 3D vol-
ume (see Fig. 6). For segmenting the air voids, the so-called
tangent-slope method [50,51] (illustrated in Fig. 7) was applied
to the cumulative histogram. An example of the segmented binary
image is shown in Fig. 8. It should be noted that only pores larger
than the X-ray CT resolution (50 mm) can be detected in this man-
ner. The air void content and distribution of each segmented binary
image could be determined through a MATLAB-code (see Fig. 8).
3. Modeling

Due to its simplicity and efficiency, the discrete lattice model
has been widely used to simulate the mechanical properties of
cementitious materials, at both microscale [44,51,52] and mesos-
cale [53,54]. The model uses a lattice of Timoshenko beam ele-
ments to discretize the material domain. All the elements have a
linear elastic behavior (note that it is possible to assign a ductile
constitutive law of the local element, as shown in [40]). Cracks
are generated by removing the element in which stress exceeds
its strength under a specific boundary condition. In the case of
heterogeneous materials, the heterogeneity is easily introduced
by overlapping the digitalized material structure on the lattice
and assigning different local mechanical properties to the elements
according to their positions.

In the current study, the segmented 2D material structure with
a height of 24 mm and a length of 20 mm (480 � 400 pixel2) was
used to build a series of 2D models. Two notches (with the size of
3 mm in height and 5 mm in length) were created in the meshes at
mid-height (see Fig. 9). As shown in Fig. 10, a quadrangular grid of
square cells was first defined, in which a node was then randomly
positioned within a concentric sub-cell. According to a previous
study [55], a ratio of 0.5 between the length of the cell and sub-
cell can introduce the geometry disorder in the digital cementi-
tious material while avoiding significant variations in the length
of elements. Therefore, this ratio was consistently adopted herein.
Delaunay triangulation was performed on the set of the defined
notes, on the basis of which nodes in adjacent Voronoi cells are
connected by the beam elements. This mesh configuration results
in a Poisson’s ratio of 0.18 [56], which is realistic for cementitious
materials [57].

At the investigated length scale, the 2D material structure was
considered as a two-phase structure, i.e., solid and pore phases.
As shown in Fig. 10, the element that has one/two nodes located
in the pore or notch area was then removed from the system as
the initial flaw embedded in the material. As a simplification, all
the elements located in the solid phase are assumed having the
same mechanical properties, i.e., elastic modulus and tensile
strength (Note that no local compressive failure is needed to sim-
ulate fracture performance of such material under uniaxial tension
[55]). Those two mechanical properties were assumed to corre-
spond with those of the mold-cast samples to investigate the influ-
ence of the pore structure on the global mechanical performance of
the specimens and further explain the experimental observations.
The computational uniaxial tension test was achieved by applying



Fig. 13. Load vs. displacement curves of uniaxial tensile tests at the material age of 7 days: (a) Time interval-20 s; (b) Time interval-1 min (also known as nozzle standoff
distance-0 mm); (c) Time interval-10 min; (d) Nozzle standoff distance-5 mm; (e) Nozzle standoff distance-10 mm; (f) Cast.
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uniform displacement of the nodes on one side and blocking the
degrees of freedom of the nodes in the opposite side (see
Fig. 11). It is worth to mention that in order to simulate the bound-
ary constraints between the steel plates and specimen in the
experiments, lateral deformation and rotation of the nodes at the
boundaries were fixed. In order to consider the variation of the
2D material structure, for each case, 3 simulations were carried
out on the basis of 2D slices extracted from different locations
(see Fig. 6).
Fig. 14. Uniaxial tensile strength results at the material age of 7 days: (a) Different
time intervals; (b) Different nozzle standoff distances.
4. Results and discussion

4.1. Uniaxial tensile strength

All load and displacement curves of the uniaxial tension tests
are given in Fig. 13. The displacement of each test was the average
value of two LVDTs. All specimens showed brittle behavior in ten-
sion. A similar pattern of the load and displacement curve was
observed. As shown in Fig. 12 (a), the load initially increased
quasi-linearly with increasing vertical displacement until reaching
the peak load. Except for the specimens with a 10 min time gap (in
Fig. 13 (c)), the peak load corresponded to a displacement of 4–
5 mm (in Fig. 13 (a), (b), (d), (e), (f)). After the peak load, a load
decrease was observed as deformations grow. In Fig. 12 (b), the
color close to red in the DIC image represented the region suffering
high deformation and containing cracks [63]. It could be found that
two cracks nucleated from both notch tips, and then continued
propagating. Finally, both cracks formed at the interface. The peak
load in this test could be regarded as the ultimate interlayer bond
force of the specimen. The peak force of each curve from Fig. 13
was collected and divided by the cross-section area
(10 � 10 mm2) to compute the uniaxial tensile bond strength.
The calculated results were presented in Fig. 14.

4.1.1. Time interval
Fig. 14 (a) shows the average uniaxial tensile strength of the

printed specimens (different time intervals between two adjacent
layers). The uniaxial tensile strength decreased with increasing
time gap, which agreed well with the earlier studies [4,9,32]. In
comparison with the mold-cast specimen, a reduction in uniaxial
tensile strength of about 4%, and 13% were observed in the speci-
mens with a 1 min and 10 min time intervals, respectively. How-
ever, the specimens with a 20 s of time gap exhibited 14%
increase in uniaxial tensile strength.

4.1.2. Nozzle standoff distance
The effect of nozzle standoff distance on the tensile bond

strength of two layers was not critical in this study. Only a slight
decrease could be found with increasing the nozzle height in
Fig. 14 (b). The results of the specimens with a 10 mm nozzle
standoff distance were more scattered than others, which was in
accordance with the observation from Wolfs et al. [4]. However,
due to the differences in nozzle type and mixture, the obtained
results in this study could not be comparable with the finding of
Panda et al. [9].

4.2. Air void content and distribution

The air void content and distribution of each GSV image is pre-
sented in Fig. 15. The term porosity could be referred to as air void
content in this context. It could be found that the porosity in the
middle zone of the printed specimens was higher than in other
areas, which was due to the presence of the interface. In contrast
to the printed sample, the air void distribution of the cast sample
was more homogeneous. For the printed sample, the interlayer
zone could be located mid-height of the sample, with the height
ranging from 10.5 mm to 13.5 mm. It was also the region to make
notches. In general, for a quasi-brittle material, the mechanical
properties are inversely proportional to the porosity [37]. Since
the crack is localized in the interlayer zone, the strength of the
specimens is mainly determined by the porosity within this area.
The total porosity in the interlayer zone is therefore investigated
and plotted in Fig. 16 (a). However, as shown in Fig. 16 (a), the
results of the total porosity in the interlayer zone were very close
between different specimens, except for the 10 min and cast cases.
Both of them displayed higher porosity than others. As reported by
Lee et al.[58], the total fraction of pores in the interlayer may not
directly affect the bond strength of printed samples. Compared
with the total porosity in the interlayer zone, the maximum value
of local porosity seems to be a more critical factor to dominate the
bond strength (see Fig. 16(b)).
4.2.1. Time interval
In Fig. 16 (b), the maximum value of local porosity in the inter-

layer zone increased with the increase of time interval, which is in
good agreement with the interlayer bond strength in Section 4.1.



Fig. 15. Air void content and distribution (local porosity) of different samples made with various printing parameters. The grey line represents the individual computed
result. The black line indicates the average relation.
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The specimen with a 20 s of time interval shows the minimum
value of average local porosity at the interface (Fig. 16 (b)) among
all specimens, which seems to be the main reason for its highest
bond strength in Fig. 14. Extending the time interval between
two layers may lead to a high concentration of macropores dis-
tributed along the interface, which is a possible reason for the
higher maximum value of local porosity in the interlayer zone of
sample 10 min. As shown in Fig. 17, the extruded layer exhibited
a rough top surface. For a short-time gap (20 s and 1 min in this
study), the stress from the upper layer could result in a slight
deformation of the bottom layer. Since the substrate has a rela-
tively lower surface tension, the load induced by the weight of
the top layer might rearrange the orientation of the top surface
of the substrate (bottom layer), and it might increase the inter-
acted bond area between two layers [31]. However, after 10 min,
the deformation of the substrate (after depositing the top layer)
may be decreased due to the growth of material stiffness that is
attributed to the cement particle nucleation and surface drying
process. The surface tension of the bottom layer was also
increased. It results in less amount of interacted bond areas
between the old and new layers. Many unfilled areas were kept
forming the ‘wide’ macropores between two layers. This is also evi-
dent in Fig. 18. In comparison with other samples, sample 10 min
showed massive macropores that have large pore widths (>2 mm).
Most of those macropores distributed at the sample height of 12–
13 mm. Consequently, for sample 10 min, the maximum value of
local porosity was also found in this height range (see Fig. 15).
Therefore, extending the time interval could increase the number
of ‘wide’ macropores at the interface area, which increased the
value of local porosity.
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4.2.2. Nozzle standoff distance
The samples made with different nozzle standoff distances

showed a close result of the maximum value of local porosity
in the interlayer zone in Fig. 16 (b). As mentioned earlier, the
dropped layer process, because of the increased nozzle height,
could increase the possibility of inaccurate layer deposition,
which may reduce the contact area between two adjacent layers.
The variable contact pressures and surface areas between two
layers induced by the inaccurate layer deposition could result in
the high scatter of the test results [4] (see Fig. 3 (a)). Therefore,
it is essential to keep the nozzle standoff distance within a valid
range during the printing process. A real-time height measure-
ment device and a feedback system that were reported by Wolfs
et al. [59] could be employed for an inline control of the nozzle
standoff distance in practice.
Fig. 16. (a) Total porosity in the interlayer zone; (b) The maximum value of local porosit
4.3. Modeling results

4.3.1. Calibration
Through a trial-and-error process, the input elastic modulus

and tensile strength of the lattice element have been determined
as 25 GPa and 9 MPa, respectively. As shown in Fig. 19, with the
aforementioned parameters, the modeling results of cast samples
show reasonable agreement with the experimental results in terms
of the pre-peak part, especially the tensile strength. The crack is
localized in the middle area of the sample. However, a brittle
post-peak behavior is observed in the simulation. This is mainly
attributed to the fact that the constitutive relation of the local ele-
ments is assumed as elastic-brittle. As pointed by Zhang et al. [60],
the strain-softening behavior at the microscale must be considered
in the mesoscale model for quantitative prediction of fracture
y in the interlayer zone. Interlayer zone: 10.5–13.5 mm in the height of the sample.



Fig. 17. Illustration of the influences of extending the time interval on air void formation at the interface.
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behavior of cementitious composites. Additionally, as a 2D model
was used in the current study, the crack cannot propagate out-
of-plane. This also contributes to the brittle post-peak behavior.
Possible solutions would be deriving the local elastoplastic consti-
tutive relations from experiments or simulations at a lower scale
(i.e., microscale) as performed in [40,41,51,52,60–62]. Neverthe-
less, the purpose of this paper is to show the potential of the
mesoscale model and not to have an ‘exact’ match.
4.3.2. Modeling results
The mechanical properties of the material made from different

parameters were investigated by the 2D lattice fracture model.
Fig. 20 shows the simulated load–displacement curves by keeping
the input but varying the 2D material structure (the segmented
binary image). A variation appeared between different 2D material
structures due to the heterogeneous nature of the cementitious
material.
Fig. 21 (also see Fig. A.1, Appendix A) shows the fracture pattern
of the simulated specimens. All the cracks are localized in the mid-
dle part of the sample, where the notches are presented. It is in
accordance with the experimental observation (see Fig. 12 (b)).
Besides, it can be observed that there is a tendency for cracks to
propagate along the air voids, and this tendency becomes more
evident in the simulated specimen with 10 min time interval. Thus,
it confirmed that the local porosity in this area played a dominant
role in the interlayer bond strength. Fig. 22 shows a comparison
between the predicted tensile strength and experimental results.
In general, the predicted results correspond well with the experi-
ments. The only exception is specimen 10 mm due to the heteroge-
neous nature of the cementitious material. The predicted result is
higher than the experimental result but still the error is less than
15%. Therefore, the 2D model in this study can give reasonable pre-
dictions and catch the trend of the strength variation along with
the material structure.



Fig. 18. (a) Illustration of pore width determination; (b) Pore width distribution of different samples (results of 40 cross-sections for each sample were plotted) in the
interlayer zone (10.5–13.5 mm in height).
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Fig. 19. (a) The simulated load–displacement curves of the cast specimens; (b) The
simulated crack pattern (left: initial specimen; right: fractured specimen). Pink
area-cementitious material; White area-air void. Black area-crack opening. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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5. Conclusion

An experimental and numerical study has been presented to
map the effects of different printing parameters, including the time
intervals and nozzle standoff distances, on the interlayer bond
strength of 3D printed limestone and cementitious materials for
a single batch material. Through performing the uniaxial tensile
test under a non-rotational boundary condition, the load vs. dis-
placement curve (including the softening branch) and the bond
strength of printed specimens were obtained. Besides, the air void
content and distribution of the printed specimens were conducted
via X-ray computed tomography and image analysis. Furthermore,
the acquired GSV images were employed as the input of a 2D lat-
tice fracture model for simulating the process of uniaxial tensile
test. The following conclusions could be drawn in this paper:

� The specimen with a 20 s of time interval showed the highest
interlayer bond strength compared to that of other specimens,
which may be attributed to its lowest local porosity at the inter-
face. As the increment of the time interval (from 1 min to
10 min), the interlayer bond strength of printed specimens
was reduced at most 13% in comparison with the cast speci-
mens. The reduction in bond strength with prolonging the time
interval was due to the increase of local porosity, which was
attributed to the increased number of ‘wide’ macropores (pore
width > 2 mm) in the interlayer zone.

� By increasing the nozzle standoff distance, limited effects on
bond strength in the interlayer zone have been observed. The
possibility of inaccurate layer deposition was increased by
increasing the nozzle height, which increased the scatter of uni-
axial tensile test results.

� The predicted results of bond strength from the 2D lattice frac-
ture model corresponded well with the experimental results of
the uniaxial tensile test. In the model, the local strength of the
elements is not changed when the time interval between the
layers increases. Since the predicted strength is similar between
experiment and model, it can be concluded that the effect of
short time intervals (20 s–10 min) has no (or minimal) influence
on the bonding of the material. The strength seems to be only
influenced by the local porosity. If the time interval would
increase further, the bonding between the materials is probably
also affected.

� Due to the limitation of the 2D lattice fracture model, it is
worthwhile to employ a 3D lattice fracture model to obtain
more insights in the fracture mechanics of 3D printed cementi-
tious materials in further study.
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Fig. 20. Simulated load vs. displacement curves of uniaxial tension tests: (a) Time interval-20 s; (b) Time interval-1 min (and also known as nozzle standoff distance-0 mm);
(c) Time interval-10 min; (d) Nozzle standoff distance-5 mm; (e) Nozzle standoff distance-10 mm; (f) Cast.
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Fig. 21. The simulated fracture patterns for different printed specimens (left: initial
specimen; right: fractured specimen): (a) Time interval-20 s; (b) Time interval-
10 min. Pink area-cementitious material; White area-air void. Black area-crack
opening. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Fig. 22. Comparison between the modeling and experimental results.
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Appendix A
Fig. A1. The simulated fracture patterns for different printed specimens (left: initial
specimen; right: fractured specimen).: (a) Time interval-1 min; (b) Nozzle standoff
distance-5 mm; (c) Nozzle standoff distance-10 mm. Pink area-cementitious
material; White area-air void. Black area-crack opening.
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