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Effect of curing methods during a long time gap between two printing 
sessions on the interlayer bonding of 3D printed cementitious materials 
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A B S T R A C T   

A good bond between the layers of 3D printed cementitious materials is a prerequisite for having high structural 
rigidity for the printed elements. However, the influence of printing process on an interlayer bond is still not well 
understood. This study investigates the influence of curing methods (i.e., air curing, plastic film covering, wet 
towel covering and water mist-30 min/-60 min) on the interlayer bonding characteristics of 3D printed 
cementitious materials for a long time interval between two printing sessions. Results showed that the interlayer 
bonding could be improved by covering the substrate with a plastic film or a wet towel. However, applying water 
mist every 60 min/30 min on the deposited layer was detrimental to the interlayer bonding. Furthermore, the 
interlayer bond strength of studied specimens appeared to be dominated by the mechanical strength of the 
cementitious matrix at the interface rather than its air void structure. Therefore, covering unfinished printed 
elements with plastic film or wet towels can be a practical solution to maintain a sufficiently humid environment 
during long waiting periods, which is vital for its interlayer adhesion.   

1. Introduction 

Extrusion-based 3D concrete printing (3DCP), as the most adopted 
additive manufacturing technology of concrete, has been widely 
developed and reported worldwide in the last decade [1-5]. Most 3DCP 
approaches employ a continuous filament extrusion and layer-wise 
process for constructing building elements without using formwork [6- 
8]. Fresh cementitious material is deposited to form sequential layers via 
a printhead equipped on a digitally controlled robotic arm, gantry or 
other configurations [1,9,10]. Owing to this sophisticated process, 
implementing 3DCP in concrete construction can provide many benefits, 
i.e., saving labor and formwork cost, reducing construction time and 
waste, improving construction site safety and flexibility of architectural 
design [6,11-13]. Besides, 3DCP can also be regarded as an 
environmental-friendly approach to concrete manufacturing using sus
tainable binders [14-16] and recycled aggregate [17-19]. 

However, due to the layer-based manufacturing process, the printed 
component consists of many interfaces that may deteriorate its me
chanical properties and durability. According to [9,20], the interlayer 
bond strength is affected by the thixotropy of printable cementitious 
materials and the printing parameters. Roussel [21] pointed out that 

cementitious materials with high thixotropy can contribute to good 
buildability and structural build-up but may easily form cold-joint be
tween layers. This phenomenon has been confirmed by extensive studies 
[22-24]. Moreover, employing a printable mixture but varied printing 
parameters, i.e., time gaps, nozzle standoff distances, printing speeds 
and nozzle types, may also result in different interlayer properties 
[9,22,25,26]. Among these printing parameters, the time interval be
tween two subsequent layers is the most critical factor affecting the bond 
strength. An inversely proportional relationship between interlayer 
bond strength and time gap has been reported by many earlier studies 
[20,22,25-28]. In the literature, the time gap can range from several 
seconds to 1 h or as long as a few hours to one day. In the case of short 
time intervals (within 1 h), the amount of air voids formed in the 
interlayer zone seems to play a dominant role in interlayer bond 
strength. As reported by [20,22,24,29], increasing the time interval 
between layers may significantly increase the air void content at the 
interface. Since the stiffness of the substrate evolves with resting time, 
for a relatively long time gap (e.g., tens of minutes), the overlay cannot 
rearrange the orientation of the top surface of the deposited layer 
resulting in many unfilled areas (wide macropores) between layers 
[20,22]. 
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tudelft.nl (B. Šavija), Erik.Schlangen@tudelft.nl (E. Schlangen).  

Contents lists available at ScienceDirect 

Construction and Building Materials 

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

https://doi.org/10.1016/j.conbuildmat.2022.127394 
Received 28 January 2022; Received in revised form 31 March 2022; Accepted 3 April 2022   

mailto:Y.Chen-6@tudelft.nl
mailto:Z.Chang-1@tudelft.nl
mailto:S.He-2@tudelft.nl
mailto:O.Copuroglu@tudelft.nl
mailto:B.Savija@tudelft.nl
mailto:B.Savija@tudelft.nl
mailto:Erik.Schlangen@tudelft.nl
www.sciencedirect.com/science/journal/09500618
https://www.elsevier.com/locate/conbuildmat
https://doi.org/10.1016/j.conbuildmat.2022.127394
https://doi.org/10.1016/j.conbuildmat.2022.127394
https://doi.org/10.1016/j.conbuildmat.2022.127394
http://crossmark.crossref.org/dialog/?doi=10.1016/j.conbuildmat.2022.127394&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/


�&�R�Q�V�W�U�X�F�W�L�R�Q �D�Q�G �%�X�L�O�G�L�Q�J �0�D�W�H�U�L�D�O�V ������ ������������ ������������

2

A very long time interval between two subsequent layers (from 
several hours to one day) may not appear in a small printed object, 
whereas it cannot be avoided for some large-scale printing projects. For 
example, multiple printing sessions (in each printing session, the time- 
gap between two layers ranges from several seconds to minutes) may 
be needed to finish a large-scale building element [9,25]. Due to the 
temperature increase of the printing setup and other practical issues (e. 
g., placement of reinforcement), breaks of up to a few hours may be 
needed between subsequent printing sessions. Note that the long time 
interval/gap in this paper refers only to the time gap between two 

printing sessions. Many earlier studies [25-27,30] have attempted to 
determine the interlayer bond strength of printed samples with a rela
tively long time gap. Panda et al. [26] measured the bond strength of 
printed two-layer samples with 3 h and 6 h of time gaps by conducting 
uniaxial tension tests. Wolfs et al. [25] employed a tensile splitting test 
to determine the bond strength of printed specimens with long time 
intervals, e.g., 4 h, 7 h, and 24 h. Similar works can also be found in 
[27,30]. In this context, the interlayer bond strength decreases with 
increasing the time gap and is notably affected by the printing envi
ronment. The weak bonding/cold-joint is easily formed by exposing the 
deposited layer to drying for a long resting time. In contrast, protecting 
the deposited layer from drying can efficiently retain the moisture of the 
substrate to improve layer adhesiveness [21,31]. The water loss at an 
early age can inhibit the strength development at the interface and lead 
to severe plastic shrinkage [32]. Therefore, applying proper curing on 
the substrate during the long time interval is essential to improve the 
bond strength and other mechanical properties of printed cementitious 
materials. To our knowledge, there has been little study so far about 
effect of curing methods during a long time gap between layers on the 
interlayer bonding of printed samples. 

The contact area and adhesion between two layers are two critical 
factors affecting the interlayer bond strength of printed cementitious 
materials [9,20]. The contact area can be quantified by determining the 
air void content at the interface. X-ray computed tomography scanning 
(CT-scanning) coupled with image analysis is the most effectively used 
technique for indicating the air void features of printed concrete 
currently [27,29,33-37]. This way, 3D heterogeneity of air void struc
ture can be quantified without making stereological assumptions. 

Table 1 
Mix design of printable mixture.   

Type Content [wt.% of binder] 

Binder PC 40  
LP 20  
CC1 30  
CC2 10  

Aggregate 0.125–0.25 mm sand 42  
0.25–0.5 mm sand 78  
0.5–1 mm sand 27  
1–2 mm sand 3  

Water Tap water 30 
Admixture PCEs 2  

HPMC 0.24  

Fig. 1. A lab-scale 3D concrete printing setup at TU Delft, 
adapted from [20] 

Fig. 2. Illustration of mixing protocol for preparing fresh cementitious materials.  
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However, it must be noted that the minimum air void diameter that can 
be observed using CT-scanning is limited by the machine resolution, 
being larger for large specimens. Interlayer adhesion in this study refers 
to the local mechanical strength of the cementitious matrix in the con
tact area between two layers. However, there is little published data on 

the interlayer adhesion of printed cementitious materials. The research 
to date has focused on air void characterization rather than interlayer 
adhesion. This is because: (1) In many cases, air void content at the 
interface dominated the interlayer bonding. The local mechanical 
strength at the interface might be only slightly modified (or not at all) by 

Fig. 3. (a) Schematic diagram of sample preparation by using different curing methods during 4 h of time gap; (b) Printed specimens after the second layer 
deposition; (c) Ambient temperature and relative humidity during 4 h of time gap. 

Table 2 
Parameters of 30-min and 60-min frequency water mist samples.   

0 60 min 90 min 120 min 150 min 180 min 240 min 

Water mist-30 min First layer deposition ~7 g per filament ~7 g per filament ~7 g per filament ~7 g per filament ~7 g per filament Second layer deposition  

Water mist-60 min First layer deposition ~7 g per filament – ~7 g per filament – ~7 g per filament Second layer deposition  
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a short time interval between layers, as reported by [20]. (2) The local 
mechanical strength of contact area between layers may be influenced 
by local capillary porosity, micro-cracks, cement hydration degree, and 
other factors. The mechanism in this context is complicated and 
underexplored. (3) The current experimental approach may be unable to 
quantify interlayer adhesion effectively and accurately, especially when 
large air voids and aggregate particles are also present at the interface. 
Geng et al. [27] attempted to map the local elastic modulus in the 

interlayer zone by performing a series of nano-indentation tests. How
ever, intensive experimental works might be expected by using such a 
manner. 

Overall, instead of experimental tests, employing numerical models 
to predict the local strength of the cementitious matrix at the interface 
might be an appropriate way at this stage. As a mechanical modeling 
approach, the discrete lattice fracture model has been widely utilized to 
mimic the fracture process of the hardened cementitious materials since 

Fig. 4. Left: Extracting cubic and cylindrical specimens from the printed beam; Right: Cubic specimen with notches at the interface for performing the uniaxial 
tensile test. 

Fig. 5. (a) Uniaxial tensile test setup; (b) Crack surface of the printed specimen.  
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the simulated crack pattern and strength (especially uniaxial tensile 
strength) are very close to the experimental findings [38-40]. In our 
earlier study [20], we used a 2D lattice fracture model to simulate the 
uniaxial tensile test of different printed samples with short time intervals 
between layers (e.g., 20 s, 1 min and 10 min). The digital material 
structure was acquired by CT scanning. The predicted bond strength 
from the lattice model corresponded very well with the test result. On 
the basis of digital structure and mechanical behaviors of cementitious 
materials, it is also possible to compute the local mechanical strength 
through an inverse modeling process. Herein, we propose applying in
verse 2D lattice fracture modeling to predict the local mechanical 
strength of cementitious matrix in the interlayer zone. 

The goal of this paper is to systematically investigate the impact of 
different curing methods during a long time gap on the interlayer bond 
strength and microstructure of 3D printed cementitious materials. For 
determining the interlayer bond strength, the printed 2-layer samples 
were tested in the uniaxial tension under fixed boundary conditions. 
Moreover, the digital material structure was acquired by using CT 
scanning. Based on the reconstructed 3D volume, air void features of 
various printed specimens, including content, size, and distribution, can 
be determined and compared. Furthermore, an inverse 2D lattice model 
was employed to quantify the local mechanical strength of cementitious 
matrix in the interlayer zone of different printed specimens. Finally, the 
microstructure of the interlayer zone was also observed under an envi
ronmental scanning electron microscope (ESEM). 

2. Materials and methods 

2.1. Raw materials and mix design 

The printable mixture used in this work was introduced in our earlier 
studies [20,41]. Primary cementitious materials were CEM I 52.5R 
Portland cement (PC), limestone powder (LP), low-grade calcined clay 
(CC1), and high-grade calcined clay (CC2). CC1 that contains about 50 
wt% of metakaolin was provided by Argeco, France. CC2 with nearly 95 
wt% of metakaolin was supplied by Burgess, USA. As shown in Table 1, 
the binder comprised 40 wt% of PC, 20 wt% of LP, 30 wt% of CC1, and 
10 wt% of CC2. Quartz sand (grain size in the range of 0.125–2 mm) was 
employed as aggregate. The aggregate-to-binder ratio and water-to- 
binder ratio were 1.5 and 0.3, respectively. Additionally, 2 wt% poly
carboxylate ether superplasticizer (PCEs) and 0.24 wt% hydroxypropyl 
methylcellulose (HPMC) were added to ensure sufficient buildability. 
According to [41], the initial setting time of the studied mixture is about 
80 min. 

Fig. 6. Flowchart of inverse lattice modeling.  

Fig. 7. Illustration of transverse cross-sections for air void analysis and extracted longitudinal cross-sections for 2D lattice modeling.  
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2.2. Sample preparation 

The printed specimens were manufactured using the lab-scale 3DCP 
setup of TU Delft. As introduced in our earlier works [11,20], the 3DCP 
configuration comprises a 3D freedom Computer Numerical Control 
(CNC) machine, a PFT Swing M conveying (progressive-cavity) pump, 
and a hybrid back- and down-flow nozzle with a rectangular opening of 
40×15 mm2 (see Fig. 1). In addition, a material hose with 25 mm inner 
diameter and 5 m length was used to connect the nozzle and the pump. 
About 18 L of the fresh mixture was prepared for each batch according to 
the specific mixing protocol as described in Fig. 2. 

In this study, the material flow rate was predefined as 1.6 L/min with 
respect to a nozzle moving speed of 45 mm/s. The nozzle standoff dis
tance was kept as 0 mm in all test series. All printed beams (800 mm in 
length, 40–42 mm in width, and 26–30 mm in height) contained two 
layers, and there was only one filament for each layer. After the depo
sition of the first layer, four different curing methods, i.e., air curing, 
water mist, wet towel covering (the moisture contents of wet towel: 50.8 
± 0.5%), and plastic film covering (thickness of plastic film: 36 µm), 
were applied during 4 h time interval. Compared with plastic film, 
covering the fresh sample with a wet towel helps maintain a slightly 
higher surface moisture content. Then, a new batch of the fresh mixture 
was prepared for printing the second layer (see Fig. 3(a and b)). There 
are two frequencies (30 min and 1 h) for the curing method of spraying 
water mist. The specific parameters are given in Table 2. About 7 g of 
water was sprayed per filament each time. Fig. 3(c) illustrates that the 
ambient temperature and relative humidity (RH) during the 4 h of time 
gap stabilized at 23–25 ◦C and 38% RH. Mold-cast samples 
(160×40×40 mm3) were prepared using extruded materials and tested 
to compare the interlayer bonding and air void content of printed 
specimens. Freshly prepared mortar was filled in expanded polystyrene 
foam mold, and compaction was applied manually to reduce the air void 
content. All samples were cured under the plastic film at ambient tem
perature and RH for the first day. After that, the samples were stored in a 
fog room (20 ± 2 ◦C, and 99% RH) before cutting and testing. 

2.3. Uniaxial tension test 

As shown in Fig. 4, prismatic specimens with 25 ± 3 mm height and 
23 ± 3 mm side length were sawn from cured samples at 27 days. A 
notch (3 mm height and 5 mm depth) was sawn on the two sides of the 
samples at the interface area (at the same position for cast samples) to 

ensure samples failed at the interface. Fig. 5 illustrates the uniaxial 
tensile test setup built on a servo-hydraulic Instron 8872 machine. To 
keep the same deformation along the four sides of the specimen, the 
prepared specimen was glued between two non-rotating platens. The 
deformation was controlled by the average value of two linear variable 
differential transducers (LVDTs), and the loading rate was kept as 0.01 
µm/s constantly. For each parameter, three repetitions were executed. 

2.4. X-ray computed tomography 

The grayscale-based digital microstructure of each specimen was 
acquired using X-ray computed tomography scanning (CT scanning). 
The obtained grayscale value (GSV) images were employed to charac
terize the air void characteristics of printed and cast specimens. Cylin
drical samples with 25 mm diameter and 25 ± 3 mm height were 
extracted from samples as explained in the Section 2.2 at the material 
age of 28 days. A Phoenix Nanotom Micro CT- Scanner was used, and 
1441 tomographic images were acquired on a digital GE DXR detector 
under 120 kV/60 lA of the X-ray source. A spatial resolution of 
25×25×25 µm3/voxel was obtained. By using the software Phoenix 
Datos|x Reconstruction 2.0, the 3D tomographic reconstruction has been 
conducted. For each specimen, about 900 transverse cross-sections (800 
slices for the cast sample) of GSV images were extracted for performing 
air void analysis (see Fig. 7). The thresholding method was used to 
segment cementitious material and air void in GSV images based on 
ImageJ software. Note that only the air voids larger than 25 µm (image 
resolution) were detected. 

2.5. Inverse lattice modeling 

In the current study, the lattice fracture model was utilized to study 
the impact of air voids on interlayer bond strength and calibrate the 
local strength of cementitious matrix in the interlayer zone. The 
grayscale-based digital microstructure is first employed to build the 
numerical model for the uniaxial tensile test. The local mechanical 
property (i.e., tensile strength) of lattice elements at the interface can 
then be derived through inverse lattice modeling. The detailed proced
ure can be found in Fig. 6. 

If the main crack is formed at the interface area (where we also made 
notches) in the uniaxial tensile test, we assumed that the tensile strength 
of printed samples is equal to the tensile strength of the interlayer zone, 
which is only determined by the air void structure and/or local tensile 

Fig. 8. Illustration of lattice model generation: (a) The construction of 2D lattice network; (b) An example of the overlay procedure for 2D lattice mesh (red-air voids, 
blue-solid phases), 
adapted from [20] 

Y. Chen et al.                                                                                                                                                                                                                                    
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Fig. 9. Stress and strain curves of uniaxial tensile tests at 28 days. (a) Cast; (b) Air curing; (c) Plastic film covering; (d) Wet towel covering; (e) Water mist-30 min; (f) 
Water mist-60 min. 
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strength of cementitious matrix in the interlayer zone. 
The 2D lattice model adopts a network of Timoshenko beams with 

linear elastic behavior to discretize the material domain. The hetero
geneity of the network was achieved by overlapping the digital material 
structure (i.e., a digital material structure obtained by CT scanning [42]) 
on the lattice and assigning different local mechanical properties to the 
elements based on their positions [43]. The numerical model was sub
jected to external loading and boundary conditions. A series of linear 
analyses were performed to simulate the fracture process. Once the 
beam stress reaches the fracture criterion, this element was removed 
from the system to mimic crack propagation [20,43]. In this study, 
several longitudinal cross-sections were extracted from the 3D recon
structed volume, as shown in Fig. 7. These GSV images were then 
transferred to binary images which consist of two phases, i.e., pore and 
solid phases. For each printed sample, five 2D binary images with 22.5 
mm in height and 20 mm in width (900×800 pixels) were extracted at 
every 36-degree along with the axis of the cylinder sample, as shown in 
Fig. 7. These binary images were utilized to build the lattice models. 
Two notches (3 mm in height and 5 mm in width) were created in the 
mid-height of the mesh, as shown in Fig. 8(a). 

The network of lattice model (see Fig. 8(a)) can be generated as 
follows [44]. (1) The material domain was divided into a grid of square 
cells. (2) A sub-cell was created in the center of cell, and a node was 
placed randomly in each sub-cell. Note that the ratio between the length 
of the cell and the sub-cell was selected as 0.5, which can introduce the 
geometry disorder in the digital material structure without creating 
significant differences in the length of elements [45]. (3) Delaunay 
triangulation was then conducted on the set of the defined nodes, 
wherein nodes in adjacent Voronoi cells were connected with beam el
ements. Consequently, the Poisson’s ratio of such a mesh configuration 
is 0.18 [46], which is appropriate for cementitious materials [47]. 

As shown in Fig. 8(b), solid (i.e., the cementitious matrix) and air 
voids were considered in the 2D material structure. During the lattice 
mesh generation, the lattice beam was removed if one node was located 
in the void area. All the lattice elements found in the solid phase of the 
interlayer zone were assigned the same linear-elastic-brittle constitutive 
law (tensile strength and elastic modulus). According to Ref [45], the 
local compressive strength is not needed for simulating fracture 
behavior of such material under uniaxial tension. Lattice elements 
except for interlayer were set to the same elastic modulus while no 
element failure was defined among them. This operation can eliminate 
the impact of non-interlayer on the calibration of local strength of matrix 

at the interface. The computational uniaxial tensile tests were performed 
by uniformly applying nodal displacement on one side and fixing any 
degrees of freedom of the nodes on the opposite side. 

2.6. Microstructural observations 

The specimens with 10–15 mm thickness were sawn from the printed 
beam. Before polishing, the extracted specimens were impregnated 
using low-viscosity epoxy. The studied surface of each sample was then 
ground employing silicon carbide abrasive papers and polished using 6, 
3, 1 and 0.25 µm diamond pastes. Lab-grade ethanol was employed as a 
coolant for grinding and polishing. Finally, the microstructure of the 
interface area in the polished section was observed by backscattered 
electrons (BSE) mode on an environmental scanning electron micro
scope (ESEM). 

3. Results and discussion 

3.1. Interlayer bond strength 

Fig. 9 illustrates all stress and strain curves of uniaxial tensile tests 
using various samples with different parameters. It can be found that all 
curves displayed a similar pattern. Before reaching the peak value, the 
stress increased quasi-linearly with the increase of deformation. For 
most specimens, the peak stress appeared at the strain of 0.08–0.2 ‰. 
However, the samples with water mist-30 min/-60 min corresponded to 
a small deformation (0.04–0.12 ‰.). After the peak, the stress decreased 
with increasing deformation. Finally, the main crack was formed at the 
interface area (the area containing two notches) of each specimen. The 
peak value of each curve in Fig. 9 was collected and regarded as the 
uniaxial tensile strength. As shown in Fig. 10, the cast sample displayed 
higher tensile strength than the printed samples. Compared to the air 
cured specimens, employing plastic film covering and wet towel 
covering during 4 h time gap can significantly improve the interlayer 
bonding. An increase in uniaxial tensile strength of about 51% and 65% 
were observed in the samples with plastic film covering and wet towel 
covering, respectively. Both conditions can decrease the water evapo
ration rate, thereby enhancing interlayer bond strength [21,31]. In 
addition, covering a wet towel can slightly increase the surface moisture 
of the substrate in contrast to plastic film (see Fig. A1. Appendix A), 
which may result in slightly higher bond strength. Note that the increase 
in interlayer bond strength can be negligible if the standard deviation is 
considered. Nevertheless, applying water mist per 30 min/60 min 
showed minor improvement or adverse effects. The bond strength was 
reduced by nearly 50% when using water mist per 30 min. It seems that 
the “too wet” surface caused by water mist weakened the interlayer 
bonding, which is in agreement with the findings of Sanjayan et al. [48]. 
The possible reasons are discussed in Section 3.4. 

3.2. Air void analysis 

Fig. 11(a) compares the local porosity (referred to the cumulative air 
void content of each transverse GSV image) along with the sample 
height of different studied specimens. It can be observed that the printed 
samples exhibited a much higher local porosity at the interface 
compared to the printed layer zones. In contrast, the air voids were 
evenly distributed from the bottom to the top of the cast sample. The 
maximum local porosity of each printed sample was plotted in Fig. 11 
(c). The maximum value appeared at the interface area for the printed 
specimen. However, the magnitude difference is relatively small among 
printed samples. 

On the other hand, it might be difficult to describe the air void dis
tribution of printed specimens only relying on the local porosity. The 
high local porosity may be attributed to numerous small air voids or only 
several large air voids at the same sample height. To figure out that, the 
average air void diameter of each transverse GSV image (determined by 

Fig. 10. The interlayer bond strength of different samples at 28 days.  
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Analyze Particles, ImageJ software) along with sample height was 
illustrated in Fig. 11(b). A similar curve pattern has been inspected 
between Fig. 11(a and b). Fig. 11(d) presents the maximum average air 
void diameter of different samples. A high local porosity corresponded 
to a high average air void diameter except for the samples with air 
curing and wet towel covering. In addition, for each studied specimen, 
the diameter and position of every air void (determined by 3D Objects 
Counter, ImageJ software) in the interlayer zone (sample height: 10–13 
mm in Fig. 11(a)) is presented in Fig. 12. Many large air voids were 
clearly found at the interface area of printed specimens. This confirms 
that the high local porosity and average pore diameter at the interface 
are ascribed to the presence of large air voids. However, the samples 
with plastic film and wet towel curing displayed a comparable amount 
of large air voids to the sample with water mist-30 min. Therefore, the 
findings based on the air void quantification cannot clearly explain the 
test results of interlayer bond strength. Air voids (>25 µm) at the 
interface appeared to not play the dominant role in influencing the 
interlayer bond strength for printed specimens in this study. 

3.3. Local strength of matrix at the interface 

Except for the air void content, the adhesion between two subse
quent layers is another critical factor influencing the interlayer bond 
strength. The interlayer adhesion can be understood as the local me
chanical strength of the cementitious matrix in the interlayer zone. For 
each specimen, five simulations were conducted on the basis of 2D 
longitudinal slices extracted from different locations in Fig. 7. The 
simulated global tensile stress VS. strain curves and crack patterns of 
different printed samples were presented in Fig. 13 (see Fig. A2, Ap
pendix A) and Fig. 14 (see Fig. A3, Appendix A). The fracture pattern of 
simulated specimens showed a tendency for cracks to propagate along 
the macropores. In addition, a brittle behavior is observed in the simu
lation since the constitutive relation of all lattice elements (localized at 
interlayer zone) for each specimen were assigned as elastic-brittle. 
Furthermore, due to the 2D model, the crack cannot propagate out of 
plane, resulting in the linear-brittle behavior [20]. 

Fig. 15(a) compares the local tensile strength of lattice elements in 
the interlayer zone of different printed specimens. It can be found that 

Fig. 11. (a) Local porosity VS. sample height of specimens with different curing methods; (b) Average pore diameter VS. sample height of specimens with different 
curing methods; (c) The maximum local air void content of different samples; (d) The maximum value of average air void diameter of different samples. 
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the sample prepared using water mist-30 min displayed the lowest local 
tensile strength. In contrast, the obtained lattice element of the sample 
with water mist-60 min showed comparable local tensile strength to the 
sample with air curing, whereas much higher values were obtained by 
samples with plastic film and wet towel covering. Furthermore, a linear 
relationship between the simulated local tensile strength of lattice 
element and tensile strength of the printed specimen was demonstrated 
in Fig. 15(b). The R-squared value of the fitted curve was about 0.96, 
which appeared to confirm the dominant role of local mechanical per
formance of matrix in the interlayer zone on interlayer bonding of 
printed specimen in this work. However, a micromechanical test based 
on, e.g., nano-indentation (see [27]) may be required to validate the 
simulated local mechanical performance of the matrix in the interlayer 

zone in further investigation. 

3.4. Influences of different curing methods during 4 h on the 
microstructure at the interface 

Instead of observing the air voids, the contact area/interface be
tween two layers was emphasized in the microstructural observation 
under ESEM. Fig. 16 illustrates the typical interlayer zone of printed 
samples with plastic film covering, wet towel covering, and air curing. 
The contact area between two layers in these samples showed very 
similar features, i.e., porous matrix structure and many micro-cracks, 
which can weaken the matrix locally [27]. It is worth noting that 
small air voids (<25 μm) and capillary pores in the contact area in 

Fig. 12. 3D visualization of air voids (left) and the air void diameter VS. sample height in the interlayer zone (right). (a) Cast; (b) Air curing; (c) Plastic film covering; 
(d) Wet towel covering; (e) Water mist-30 min; (f) Water mist-60 min. 
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Fig. 16(b, d and f) could not be detected by CT scanning in this study. 
According to Keita et al. [31], protecting the 1st layer (cast mortar) 

from drying during a long resting time (up to 24 h) before casting the 
second layer can help significantly in retaining the bond strength. The 
authors pointed out that the decrease of relative interlayer bond strength 
may be only significant once the internal water flow induced by the 
capillary gradient cannot balance the water loss of the layer surface 
during drying. Consequently, a dry area with high capillary porosity is 
formed in the substrate. After the second layer deposition, air-filled 
pores and voids in the dry regions of the substrate tend to release air 
for absorbing water. The released air stays entrapped at the interface due 
to the relatively high viscosity of the deposited material [26,49,50]. On 
the other hand, if the water retention property of the fresh mixture is too 
high (due to the addition of HPMC [51]) or other reasons related to 
capillary gradient, the water from the second layer may have difficulty 
moving into the air-filled pores and voids of the substrate. As a result, 
dry zones with high porosity in the first layer will be retained (see [31]). 
Additionally, the micro-cracks caused by plastic/drying shrinkage are 
critical for printable mortar within the first 4 h after extrusion [47,48], 
which also seems to be governed by surface drying [52]. In this study, 
the water evaporation rate appeared to be diminished by covering the 
layer surface with a plastic film or a wet towel. The quantities of small 
air voids, capillary pores and micro-cracks in the interlayer zone may be 

Fig. 13. The simulated stress and strain curves of the printed specimen with 
plastic film covering. 

Fig. 14. The simulated crack patterns of the printed specimen with plastic film covering at fracture stage (left: initial specimen; right: fractured specimen). White 
area-air voids; Black area-cracks; Blue area-cementitious materials. 

Fig. 15. (a) The calibrated local tensile strength of lattice element in the interlayer zone in the simulations for the different printed specimens; (b) The correlation 
between the calibrated local tensile strength of lattice element and the tensile strength obtained by the uniaxial tensile test. 
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therefore reduced. However, these are not evidently quantified by the 
current work. To confirm this hypothesis, a quantitative microstructure 
analysis in terms of small air voids (<25 μm), capillary pores and micro- 
cracks characterization in the interlayer zone should be conducted in 
further investigation. 

Compared with printed specimens mentioned above, the interlayer 
zone of printed samples with water mist-30 min/60 min exhibited 
different metrics. As shown in Fig. 17, a light-gray strip was visible at the 
interface, which indicates the boundaries of two layers. To slow down 
the water evaporation rate and compensate for water loss, water mist 
was applied on the surface of the deposited layer during the resting time 
with a specific frequency (30 min or 60 min per time). However, the 

excess water droplets remained at the interface even after the second 
layer was deposited, which created an environment for promoting 
portlandite precipitation. Consequently, portlandite and/or calcite were 
formed at the interface (Fig. 18). The presence of the portlandite and/or 
calcite layer can rarely contribute to the strength of the matrix [53,54]. 
Still, it may inhibit the interaction and formation of C-S-H gel localized 
at the contact area resulting in an extremely weak local bonding. The 
portlandite and/or calcite layer at the interface of the printed specimen 
with water mist-30 min is thicker than that of the printed specimen with 
water mist-60 min since more amount of water has been applied during 
the resting time. Also, more quantities of such thick layers can be ex
pected in the interlayer zone of the printed specimen with water mist-30 

Fig. 16. BSE micrographs of the typical interlayer zones in the printed specimens: (a) Plastic film covering, magnification of ×200; (b) Interface details in (a), 
magnification of ×1000; (c) Wet towel covering, magnification of ×200; (d) Interface details in (c), magnification of ×1000; (e) Air curing, magnification of ×200; (f) 
Interface details in (e), magnification of ×1000. 
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min, which eventually leads to the weaker interlayer bond strength. 
Additionally, the water droplets that remained at the interface zone 
seemed to increase the local water to cement ratio (w/c). The increased 
local w/c leads to higher capillary porosity [47] (portlandite crystals can 
find space to grow [33,55,56]), which can further dilute the matrix 
density at the interface, thereby weakening the local mechanical 
performance. 

4. Conclusions 

The present study was designed to determine the influence of 
different curing methods, i.e., air curing, plastic film covering, wet towel 
covering, water mist-30 min and -60 min, during 4 h time gap on the 

interlayer bond strength of 3D printed cementitious materials. The main 
findings were summarized as follows.  

• The interlayer bond strength was significantly enhanced by covering 
the resting layer with plastic film or wet towel for 4 h between layers 
compared to exposing the resting layer under ambient environment. 
However, applying water mist every 60 min or 30 min cannot 
improve or negatively affect the interlayer bond. Bond strength was 
reduced by nearly 50% using water mist per 30 min.  

• Compared to the cast sample, the printed samples with a 4 h time gap 
displayed much higher local air void content and average air void 
diameter at the interface (induced by more quantities of large air 
voids in the interlayer zone), which may govern the lower uniaxial 

Fig. 17. BSE micrographs of the typical interlayer zones in the printed specimens: (a) Water mist-30 min, magnification of ×200; (b) Interface details in (a), 
magnification of ×1000; (c) Interface details-portlandite and/or calcite layer (light-gray strip) in (b) Left, magnification of ×5000; (d) Interface details-portlandite 
and/or calcite layer (light-gray strip) in (b) Right, magnification of ×5000; (e) (f) Interface details of water mist-60 min, magnification of ×1000. 
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tensile strength. However, the magnitude difference of the above
mentioned air void characteristics is relatively small among different 
printed specimens.  

• For printed specimens with a 4 h time gap, the local mechanical 
strength of the cementitious matrix in the interlayer zone appeared 
to play a dominant role in interlayer bond strength. The local tensile 
strength of the lattice element in the interlayer zone can be deter
mined by using inverse 2D lattice modeling. The printed specimen 
with a high uniaxial tensile strength exhibited a high simulated local 
tensile strength of the lattice element. Micromechanical testing (e.g., 
nano-indentation test) is required for further validation.  

• Covering or sealing the deposited layer by plastic film or wet towel is 
recommended as an appliable approach for improving interlayer 
bond strength with a long time interval. Both methods can slow 
down the material drying during the resting time, which may 
eventually decrease the small air void (<25 μm) content, capillary 
porosity, and micro-cracks localized at the contact area between 
layers. However, validation regarding the quantification of small air 
void content, capillary porosity, and micro-cracks in the interlayer 
should be carried out in the future. 

• Applying water mist on the substrate surface may prompt the for
mation of the portlandite and/or calcite layer in the interlayer zone. 
The interactive connection between two layers induced by C-S-H 
formation at the interface appeared to be inhibited. In addition, 
excess water droplets (remained at the interface) may increase the 
local w/c, leading to higher capillary porosity. This can further dilute 

the matrix density in the interlayer zone, thereby reducing the local 
mechanical performance. 
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Appendix A 

Fig. A1 shows water loss on the surface of samples with 4 h air 
curing, plastic film covering, and wet towel covering. The simulated 
stress and strain curves and fracture patterns of printed specimens with 
different curing methods (i.e., plastic film covering, wet towel covering, 
and water mist-30 min/-60 min) are presented in Figs. A2 and A3. 

Fig. 18. (a) BSE micrograph of the typical interlayer zones in the printed specimen (Water mist-30 min); (b) Scanning electron microscopy coupled with energy 
dispersive spectrometry (SEM-EDS) elemental mapping image – Ca (calcium); (c) SEM-EDS elemental mapping image – Al (aluminum); (d) SEM-EDS elemental 
mapping image – Si (silicon). Portlandite and/or calcite appear to be the main phases in the light-gray strip between the two layers. 

Y. Chen et al.                                                                                                                                                                                                                                    



�&�R�Q�V�W�U�X�F�W�L�R�Q �D�Q�G �%�X�L�O�G�L�Q�J �0�D�W�H�U�L�D�O�V ������ ������������ ������������

15

Fig. A1. (a) The fresh mixture was filled in the polystyrene prism mold. Only one surface was exposed to the ambient environment, or covered by the plastic film or 
wet towel. Thus, the mass loss after 4 h time interval can be regarded as the surface water evaporation of the fresh sample. (b) Water loss of samples with 4 h air 
curing, plastic film covering, and wet towel covering (water loss amount = (sample mass before 4 h – sample mass after 4 h)/sample surface area). 

Fig. A2. The simulated stress and strain curves of printed specimen: (a) Air curing; (b) Wet towel covering; (c) Water mist-30 min; (d) Water mist-60 min.  
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Fig. A3. The simulated crack patterns of printed specimen at fracture stage (left: initial specimen; right: fractured specimen): (a) Air curing; (b) Wet towel covering; 
(c) Water mist-30 min; (d) Water mist-60 min. White area-air voids; Black area-cracks; Blue area-cementitious materials. 
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