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Abstract

3D concrete printing has proven to be a highly favorable construction method in terms of time reduction, cost optimization, 

architectural flexibility, sustainability, energy use, and others. However, the quality of the final product certainly has a priority over 

all of these attractive features of the technology. Yet research has given little consideration to investigating the structural integrity of 

3D printed concrete structures. Research states that printed structures exhibit sufficient strength as compared to traditionally built 

structures. Nevertheless, the fact that this strength is sensitive to numerous factors including the machine setup, the printing process, 

existing conditions (e. g. temperature) and others, should be studied. A major determinant of the reliability and quality of printed 

structures is the adhesion level between subsequent layers. Poorly adhered concrete surfaces result in weak bonds that in turn 

reduce rupture strength. The time elapsed between printing successive concrete layers should be bounded to ensure that concrete is 

flowable enough to adhere to previous layers. For a given concrete mixture design, this time is a function of travel distance and speed. 

Thus, this research aims at finding the optimum printing path that minimizes the formation of weak bonds without compromising 

buildability for a given structure and a defined speed. The research employs Discrete Event Simulation to model the printing process 

for numerous possible travel paths and assess their adequacy by comparing travel time to allowable time limits.
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1 Introduction
3D concrete printing is an additive manufacturing tech-
nique that allows an automated transformation of 3D 
design models to actual structures. This is achieved 
through the deposition of concrete layer after layer (El 
Sakka and Hamzeh, 2017; Rouhana et al., 2014). The major 
contribution of this automated construction technique is 
that it allows building low-income structures in a timely 
manner (Feng and Yuhong, 2014). Moreover, it enables 
printing any desired sophisticated structure regardless 
of its architectural complexity. This is due to the ability 
of adjusting many parameters such as the printer head 
speed, nozzle selection, speed of concrete flow and con-
crete properties (Bos et al., 2016). Despite these and other 
advantages, one might question the structural integrity 
of a member that is constructed by depositing thin layers 
of concrete as compared to structural members that are 
monolithically cast. It is of no doubt that the formation of 
poor bonds or cold joints reduces the tensile strength of a 

structure. To what extent, however, are poor bonds formed 
in 3D printed structures?

It might be intuitive to think that joints are unavoid-
able in a layered system. Yet in reality, tensile strength 
reduction could be avoided through a proper control of 
the printing process. The tensile strength between printed 
concrete layers decreases as the printing time gap between 
layers increases (Le et al., 2012). In general, the mechan-
ical strength of a layered system decreases and the inter-
face between layers becomes more visually identifiable 
with the increase in the delay between successive layers 
(Roussel and Cussigh, 2008). The relationship between 
elapsed time and joint formation is a function of consis-
tency. If the concrete is workable enough, successive con-
crete layers properly adhere to each other preventing the 
formation of poor bonds. Consistency decreases with time 
and thus, time elapsed between successive layer deposition 
should be limited. Previous results showed that keeping 
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the time gap around 15 minutes results in a high tensile 
bond strength that could reach 1.5 MPa (Le et al., 2012). 
Note, nevertheless, that the initial consistency of the mix 
and the rate of consistency loss affect this time gap.

The most challenging aspect of 3D printing is the 
presence of trade-offs between various required mix 
properties. Layers adhesion necessitates an upper limit 
for the time elapsed between subsequent depositions.  
Yet an extruded concrete layer must harden enough to sup-
port its own weight in addition to the weight of the suc-
cessive layer. This imposes a lower limit on time delay. 
This minimum time elapsed between successive layers 
is dependent on concrete viscosity and is indirectly pro-
portional to the rate at which the yield stress increases 
(Roussel, 2007). The maximum horizontal velocity, that 
ensures a minimum time gap below which the binding 
of successive layers is compromised, can be calculated 
from the relation between time and thixotropic behavior 
(Wangler et al., 2016). Thixotropy means an increase in 
viscosity when concrete is in a state of rest and a decrease 
in viscosity when concrete is subjected to a constant shear 
stress (Khayat et al., 2012). A faster viscosity loss leads to 
a smaller minimum time necessary for concrete layers to 
develop a sufficient strength but also a smaller maximum 
time necessary for layers to adhere to each other.

Hence, since the formation of poor bonds is time depen-
dent, it is a function of printing speed and printing tool 
path (i.e. travel path). This implies that a proper selection 
of speed is contingent on the selected printing path, or 
for a given speed, the path should be optimized to sat-
isfy the criteria of adhesion as well as buildability. Thus, 
the aim of this paper is to find the travel path that mini-
mizes the formation of poor bonds between layers. This is 
achieved by designing a simulation model, particularly a 
Discrete Event Simulation model, of the printing process 
of a defined structure given a fixed speed. The model helps 
determine the range of acceptable travel paths. Then, out 
of the acceptable paths, the one that results in the low-
est printing duration is selected as the optimum tool path. 
Finally, the model provides a basis for building similar 
models for different design layouts.

2 Methodology
To achieve the goal of this research, a well-defined meth-
odology was adopted. As a first step, a literature review 
was conducted to investigate the factors that affect bonds 
formation between consecutive concrete layers and the 
relationships between them. After understanding the type 

of the targeted problem and its elements, Discrete Event 
Simulation was selected as a modeling technique that fits 
the research purpose. Discrete Event Simulation is used 
for systems whose state changes as events occur at dis-
crete time instances. An important assumption states 
that nothing important takes place between two succes-
sive events (Varga, 2001). The 3D concrete printing pro-
cess was, hence, modeled as a discrete event system using 
AnyLogic software. Finally, the obtained results were ana-
lyzed and compared against adhesion and buildability cri-
teria. These steps are summarized in Fig. 1.

A simple design layout was selected for this study 
to reduce the complexity of the model. It consists of a 
square area (16 m × 16 m) divided into four equal squares. 
Although actual design layouts are much more compli-
cated than the adopted design, the latter was deemed to 
have an adequate level of details for the purpose of build-
ing the desired model from scratch. The model can be fur-
ther expanded, and more complex designs can be simu-
lated by following the same logic. 

The simulation of the printing process helps deter-
mine the optimal travel paths and any printing gap time 
if needed. This is achieved by designing the model to 
give the list of all the possible printing paths. The various 
printing paths as well as the time it takes to print a com-
plete layer are traced in each simulation run and recorded. 
Then for each path, the total waiting time of a concrete 
layer after being casted is compared to an upper and a 
lower allowable time limits to avoid formation of cold 
joints while maintaining layer buildability. This gives the 
range of the acceptable traveling paths that satisfy adhe-
sion and buildability.

3 Model objectives
The global objectives of designing a Discrete Event 
Simulation model for the 3D concrete printing process 
subsume the following:

• “Reveal the apparently simple to be complex” (Epstein, 
2008). Selecting a path for printing might sound easy. 
However, once the criteria required for obtaining a 
printed structure that meets minimum quality stan-
dards, the trade-offs that exist between these criteria, 
and the numerous possible paths that can be taken are 
determined, this task becomes difficult.

• Identify the optimum travel path that prevents the for-
mation of poor bonds between subsequent concrete 
layers and, at the same time, allows concrete layers to 
harden enough to support successive layers. 
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• Establish a basis for designing future, more com-
plex designs by providing the logic for building such 
models.

These objectives are to be achieved and further ana-
lyzed throughout this study. 

4 Model development 
4.1 Conceptual level 
In the proposed model, the 3D concrete printer is modeled 
as an entity with different states, “Printing” or “Passing”. 
The structure is modeled as consisting of twelve vertical 
and horizontal links along which concrete must be depos-
ited and eight diagonals along which concrete should not 
be extruded (Refer to Fig. 2). Each link is considered 
an entity of which the state is either “Printed” or “Not 
Printed”. An event takes place when the printer crosses a 
link. If the link is “Not printed”, the printer state becomes 
“Printing” and the link becomes “Printed”. If the link is 
“Printed”, the state of the printer changes to “Passing”.

As shown in Fig. 2, nine points are marked on the 
layout. The printer can start at any of the corner points 
(1, 3, 7, 9) or the middle point (5). When the printer is at 

a certain point, it can travel to any one of the neighboring 
points except for the last point it crossed. As previously 
mentioned, concrete is to be laid across only twelve links. 
When all these twelve links are printed, the printing cycle 
stops, and a new cycle is initiated. The model provides all 
the possible sequences of traveled links that lead to print-
ing a complete concrete layer.

4.2 Specification level
Obtaining a sufficiently adhered concrete layers is essential 
for building structurally sound members. A concrete layer 
should remain enough workable before a new layer is depos-
ited. Otherwise, concrete layers would become too stiff to 
intermix with subsequent layers and colds joints would 
result. This implies that bonding between layers would 
be weak and, thus, tensile strength would be low, possibly 
leading to structural failure. Hence, the time elapsed from 
the point at which the first layer is printed to the point at 
which the next layer is printed should be limited. An upper 
limit for this time value is expressed in Eq. (1).
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where V is the horizontal linear velocity, ρ is the density 
of concrete, μp is the plastic viscosity, h is layer thickness,
g is the gravitational acceleration, Athix is the rate at which 
yield stress increases.

For this study, these terms are given the following values
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This means that time needed to produce a concrete 
layer should not exceed 5.8 mins. On the other hand, if 
concrete layers are too workable, they will not be able 
to support their own weight or the weight of subsequent 
layers. This means that buildability will be lost. Thus, 
the travel rate should not be too high to allow concrete 
to develop the sufficient strength needed for buildabil-
ity. The minimum time required to create a new layer is 
expressed in Eq. (2).

Fig. 1 Research plan

Fig. 2 Design layout
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Therefore, the time needed to extrude a concrete layer 
to prevent poor bonds formation while maintaining build-
ability should be limited between 3.4 and 5.8 mins. Any 
path of which the printing duration falls outside this range 
is rejected. 

4.3 Computational level
At this level, a computational model is developed. Even 
though the concept seems very simple, Fig. 3 shows how 
complex the situation actually is. This verifies one of the 
modeling objectives which consists of revealing the pos-
sible complexity of a process that appears to be simple. 

The printer, which flows through the system, is gen-
erated from a source. The printer enters a queue before 
it moves to one of five points. The choice of the destina-
tion point is made random by using selectOutput5 com-
mand from AnyLogic library and assigning equal prob-
abilities to different links. Points are modeled as queues 
and passing/printing links are modeled as delays. The 
delays are assigned durations computed by dividing the 
travel distance (i.e. link length) by the horizontal linear 
velocity. Each time the printer arrives to a certain queue, 

a certain link is chosen also using selectOutput command 
and the type of the activity/delay, “Passing” or “Printing”, 
is determined based on the state of the link, “Printed” or 
“Not Printed”. Once a total of twelve vertical and hor-
izontal links become printed, everything is restored to 
their initial conditions and the printer repeats the same 
process to record a new path. 

The model is designed to allow the user to set the total 
numbers of possible paths (runs) needed. Once this num-
ber is obtained, the printer is disposed into the sink and 
the simulation run stops. 

5 Simulation results
5.1 Paths results
Running the model results in an excel file comprising 
the printing duration and the path taken for each printing 
cycle/run. Accepted paths are marked with a green check 
sign. A sample of the results is illustrated in Fig. 4. In the 
results, the links are denoted in a specific format (start, 
end) to indicate the direction in which the printer is travel-
ling. For instance, L32 indicates that the printer is travel-
ling from point 3 to point 2.

The model was run a total of 10,000 times, of which 
9,703 paths were not accepted since their printing dura-
tion was outside the acceptable time range (3.4 to 5.8 
mins). These paths were rejected since their total dura-
tions result either in poor bonding between successive 
layers or in distorted layers’ pattern.

297 paths had durations that lie within the acceptable 
time range. The shortest acceptable path had a time of 
4.8 mins (288 sec), and the longest acceptable path had a 

Fig. 3 Discrete Event Model using AnyLogic
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time of 5.7 mins (344 sec). However, the longest rejected 
path had a total time of 45 mins (2704 sec). It is important 
to note that even though this value is not realistic, it shows 
up in the model since the printer moves randomly across 
the links. Such behavior can lead to passing the same links 
several times redundantly. These cases are disregarded 
anyway since they do not satisfy the requirements. The 
graph shown in Fig. 5 summarizes the results of the 10,000 
runs sorted from the lowest accepted times (grey color) to 
the largest rejected times (orange color).

Note that for this design and the chosen horizontal veloc-
ity, all the paths fulfilled buildability requirement since 
the lowest duration needed to print a complete layer was 
288.2 sec, which is greater than the minimum time for layer 
reduction (204 sec). Thus, the criticality of a certain criterion 
related to 3D concrete printing is contingent on the design 
layout and machine setup. In this study for instance, adhe-
sion criterion is more critical than constructability criterion. 

Fig. 6 shows the distribution of the obtained results. 
The distribution shows that most of the resulting paths 
do not comply with the accepted time range. It is import-
ant to note that this data reflects the results of a rela-
tively simple and symmetrical structure. However, if a 
more complex structure was modelled, the distribution 
of the results may be different, and most probably will  
be more skewed to the right.

5.2 Optimum paths
Since 297 out of 10,000 paths fall within the acceptable 
time range, the paths with the shortest duration should be 
selected to optimize time and cost. Although other paths 
with longer durations are acceptable in terms of adhe-
sion, they comprise some movements that are deemed 
unnecessary and wasteful. Hence, they are disregarded. 
In the obtained results, 13 paths had the shortest time of 
4.8 mins. Fig. 7 shows these paths in more details.

From these results, it can be observed that all these paths 
only have one diagonal ‘passing’ link. The results show that 
most of the paths started from the center point (point 5). It is 
important to note that the symmetry of the structure used in 
this study leads to obtaining symmetrical paths with equal 
printing durations. Were the model run infinitely, all these 
paths would have resulted, and the model would have been 
verified. If a more complex structure was modelled and 
simulated, it is expected that much fewer paths will have 
the same shortest durations. For a more complex geometry, 
the model might not even find any acceptable path under the 
prevailing conditions. In that case, manipulating the print-
ing speed, the extrusion rate, the thickness of concrete lay-
ers, the mixture design is deemed necessary.

One of these optimum paths is traced in Fig. 8. The 
printer starts at the black node, travels through the black 
links then through the orange links and stops at the 
orange node. Note that the printer does not extrude con-
crete along the dotted lines.

Fig. 4 Run results

Fig. 5 Summary of results

Fig. 6 Distribution of results

Fig. 7 Shortest paths
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6 Conclusion
The formation of cold joints in 3D printed concrete struc-
tures and their impact on durability is yet an open research 
question. This paper aimed at establishing a systematic 
methodology to optimize 3D printing paths for minimum 
poor bonds formation. Moreover, a Discrete Event Model 
was developed using AnyLogic software to simulate the 3D 
printing of a simple symmetrical structure. The model was 
run 10,000 times and 297 paths were identified to satisfy 
a required time range criterion. The time range calculated 
is dependent on the properties of the concrete mix and the 
horizontal velocity of the printer. The lower limit of the 
time range will allow the concrete layers to harden enough 
to support successive layers while the upper time limit will 
limit the formation of poor bonds between subsequent con-
crete layers. In the produced model, all the paths fulfilled 
the buildability requirement. On the other hand, of the 297 
accepted runs, only 13 paths were chosen to have the opti-
mal (shortest) travel distance and time. The data obtained 
from the simulation, which consisted of the duration and 
the exact route taken by the printer on each path, can be 
exported to a spreadsheet for further analysis. The model 
was built as a proof of concept and should act as a basis 

for developing new models to optimize 3D printing paths 
for more complex structures. Following the same logic 
from the built model, the achieved path optimization will 
aid in forming more sound and durable concrete structures 
with the least possible waste. Further experimentation and 
research should be made to verify and validate the results 
of the model. This can be done by printing identical 3D 
concrete structures using different accepted paths obtained 
from the model and then testing the bond strengths in each 
one of them. Further research could also focus on produc-
ing an Agent Based Model that is more generic and will 
allow the end user to quickly import a CAD drawing and 
run the simulation to get the optimized path.
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