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ABSTRACT

The significance of 3D concrete printing
(3DCP) as an additive manufacturing
technology has increased over the past few
years. Both academic research studies and
large-scale industrial realizations of 3DCP
have shown that it represents a viable
alternative to traditional concrete mold
casting. The key reason for this rapid
development is that urgent challenges of
the construction sector, in particular
sustainability —and  productivity, are
addressed. However, previous studies on
technological progress have mainly been
experimentally driven. The introduction of
appropriate numerical modeling techniques
would, therefore, further foster the success
of 3DCP by providing insight into the
structural behavior, which is beyond
experimental possibilities. The present
study introduces a numerical modeling
technique for the analysis of 3DCP wall
structures  using a  time-dependent
reliability analysis. Uncertainties occurring
throughout the printing process and time-
dependent properties of printable concrete
are considered. In addition, sensitivity
analysis of random variables is done,
which could be wused as indicative
preference for future process optimizations.
The results yield valuable insight into the
influence of printing process parameters on
the failure of 3D printed concrete
structures. The numerical model predicts
build ability of a 3D printed concrete wall
structure as it is in very good agreement
with experimental results of similar studies.
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modeling, random  variables, time-
dependent reliability, build ability, sensitivity
analysis

1. INTRODUCTION

Additive manufacturing refers to a
procedure in which a product is created in
layers using a computer-controlled
positioning process based on a digital 3D
model. Additive manufacturing and digital
fabrication open up new possibilities in the
production of concrete structures [1]. In
contrast to traditional subtractive or
forming production methods, additive
manufacturing techniques allow for a
design-driven  manufacturing  process,
enabling the construction of structures with
a high degree of complexity, design
freedom, and functionality.

Among the different additive
manufacturing technologies for concrete,
extrusion-based techniques are supposed to
be the most popular ones with a stringent
entry into everyday construction processes
[2-4] which offer material and labor
savings, increased production speed, and
complex geometries [1,5-7].

The reduced construction waste because of
the accurately controlled manufacturing
process of 3D printing and optimized
material consumption may be estimated at
30 to 60 % [8]. The ability to construct
concrete structures without the need for
formwork has a significant economic and
productivity benefit; as indicated by Perrot
et al., formwork accounts for 35 to 60% of
the total material costs in the construction
industry [1].
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Several challenges have been recognized
that hamper the extension of 3DCP to a
larger number of structural applications and
to open its full potential with a load-bearing
capacity. Fresh concrete undergoes time-
dependent chemical reactions and rapid
phase changes during the extrusion-based
printing process. The material must be fluid
in the first stage to be easily pumped
towards the printing unit [3]. It is also
commonly understood that the bonding
strength of two consecutive layers reduces
as the time gap between them increases [9].

Besides, variations in the properties of the
raw materials, printing parameters, such as
printing velocity, nozzle size, nozzle height
from the printing platform, layer interval
time, layer thickness, temperature and
concrete mixture have a substantial effect
on the overall performance of 3DPC [10-
13]. Disturbances during printing may lead
to inconsistencies and impair the quality of
the product [14]. So-called cold joints
should be avoided [15-17] by the
appropriate setting of the printing process
parameters.  Insufficient strength, or
stability may cause the 3DPC wall structure
to fail during the process of printing, either
by plastic yielding of the concrete (a
strength mechanism) or due to elastic
buckling of the printed height (a stability
mechanism).

Several numerical modeling strategies to
either simulate the extrusion process or
estimate the printability of concrete objects
have been developed. A first, finite element
(FE) analysis of a 3D printed concrete shell
construction was performed by Feng et al.
[18].Wolfs et al. [19] proposed a FE
approach for a 3D printed concrete
structure. A time-dependent  Mohr-
Coulomb failure criterion and a linear
stress-strain behavior up to failure were
used to investigate the failure mechanism
of the structure.

Elastic buckling and plastic collapse were
the two failure mechanisms investigated, as
well as three different wall layouts (i.e.,
boundary conditions). As a result, the wall
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that was simply supported showed global
buckling, but the wall that is entirely
clamped exhibits local buckling.

Comminal et al. [20] provided a
computational fluid dynamics (CFD) model
of 3DCP. The cross-sectional shape of 3D
printed segments was predicted using
numerical simulation. For a single layer
printed on a planar build surface, the CFD
approach can reliably model material
extrusion and deposition.

The previously developed approaches for
numerical models of the printing process
have in common that they are deterministic
in their nature. However, there are inherent
uncertainties in the models’ input
parameters, mainly the elastic properties of
the material phases due to raw materials or
measurement uncertainties [21]. Large
scatter on experimentally investigated
freshly printed concrete specimens were
observed [19, 22]. Therefore, a reliability-
oriented model should account for both
temporal changes and the randomness of
material properties.

As a straight free wall buckles, it loses its
stability and under goes large deformation
necessitating for further investigation.
Hence, in this study, modeling of a straight
free wall with different layer thicknesses
and wall widths is considered. Moreover,
the findings of experimental tests are
primarily focused on straight walls [8, 19,
23] and in this paper, these test data are
used for validation. The present study
introduces a numerical modeling approach
for the assessment of the build ability of 3D
printed concrete wall structures, in which a
time-dependent  reliability analysis is
inserted. Various types of uncertainties
throughout the printing process are taken
into account by including the variability of
printing process parameters. In addition,
sensitivity analysis is used to evaluate the
impact of wvarious printing process
parameters on the 3D printed concrete
structures.
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2. METHODS
2.1. Numerical Modeling

The 3D printed wall configuration used in
this numerical model is the straight free
wall. The defined boundary conditions are
fixed at the bottom of the wall due to
friction on the printed bed [19]. As the
printing progresses, the loading consists of
the increasing self-weight caused by the
layer-wise production process.

2.1.1. Specifics about the modeled
concrete wall structure

Mechanical properties of 3DPC, such as
Young's modulus and  compressive
strength, exhibit considerable variations
throughout the manufacturing process [19,
22]. During printing process, such
variations on the properties of fresh
concrete  may result in geometrical
imperfections [24]. Further uncertainties
are related to the printing process itself,
e.g., different printing velocities, varying
time gaps between consecutive layers, and
changing nozzle heights and pressures.
Besides, interruptions during the printing

Table 1 Statistical distribution of the random variables

process may occur, resulting in further
irregularities.

As a result, a simplified uncertainty
approach is presented in this contribution,
in  which  Young's modulus and
compressive strength of freshly pumped
concrete are modeled using log-normally
distributed random  processes  [25].
Furthermore, random variables are used to
represent printing process parameters such
as printing velocity, wall length, width,
thickness of each layer, and density. The
statistical models of the random variables,
as well as their corresponding distribution
functions, are shown in Table 1.The mean
and standard deviations of Young's
modulus and compressive strength are
obtained from Wolfs et al. [19]. An
exponentially decaying correlation function
with a layer-wise correlation structure with
a correlation length of 30mm was assumed
[25, 26]. The mean values and coefficients
of variation of the other parameters have
been obtained from recent studies [8,13,22,
27, 28]. The numerical simulation was
realized by generating independent random
numbers according to the considered
distribution type and parameters [29-33].

No. Random variables =l C0 Min. value Max. value DIEHa
values (%) type
1 E{k‘;‘g)‘g s modulus, E(t) | 4 5,7g 15 0.60t+39.5 | 1.80t+115.5 | Lognormal [29]
Compressive
2 strength, o (1) (kPa) 0.14t+5.98 14 0.08t+3.22 0.20t+8.73 | Lognormal [30]
3 | Printing speed, v,(cm/s) 10.42 1.0 10.07 10.76 Normal [31]
4 | Model Uncertainty, Ng 1.00 4.6 0.84 1.15 Lognormal [32]
5 | Length, L (mm) 1000 0.5 983.5 1,016.4 Normal [33]
6 | Wall width, § (mm) 55 3.0 49.57 60.5 Normal [33]
7 | Thickness of each layer, | ¢ g 5.0 7.95 11.06 Normal [33]
h (mm)
8 | Density, p (kg/m°) 2033 0.56 1,994 2,072 Normal [32]

2.1.2. Consideration of the time-
dependent mechanical properties

Because of the nature of the printing
material and the specific process, some
variations in the rheological properties of
fresh concrete and the mechanical behavior
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of the product must be accounted for [25].
This was also observed by [19, 22]. The
time-dependent Young's modulus and
compressive strength of concrete are given
in Egs. (1) and (2), respectively [19].

E(x,t) = Eo(X)+Eqt (1)
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ay(X,t) = oyo T oyt )

where:

Eo(x) is the initial Young’s modulus when
it leaves the printing nozzle

E; is the gradient of temporal increment

oy, is the initial compressive strength of the
printable concrete when it leaves the
printing nozzle

oy,11S the gradient of temporal increment

t is the cycle time at a certain location x

The time it takes to print a single layer is
referred to as the layer cycle time. In an
extrusion-based additive manufacturing of
the wall, as shown in Figurel, the
minimum layer cycle time for the i™layer is
determined using Eqg. (3) [34].

t; = H(x,t)/h x(L/v,) (3)

where:

vpis the printing velocity

H(x,t)is the total height at time tiand a
specific location x

L is the total travel length of the print head
to extrude a single layer

h is the thickness of a single layer

' v,

<_a___

e _ H(xt)
h

Figure 1 Extrusion-based additive manufacturing of
a wall of height H(x,t)

A gradient of strength is formed over the
height of the structure (Egs. (1) to (3) [35].
This gradient is caused by the different
layer cycles and hydration-induced micro-
structural evolution of the concrete material
after each layer is deposited [36]. In
Figurel, the strength gradients are
represented by shades of gray.

This gradient in strength was included in
the proposed numerical model to
investigate the stability of the extrusion-
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based printed wall structure at any moment
during the printing process. Regarding the
temporal evolution of the compressive
strength, Figure2 provides an example of
the resulting strength gradient.

Following [19], an increase of a:=0.147
kPa/min for the compressive strength, a
printing velocity of lcm/s is chosen for a
concrete wall with a length of 500m, a
width of 40mm, and a layer thickness of
9.5mm. Considering these variables, the
gradient of the 3D printed concrete wall's
strength produced by extrusion-based
additive manufacturing is plotted and
shown in Figure 2 [26].

Wwth (KPa)

Figure 2 Gradient of the strength of extrusion-based
additive manufacturing of the concrete wall

2.2. Buildability in 3DCP Structures

The number of layers or the height at which
the printed wall structure collapses is used
to measure buildability [8]. Buildability
depends upon the rheological properties of
concrete; therefore, the simulation of the
3DCP process necessitates a choice of
suitable material models. Buildability
failure of printed wall structures has been
described elsewhere [19,23] due to plastic
collapse (a strength mechanism) and elastic
buckling (a stability mechanism).

2.2.1. Elastic buckling

Another possible failure mode is the overall
buckling of a slender vertical structure
under its own weight, Ec(x,t), can then be
determined using Eq. (4) [37-39]. For the
printed wall structure to be stable, the
elastic Young’s modulus has to stay higher
than the critical value.
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Ec(xt) =Hxt)’pgA/81 (4)

where:

| is the second moment of area
A is the cross-sectional area

2.2.2. Plastic collapse

The plastic collapse of a 3D printed
concrete wall structure is studied by
comparing the stresses caused by concrete
as expressed in Eq. (5)[34]:

oy (x,t) < g, (x, 1) (5)

where:

oy (x, t)is the compressive yield strength

a, (x, t)is the gravity-induced stresses

o, (x, t)depends on the height of the wall to
be printed and it can be written as
expressed in Eq. (6) [36]:

0, (x,t) = pgH (x,t) (6)

where:

pis the density of the material
g is the gravity

Another method for calculating gravity-
induced stress is to use the printing
elevation rate r as shown in Eq. (7) [34, 36,
37].

o, (x, t) = pgrt (7)

The printing velocity and geometry of the
wall structure to be printed (see Figure 1)
define the elevation rate, Eq. (8) [34]:

r=vph/L (8)

2.3. Reliability-based Assessment

Herein, a probability-based procedure is
applied to ensure an appropriate safety
margin. One advantage of wusing a
probabilistic approach is that uncertain
variables may be considered jointly and
their  effects may be  separated
systematically, which allows for a more
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systematic  determination of structural
reliability [33].

The numerical model developed is able to
estimate if a layered structure can support
its self-weight and anticipate when it will
collapse. The theoretical framework is
based on comparing the vertical stress S(t)
acting on the deposited layer to the critical
stress R(t)associated with the material yield
stress as described in section 2.2. The
developed framework ensures that vertical
stress does not reach critical stress [1].

In this study, a MATLAB algorithm was
developed to compute the time-dependent
vertical stress S (t), critical stress R(t), and
design margin utilizing the statistical
random variables mentioned in Table 1. As
the printing progressed at each layer, 5000
combinations of random Latin Hypercube
Sampling (LHS) variables were tested for
reliability assessment.

2.3.1. Time-dependent reliability

The material properties of the printed
structure are functions of the hydration
process. As a result, a time-dependent
reliability assessment was used in the
numerical simulation. The vertical stress
gradually increases as successive layers are
deposited in the extrusion-based additive
manufacturing of concrete walls, and
material strength properties evolve over
time [10]. In order to assess reliability on a
temporal scale, a straightforward idea is to
utilize a generalization of the reliability
equation in the time domain [29, 40-47]. As
a result, the generalized reliability problem
can be represented in Figure3 for the 3DPC
wall structure.

Time o
Number of layers

Figure 3 Time-dependency of both the resistance
R(t) and load S(t) [40-44]
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Whenever, at any point t, in the printing
process, the safety margin M(t) is violated
if the condition given in Eq. (9)is less than
zero [29, 47].

M(t)=R(t)-S(t)<0 )

In this study, the reliability index was
computed wusing the Rackwitz-Fiessler
approach. As shown in Table 1, the
resistance has a log-normal distribution and
the load has a normal distribution. In these
circumstances, the reliability index and the
measure of the shift away from the mean
value can be expressed by Eqg. (10) [48].

Up (1—kZ—2) [1—1n(1—ki—2)]—u5

[l ) v

B =

(10)

where:

B is the reliability index

Ur and oy are mean and standard deviation
for the resistance, respectively

usand og are mean and standard deviation
of total-load effect, respectively

R¢, ofare mean and standard deviation for
the resistance of the approximating normal
distributions (equivalent normal
parameters), respectively

k is a multiplication factor of the standard
deviation

The multiplication factor, k was computed
using Eq. (11). The solution was
determined iteratively by assuming a value
for the design point and continues the
iteration until g and x* converge [48].

*
Hp —X
Or

k= (11)
where:

X* is the design point on the failure
boundary.

Since no formwork was used to build the
wall, failure was initiated if the safety
margin tended to zero. In this case, the
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factor of safety to be considered for the
assessment of the buildability of the wall
was fixed to one which is the condition
where the critical stressR (t) and the
vertical stress S(t) are equal. In this study,
the minimum safety margin computed
using Eq. (10) was considered zero. This
resulted in a reliability index of zero which
satisfied the minimum requirement to build
the 3DPC wall. The reliability of the
process decreased as the reliability index
decreased.

Based on the concept of Eq. (9), the safety
margins M(t) for elastic buckling and
plastic collapse were computed according
to Eq. (12) and Eq. (13),respectively.

Mg (t) = E(x,t) — NpE(x, t) (12)
M, (t) = o,(x,t) —0,(x,t) (13)
where:

Ng is model uncertainty
2.3.2. Sensitivity analysis

Sensitivity analysis is the study of how the
variation in the output of a statistical model
can be attributed to different variations in
the inputs of the model [49]. As there is a
built-in MATLAB function developed [50],
the sensitivity of the model to each of its
input variables was assessed in this study
using the Monte-Carlo based standard
regression coefficients (SRC) [51,52].In
this method, the models given in Eqg. (12)
and Eq. (13) are approximated by a linear
regression given in Eq. (14), with constants
of b, and b;.

Y = M(X) ~ b0+2 b X, (14)
i=1
The SRC indices are given in Eq. (15):

0;
Y
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where:

oiand oydenote the standard deviation of the
model input X; and the model output Y,
respectively.

UQLab, an open-source scientific module
for uncertainty quantification was used for
the sensitivity analysis. For such tasks, a
MATLAB built-in function for sensitivity
analysis with a fixed Monte-Carlo sample
size of 10,000 was used [50].

3. RESULTS AND DISCUSSION

3.1. Time-Dependent Reliability Analysis
Results

The time-dependent reliability analysis is
used to assess the structure's susceptibility
to failure during printing for the two types
of failure mechanisms.

3.1.1. Elastic buckling result

The critical Young's modulus at which
buckling is expected to occur can be found
by rearranging Eq. (4) for the considered
one linear meter of a wall with a width (o)
and it is expressed by Eq. (16).

Ec(x,t)=3 p g H(x,t)* /2 6* (16)

Figure4 depicts the probability distributions
of R(t)and S(t) for the overall buckling
behavior of 3D printed concrete at each
layer as a result of the time-dependent
reliability analysis.

M

Figure 4 Probabilistic distribution of R(t) and
S(t) for elastic buckling at different layers
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The vertical stress as well as the critical
stress, increases as the printing process
progresses. As shown in Figure4, the
vertical stress due to self-weight is lower
than the critical stress below layer 20,
resulting in a safety margin of M(t) > 0,
whereas after this layer, the vertical stress
is greater than the critical stress, resulting
in a safety margin of M(t) < O, indicating
that the printed wall begins to buckle.

Furthermore, Figure 5 provides the time-
dependent reliability index graph for elastic
buckling of a 3D concrete printed wall at
each layer. As shown in Figure 5, as the
number of layers increases, the reliability
index decreases accordingly.

According to the time-dependent reliability
analysis result, the maximum number of
layers that can be printed without elastic
buckling was found to be 20, as shown in
Figures 4 and 5. This is in very good
agreement with other experimental results
of the research on 3D printing concrete [19,
23, 29, 53].

As seen in Figure 5, the reliability index
declines steadily for the first 10 layers
before rapidly reducing to zero beyond that.
This is due to the fact that the elastic
Young's modulus requirement (Eq. (16))
scales with the third power of height.

8 X

[op}
I

N
1

Reliability Index, B
S

O‘( T T T T T >

0 5 25 30

I&S mberlg’f Layze(r)s
Figure 5 Time-dependent reliability index for

elastic buckling of the 3DCP wall

3.1.2. Plastic collapse result

Similarly, the time-dependent reliability
index was determined for the plastic
collapse using the inputs in Table 1. As
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shown in Figure 6, after printing layer 36,
the wvertical stress is greater than the
yielding stress, resulting in a safety margin
M(t) < 0, indicating that the printed wall
begins to collapse. The findings show that
3DPC wall printing is more prone to elastic
buckling than plastic collapse due to self-
weight, as various other studies have
observed [8].

o
N
>

(2]
1

N
1

Reliability Index, p
S

o
<
<

Y

0 10 20 30 40
Number of Layers

Figure 6 Time-dependent reliability index for plastic
collapse of the 3DCPwall

3.2. Sensitivity Analysis

As described before, the printing process
parameters, in addition to the material
composition, have significant impact on the
final performance of 3DPC [12, 13,54].
Printing process control and printing
parameter  selection are  significant
components that define the final printing
quality of concrete, and they are also
important linkages in the development of
concrete 3D-printing structures [10].

Sensitivity analysis was carried out in order
to identify the most sensitive parameter
influencing the buildability of a 3D
concrete printed wall. Furthermore, for the
two types of failures, influential factors
were identified and a parameter study was
conducted. The relevant reliability indexes
are computed as well.

3.2.1. Sensitivity analysis for the elastic
buckling

Sensitivity analysis of the printing process

parameters on the elastic buckling safety

margin function (Eg. (12)) in terms of

sensitivity indices were computed at
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5,10,15, and 20layers. The first printed
layer was referred to as layer 1, and so on.

The comparison of the sensitivity indices of
printing process parameters is shown in
Figure 7. In the early stages, variations in
the printing speed have the largest impact
on the stability. In contrast, later on, the
variability of width and layer thickness
have a greater impact on the buildability of
3D printed concrete. The important effect
of the width on buildability has also been
illustrated in [37]. The influence of the
printing speed reduces after the tenth layer,
as seen in Figure 7. After the fifteenth
layer, the wall width and layer thickness
have the most significant influences on the
stability of the 3DPC wall structure.

Variability in the layer thickness has
negative effects on the wall's stability,
whereas variation in the width has positive
consequences. This means that increasing
the layer thickness reduces the elastic
buckling resistance and increasing the wall
width increases elastic buckling resistance.
The length and density variables, in
particular, exhibit lower significance and
low sensitivity, implying that, if necessary,
these variables might be considered
constants in the elastic buckling analysis.

3.2.2. Sensitivity analysis for the plastic
collapse
Similarly, at selected layers 5, 10, 15, 20,
25 and 30, sensitivity analysis of printing
process parameters on the plastic collapse
safety margin function (Eg. (13)) in terms
of sensitivity indices were computed. The
variations of the printing speed as well as
the layer thickness contribute more to the
plastic collapse in the early and later stages
compared to the elastic buckling analysis,
as shown in Figure 8. Variability in both
printing parameters has an adverse
influence on the plastic collapse resistance,
implying that raising these printing process
parameters reduces the resistance to plastic
collapse. The reason for this may be that
increasing the printing velocity decreases
the layer cycle time while raising the layer
height increases the wall's self-weight. The
length and density variables are less
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influential input parameters in the plastic
collapse analysis, contributing less to the

variability of the results.

0.4

0.3
Olayer5 ®Layer 10

0.2 OLlayer 15 BLayer 20

0.1

|
A,

Sensitivity

0
0.1 g.‘_‘m

-0.2

-0.3

L

VPbrinting proces parameters

b h

Figure 7 Sensitivity of printing process parameters on the elastic buckling safety margin function
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Printing process parameters
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Figure 8 Sensitivity of printing process parameters on the plastic collapse safety margin function

3.3. Parametric Study

The influence of printing process
parameters on the contribution to the
variability of the stability of 3DPC walls is
investigated further. Based on the
sensitivity analysis results, the wall width
and layer thickness for the case of elastic
buckling, as well as the printing velocity
and layer thickness for plastic collapse,
were chosen for the following parameter
study.

3.3.1. Elastic buckling
i. Effect of layer thickness

The MATLAB algorithm was used to
conduct the time-dependent reliability

Journal of EEA, Vol. 42, 2024

study, and the layer thicknesses chosen
were based on a majority of studies done on
the 3DCP projects [53]. Figure 9 shows the
effect of layer thickness on f. In the
analysis, other parameters were considered
as deterministic values (i.e., vy=10.42 cm/s,
b=55 mm and L=1000 mm).Lowering the
layer thickness increases the buildability
height, as seen in Figure9. For example, a
layer thickness of 8 mm increases the wall
height by 8.27 % when compared to a layer
thickness of 9.5 mm.

This is also expected because lowering the
layer thickness increases the overall
buildability time (Eqg. (3)), which increases
the concrete material yielding strength (Eq.
(1)). Similarly, increasing the layer
thickness reduces the wall's buildability
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height. For example, a layer thickness of 15
mm reduces the total buildability height by
13.53 % when compared to a 9.5 mm layer
thickness.

8)\

—— H=8mm
—+— H=9.5mm

»
1

— — —H=12mm
H=15mm

Reliability Index, B
S

N
1

o
<
»

Y

0 5 10 15, 20 25 30
Number of Layers

Figure 9 Time-dependent reliability index for 3D
printed concrete with different layer thicknesses

i. Effect of wall width

Similarly, to the previous section, ranges of
wall width were chosen based on the
previously reported values [55]. As
demonstrated in Figurel0, increasing the
wall width results in a higher buildability
height, which is similar to the finding
obtained elsewhere [37]. The buildability
height increases by more than 80% when
the maximum and minimum widths of the
selected wall widths (w) are compared.
This is because increasing the width of the
wall increases its stiffness, which reduces
the loss of stability [8].

Reliability Index, B

N
>

0 1q\lumber %? Layers 30 40

Figure 10 Time-dependent reliability index for 3D
printing concrete with different wall widths
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3.3.2. Plastic collapse

The printing velocity and the layer
thickness are the most influential
parameters for the plastic collapse,
according to the sensitivity analysis. By
keeping the other printing process
parameters constant and just altering the
printing speed and layer thickness, a
parameter study was performed and the
results are shown in the next sections.

i. Effect of printing velocity

The influence of the printing speed on 3D
printing plastic collapse is substantial at
lower speeds (1.2cm/s), which can produce
concrete with around 80 layers, as
demonstrated in Figurell.

8 A
-~ Printing velocity
< 67 1.2 cm/s
s Wittt 5cm/s
= ———-10.42 cm/s
E 47 — 16.7 cm/s
=
8
E) 2
O T T ;
0 20 40 60 80 100 120
Number of Layers

Figure 11 Time-dependent reliability indexes for
3D printing concrete with different printing speeds

Because of the high increase in the layer
cycle time (Eg. (3), along with the
reduction of the printing speed from 16.7
cm/s to 1.2 cm/s, the height before plastic
collapse rises by over 85 % .

ii. Effect of layer thickness

For the next parameters study, the same
layer thickness as used in section 3.3.1 was
employed. When the layer thickness is
reduced from 15 mm to 8 mm, the height of
the wall increases by 6.67 % before the
plastic collapses, as illustrated in Figurel2.
The reason for this is that decreasing the
layer thickness increases the layer cycle
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time, which increases the yielding strength.

The results revealed that the printing
velocity variability has a greater impact on
the plastic collapse than layer thickness.

8)\

Layer thickness

Reliability Index, B
& [op}

N

Y

50 60

20 30 40
Number of Layers

Figure 12 Time-dependent reliability index for 3D
printing concrete with different layer thicknesses

4. CONCLUSIONS

A reliability-based assessment scheme
considering the variability of printing
process parameters for the buildability of
3D concrete is presented.

According to reliability and sensitivity
analysis, changes in printing speed, layer
thickness, and concrete width are the most
influential parameters for predicting the
maximum number of printed concrete
layers before failure. It is also noted that
after the wall tends to buckle, reducing the
printing speed of the 3DCP does not have
an impact on its buckling stability. The
sensitivity results revealed that the printing
velocity variability has a greater impact on
the plastic collapse than the layer thickness.
Furthermore, the elastic buckling is
influenced more by the width of the
concrete wall than by the thickness of the
layers.

Plastic collapse is influenced more by the
printing speed than elastic buckling is, and
elastic buckling is influenced more by the
width of the concrete wall than plastic
collapse is.

Journal of EEA, Vol. 42, 2024

The length and the density variables, in
particular, exhibit lower significance and
low sensitivity, implying that, if necessary,
these variables might be considered
constants in the elastic buckling analysis
and plastic collapse.
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