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Abstract

3D concrete printing technology is getting increasing recognition in the construction indus-
try. The extrusion-based printing method represents the most popular and promising one 
among the 3D printing techniques for concrete. However, mostly time-consuming trial-and-
error explorations, i.e. mainly experimental studies have been performed so far.
By utilizing numerical simulation, a fundamental understanding of the relations between pro-
cess - process parameters - product properties could be achieved. Also, they enable us to 
study the dependencies of properties of the printed product on process parameters and mate-
rial behavior. The extrusion-based 3D concrete printing process can be reliably controlled 
and optimized by taking into account the uncertain nature of the process and material param-
eters.
In this study, the Finite Element (FE) method combined with a pseudo-density approach, fol-
lowing the soft-killing approaches in topology optimization is applied. The numerical simula-
tions allow to reliably estimate the strength-based failure mechanisms that might occur 
during the 3D concrete printing of a wall structure by varying one of the printing process pa-
rameter printing velocity. 

Keywords: 3D concrete printing, Uncertainty, SFEM simulation, Pseudo-density approach,
Random Process, Reliability, Strength-based failure

100

UNCECOMP 2021

4th ECCOMAS Thematic Conference on
Uncertainty Quantification in Computational Sciences and Engineering

M. Papadrakakis, V. Papadopoulos, G. Stefanou (eds.)

Streamed from Athens, Greece, 2 30 June 2021

Available online at www.eccomasproceedia.org 
Eccomas Proceedia UNCECOMP (2021) 100-111 

ISSN:2623-3339 © 2021 The Authors. Published by Eccomas Proceedia.
Peer-review under responsibility of the organizing committee of UNCECOMP 2021. 
doi: 10.7712/120221.8025.18985



Meron Mengesha, Albrecht Schmidt, Luise Göbel, Tom Lahmer, and Carsten Könke

1 INTRODUCTION
Very recently, additive manufacturing techniques for concrete technology have gained 

wide attention. They indicated their potential to become a serious supplement to conventional 
concrete casting in molds. 3D concrete printing (3DCP) is one of the fastest evolving technol-
ogies in construction engineering, which is illustrated by the rapid growth of both research 
and industry projects carried out worldwide [1]. The main reason for this is it directly ad-
dresses the challenges related to the sustainability and productivity of the construction indus-
try.

However, the current practice is based on the trial-and-error procedure, which makes the 
research of the 3DCP process expensive and time-consuming [2].

One of the reasons is that there exist significant knowledge gaps regarding the relations be-
tween the design, material, and process parameters. The quality of the fabricated product is
significantly influenced by these parameters which also exhibit interdependency [3].

Therefore, it is of vital importance to establish a relation between the process parameters 
and the printed product to avoid unreliability and failure [1, 4]. By implementing a numerical 
simulation of the 3DCP process, a more fundamental understanding of the relations between 
the printing process, the process parameters, and the properties of the printed product could be 
achieved.

Since the technology is new, the deterministic approach, i.e. applying safety factors to ac-
count for the uncertainty of the system, may not be applicable. Accordingly, the Stochastic 
Finite Element Method (SFEM) incorporating the spatially varying pseudo-density approach
is proposed to include the uncertain nature of the process and material parameters of the ex-
trusion-based 3D concrete printing. Also in the numerical modeling along with the progress-
ing printing process, a previously generated finite element (FE) mesh is activated layer by
layer that includes all material parameters. These vary spatially and temporarily due to the 
time dependency of the curing process. The numerical simulations allow to reliably estimate 
strength-based failure mechanisms that might occur during the 3D concrete printing of a wall 
structure.

2 STATE OF THE ART
To obtain a stable and reliable printed product, two criteria have to be considered and con-

trolled during the manufacturing: the overall failure probability and the geometrical dimen-
sions of the single layers. Non-sufficient strength, stiffness, or stability may already cause the 
failure of the structure during the printing process. These properties are strongly dependent on 
the printing process parameters, e.g. printing velocity, temperature, nozzle diameter, as well 
as on the concrete mixture.

In this context, Van der Putten et al. [21] studied the effects of the linear printing speed and 
the time gap between two subsequent layers on the microstructure of printed concrete. Ac-
cordingly, the two parameters significantly influence the surface roughness, the compressive 
strength, and the interlayer bonding strength. Therefore, it is of vital importance to establish a 
relation between the process parameters and the mechanical properties of the printed product 
in order to avoid unreliability and failure [1,4].

Structural reliability analysis aims at computing the probability of failure, by accounting 
for different sources of uncertainties. These include inherent randomness of the material or
lack of data [10], geometrical imperfection, random loading [11], uncertainties due to human
error, and adopted model [12]. For example, for printable concrete Wolfs et al. [4] showed 
that the mechanical characteristics of printable concrete are random in nature with different
values of coefficient of variation minimum of 3.8% to a maximum of 23%.
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Since it includes safety definition and uncertainties in the analysis the probability of fail-
ure is a more reliable and complete measure of safety [19].

To compute the failure probability, it is necessary to formulate a limit state function g(x)
which, for instances can include the displacements, stresses, or strains where X is a vector of 
basic random variables, which describe the randomness in the geometry, material properties,
and loading, etc. [ 15,19].

( ) 0
f

g x

P f x dxx (1)

where fx is the joint probability density function (PDF) of random vector X and g(x) is the 
limit state function, with g(x) ≤ 0 denoting the failure domain and g(x) > 0 is the safe domain.
Making its direct estimation for Eq. (1) is computationally expensive in the general case, but 
various approximation methods have been developed to evaluate the failure probability, here 
the method used is the Adaptive Kriging Monte Carlo Simulation (AK-MCS), Which saves 
the costly evaluation of the actual limit state function [15]. It is based on Monte Carlo Simula-
tion (MCS) and Kriging meta-model [24], by using the Kriging meta-model to approximate 
the limit state function, which is then combined with MCS to evaluate the probability of fail-
ure [22].

The limit state function for the extrusion-based 3D printing processes of the wall is elastic 
buckling and plastic collapse. The elastic buckling mechanism reflects failure caused by a loss 
of geometrical stability, while plastic collapse is characterized by the maximum stress reach-
ing the material yield strength [23].

The value of the yield strength is dependent on the type of failure criterion adopted for the 
printing material. Two representative failure criteria are pressure-dependent shear failure fol-
lowing the Mohr-Coulomb theory and compressive failure described by the maximal stress 
theory [23].

To determine the maximum shear stress developed as a result of the self-weight, determin-
istic FEM is typically restricted to average values of the input variables, it fails to consider the 
uncertainties and leads to a rough representation of reality [10,13,14].

To account for the various uncertainties arising in the model description (geometry, mate-
rial properties, or loading) encountered in engineering practice, researchers have been trying 
to extend the standard FEM into the Stochastic Finite Element Method (SFEM) by incorporat-
ing random variables into the mathematical and computational formulations [10, 12, 15]. It 
has been named the Random Finite Element Method (RFEM) and the Probabilistic Finite El-
ement Method (PFEM) [10].

SFEM consists mainly of discretization of stochastic fields, a FEM analysis part, and esti-
mation of system response statistics [16]. Different approaches are available for the discretiza-
tion of a stochastic field, some of them are the midpoint method, the interpolation method, the 
local average method. Once the stochastic fields are generated, Monte Carlo simulation is the 
most straightforward method, since it only needs repeated execution of an existing determinis-
tic solution by utilizing many realizations of the random variables [16,18,19].

2.1 Compressive failure 
Plastic collapse is reached when the compressive strength becomes lower than the vertical 

compressive stress. Wolfs et al. [4], experimentally determined the evolution of the compres-
sive strength over the time of the curing process and have developed equations based on the 
average result for 3D printable concrete.
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y y,0 y,1 rσ r, t = σ + σ t (2)

where σ y ,0 is the initial yield strength of the printable concrete at the moment it leaves the 
printing nozzle, σ y ,1 is the gradient of temporal increment, and rt is the curing time at a spe-
cific location.

However, experimental variations were observed in a series of compression and shear tests 
conducted at different ages of the fresh concrete [4].  It is shown that the experimentally ob-
tained results exhibit a large scatter with coefficients of variation ranging from 13 to 21 % for 
the compressive strength. Furthermore, as indicated in Eq. (2) the experiments have revealed 
that the studied material properties increase linearly over time. From these findings, it is obvi-
ous that reliability-oriented modeling needs to account for both temporal changes and the ran-
domness of the material parameters.

Random fields are more frequently applied in structural engineering analyses related to 
concrete. A parameter considering spatial variability is mainly determined by the mean, the 
variance, and the scale of fluctuation [28,31]. For concrete structures in some literature, the 
correlation properties are usually taken into account by utilizing exponential functions [30].
Bottenbruch et al. [29], have done a numerical investigation on spatial correlation of concrete 
and identified that it is significant along with the layers for pouring concrete in layers by slip 
forming.

Nonetheless, in most literature, the correlation length is assumed and these assumptions 
are not consistent with each other [32], the reason for this is the lack of available data [30,31]. 
The probability of failure can be underestimated resulting in an unconservative design if this 
value is ignored or implicitly assumed to be infinite [12,16,33,35]. To avoid this the modeling 
needs to account for the correlation length.

The compressive stress σp (r,t) depends on the height of the wall h (r) to be printed. This 
compressive stress acting on any of the layers can be written as follows [8]:

pσ r = ρ g h rc (3)

Where ρc is the material density, g is the acceleration of gravity. Similarly, Wolfs et al. [4]
experimentally determined the density of the printable concrete.

3 NUMERICAL MODELING OF 3D CONCRETE PRINTING
During the extrusion process the rheological properties of the concrete change. The materi-

al should be flowable at the pumping and extruding stage and after deposition, it should gain 
rapid strength to have a stable shape and to carry the subsequent layers [5, 6].

Figure 1: Gradient of the strength development of 3D printed concrete wall.
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To ensure the bond strength between layers the time gap between consecutive layers 
should be kept as low as possible [7]. This time dependency of the evolution of the yield 
stress is one of the main components in numerical modeling.

Fig.1 shows the gradient of the concrete strength due to the different ages and resting times
of the layers. Compared to the other layers, the concrete of the bottom layer is more mature 
than in the subsequent layers. To analyze the shape stability or buildability of the printed 
structure at a given time, this gradient of the strength over the height of the structure should 
be considered [8]. As each layer is activated in the numerical modeling this spatial variation is 
considered.

For each of the printed layer, the curing time (t c ) can be calculated based on the printing 
velocity (νp ), counting the number of layers from bottom to top according to the printing pro-
gress and assuming that there is no time gap between layers, the ith layer will have a curing 
time of:

1ci
p

Lt i N , (4)

where N is the total number of layers and L is the length of the printed layer.
The numerical model is based on the finite element method (FEM) following the layer-

wise production process, i.e. each layer is activated separately. However, the problem arises 
when the layer thickness of the concrete and the size of the FE mesh do not coincide because 
the size of the FE is much lower than the thickness of the layers, see Fig.2.

Figure 2: 3D Concrete printed layers and the FE mesh 

This has been addressed by introducing a novel modeling approach, applying the FE while 
considering a pseudo density approach similar to the soft-killing approach in topology optimi-
zation, for more detail, see [9].

In addition to the above-mentioned modeling procedure, as mentioned in the previous sec-
tion uncertainties arising in the model description (geometry, material properties, or loading) 
are also included by utilizing structural reliability analysis.

Numerical simulation is performed using the commercially available programing language 
MATLAB, and UQLab (which is an open-source scientific module, a framework for Uncer-
tainty quantification developed at ETH Zurich), to investigate the buildability of 3D concrete 
printing wall structures during the printing process.
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3.1 Numerical example
The wall is modeled as a two-dimensional structure and constructed in a layer-wise process 

to perform failure analyses. Finite Element analysis with 4-node bi-linear finite elements is 
applied. The boundary condition considered is the bottom layer fixed as a result of friction on 
the printed bed [17]. The geometry of the numerical simulation includes wall width w = 
43.5mm, wall-length L = 1000mm, the thickness of each layer t = 10mm, the Poisson ratio of 
the printing material (which is assumed to be constant during the curing process) taken as 0.3.
The analysis was limited to a number of 17 layers to avoid the elastic buckling according to a 
parametric model developed by Suiker et al. [2]. Deterministic uniform load configuration is 
used only considering the self-weight as a result of the layer-wise production process and ac-
tivated as the printing progresses.

3.1.1 Numerical simulation of the compressive failure
The temporal changes and the randomness of the compressive strength are represented by 

random variables [30], generated from the normal distribution [25,26,27]. This random field 
is characterized statistically by three parameters defining its first moments, the mean, the 
standard deviation, and the correlation length. Therefore, results obtained from Eq. (2) are 
taken as the mean value for each Finite Elements(FE), for this process one of the discretiza-
tion methods i.e. midpoint method is used [16].

In particular, this numerical simulation is focused on buildability (part of overall failure 
probability) of the 3D printed concrete wall by varying one of the printing process parameter 
i.e printing velocity. Also, different values of the correlation length have been investigated in
the numerical simulation.

The mean and standard deviation can conveniently be combined in terms of the dimension-
less coefficient of variation, taking the result from Wolfs et al. [4], to be 0.168. For example, 
for printing velocity of 1.4 m/mm, the temporal development of compressive strength at the 
bottom layer is described as a Gaussian random field with a mean based on Eq. (2) is 7.8 kPa
and the standard deviation is 1.31. For all the other layers temporal development of compres-
sive strength can be calculated similarly.

In this research, a “Markovian” correlation function is used where the spatial correlation is 
assumed to decay exponentially with distance [28]. It has the form of:

τ
ij-2 τ

ρ = exp
θ

(5)

where is the correlation length and τ i j is the separation distance between two finite ele-
ments.

Realizations of the random compressive strength fields are produced using covariance ma-
trix decomposition. It is a direct method of producing a homogeneous random field [36]. A
covariance matrix is formulated for a single layer, then the covariance matrix is decomposed
into a lower and upper triangular matrix via a LU Decomposition, to generate correlated nor-
mally-distributed random variables for each layer.

Additionally, the layer-wise production process of the concrete structure is included in the 
FE model while considering a pseudo-density approach [9].

y y,min y y,min
Pσ x = σ + ρ x σ -σ (6)
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Where σy (x ) denotes the resulting compressive strength of the concrete, σy ,min > 0 is a 
lower bound to avoid zero entries, σ y refers to the nominal compressive strength, spatially-
varying pseudo-density ρ(x ) [0,1] , and p >1 denotes a power-law correlation that is im-
plemented to achieve density values closer to the lower and upper bounds of the design varia-
bles.

Based on Wolfs et al. [4] experimental result concrete density is taken as a random variable 
with normal distribution [25,26,27], the mean value of 2020 kg/m³, and the coefficient of var-
iation is 1.96% for the determination of the compressive stress. 

To generate the random field for the concrete density, here also the Markovian correlation 
function Eq. (5) and the covariance matrix decomposition are applied. Correspondingly, mate-
rial density is modeled considering a pseudo-density approach.

c c,min c c,min
Pρ x = ρ + ρ x ρ -ρ (7)

where ρ c (x) denotes the resulting concrete density, ρc ,min (x) > 0 is a lower bound to avoid 
zero entries, ρc is the nominal concrete density, ρ and p are similar to Eq.(6).

In a random field, the value assigned to each cell or finite element, in this case, is itself a
random variable, thus the mesh which has 1050 finite elements, contains 1050 random varia-
bles. For both the compressive strength and the compressive stress for each analysis,3000 re-
alizations were performed with input shown in Table 1, by varying the printing velocity (νp )
and Correlation length (θ).

Parameter Values considered
νp (m/min) 0.7, 1.4, 2.1, 3

(m) 0.1, 1, 10, 100

Table 1:  Parameters varied in the numerical example while holding the other parameters constant.

Figure 3: Single realization of the compressive strength for the printing velocity of 2.1m/mm and correlation 
length 10m.

A single realization of the compressive strength is shown in Fig.3, both the randomness 
and time dependency are observed, and the effect of the correlation length is also included in 
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the realization. Correlation between the properties of the neighboring freshly printed elements 
is noticed.

The strength-based failure of the structure is studied by comparing the temporal evolution 
of the compressive yield stress with the increasing hydrostatic pressure caused by subsequent-
ly placed concrete layers (compressive stress). Gravity-induced stresses increase with the 
height of the printed product, whereby the maximum stress values occur in the bottom layer.
For each realization, the mean and standard deviation is taken to perform the failure probabil-
ity at the bottom layer.

Combining the written MATLAB script and UQLab, the result for the printing velocity of 
2.1m/min is shown in Fig.4.

(a)    (b)

Figure 4: UQLab output for Adaptive Kriging Monte Carlo Simulation printing velocity of
2.1m /min and correlation length of 0.1 m.

Fig.4 shows graphical visualization of the convergence of the AK-MCS analysis (Fig.4b), 
a Kriging surrogate model from a small initial sampling of the input vector produces an exper-
imental design iteratively refined close to the currently estimated limit-state the surface g(x) = 
0 (Fig.4a).

(a)                                                                   (b)

Figure 5: Effect of printing velocity and correlation length on the Probability of failure of
compressive strength.
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The numerical simulation output, see Fig.5a, indicates that with increasing printing veloci-
ty, the probability of failure of the buildability of the printed wall increase. This fact was ex-
pected because the 3D concrete printing process is a time-dependent process. Increasing the 
printing velocity means lowering the curing time, which also results in a lower compressive 
strength. Another important observation from Fig.5a is the influence of spatial correlation 
length on the probability of failure. Different correlations cause a large difference in results. If
the spatial correlation length for selected printing velocity increases, then the probability of 
failure also increases.

Furthermore, it can be observed the probability of failure of the top layer is different. The 
reasons for that are: (1) for the 3D printed wall the concrete age at the top layer is smaller 
compared to the other layers which affect the compressive strength and (2) to check the accu-
racy of the numerical simulation. Fig. 5b shows that the probability of failure is higher at the 
bottom than the other layers as expected even if the curing time for the top layer is smaller 
than the bottom layer but it is subjected to higher stress, the aforementioned result is for 
3m/min printing velocity.

4 CONCLUSION
A numerical modeling procedure of a 3D concrete printed (3DCP) wall is proposed, in 

which uncertainties implemented via the Stochastic Finite Element Method (SFEM) and a
spatially varying pseudo-density approach are considered. To minimize the computational 
cost, Adaptive Kriging Monte Carlo Simulation (AK-MCS) is utilized.

The aforementioned method enables to predict the probability of failure of the 3D printed 
concrete wall. The influence of the printing velocity and the spatial correlation length on the 
probability of failure was studied. For a simple 2D example of a wall, it was shown clearly 
that the influence of spatial correlation length on the probability of failure is significant. Dif-
ferent correlation lengths cause a difference in the results. However, in practice correlation 
lengths are often assumed based on literature and these assumed values for the correlation 
length of concrete properties are not consistent with each other [32]. The suggested values for 
the correlation length could be the initial values for further investigations.

In the future, additional failure mechanisms, the influence of additional mechanical 
properties, and process parameters will be studied. It will give rise to a more realistic 3DCP 
model.
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