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Abstract: One of the key challenges in extrusion-based 3D concrete printing
is controlling the shape of the printed layers. Effective control requires model-
based predictions of deformations emerging due to the printing process and the
evolving material properties of the concrete mixture. Existing research typically
addresses this challenge at a single scale: layer-scale models focus on the extru-
sion and deposition stages, whereas structural-scale analyses investigate struc-
tural stability and environmental effects. A unified simulation framework that
consistently spans both scales remains computationally prohibitive.

This work presents a multi-level simulation strategy for 3D concrete printing
that bridges extrusion and deposition effects at the layer-scale with structural-
scale analysis. High-fidelity dynamic simulations are employed to model the
extrusion and deposition processes. The resulting geometries of the layers are
then used to generate a computationally efficient structural model that simulates
the entire build-up process of the structure. Numerical examples demonstrate
that structural-scale models incorporating extrusion-induced effects, through the
proposed strategy, enable more accurate predictions of structural stability.

1 Introduction

Additive manufacturing techniques using fresh cementitious materials, such as extrusion-
based 3D concrete printing (3DCP), have gained increasing attention in the construction sec-
tor over the last decades [8]. These techniques offer the potential to improve construction
productivity through automation and to enhance environmental performance via material-
efficient, topologically optimized designs [5, 9]. However, several technological challenges
still limit their widespread application, including material characterization, interlayer bond-
ing, reinforcement integration, and deformation control [6]. Among these, deformation con-
trol during the printing process is particularly critical, as it governs buildability and structural
stability under increasing self-weight and construction loads.



To enable suitable modeling approaches for 3D concrete printing (3DCP), a separation of
scales is commonly adopted. The printing process can be decomposed into four main pro-
duction steps: pumping, extrusion, deposition, and layer-by-layer buildup [7]. The extrusion
and deposition stages are typically analyzed at the layer-scale, spanning a few layers and time
horizons of seconds to minutes, using computational models capable of capturing complex
material flow, free-surface evolution, and large deformations over short time scales [16]. Rep-
resentative approaches include Computational Fluid Dynamics (CFD) [16, 4, 18] as well as
particle-based and mixed formulations, such as the Particle Finite Element Method (PFEM),
which allows for a detailed resolution of evolving layer geometries [12, 14, 13, 11, 15].

In contrast, the layer-by-layer buildup phase occurs at the structural scale over time spans of
minutes to hours and is commonly modeled using quasi-static solid mechanics formulations
combined with element activation techniques to represent the progressive printing process
[19, 16]. Further developments of element activation strategies tailored to 3DCP have been
proposed in [17, 3, 2, 10]. These structural-scale models typically rely on idealized rectan-
gular layer geometries and neglect extrusion- and deposition-induced effects. Consequently,
there is a need for modeling strategies that consistently account for process-induced effects
across the different printing stages. Initial efforts in this direction have begun to emerge in
the literature [1, 11], demonstrating the relevance of this aspect.

In this work, we propose a simulation strategy to bridge the gap between different modeling
scales in 3D concrete printing. Section 2 provides a brief overview of the numerical model
used to simulate the extrusion process at the layer-scale. In Section 3, we present a strat-
egy to link layer-scale simulations to structural-scale analysis through a numerical examples
predicting structural collapse during printing. Finally, we draw conclusions in Section 4.

2 Numerical Model for Layer-Scale Extrusion Simulation

In this section, we briefly introduce the numerical model used to simulate the extrusion and
deposition of fresh concrete in 3D concrete printing. A complete description of the model is
provided in [11].

To simulate the layer-scale extrusion and deposition process, we employ a framework based
on the Particle Finite Element Method (PFEM) [12]. PFEM is particularly suitable for this
application due to its ability to handle large deformations and evolving free boundaries,
achieved through an updated Lagrangian description of motion. The framework solves the
balance of momentum and mass within a domain. To address the plastic incompressibility
of fresh concrete during viscoplastic flow, a mixed displacement-pressure (u-p) formulation
is adopted. Spatial discretization is performed using a face-based smoothed finite element
method with linear shape functions [13]. To prevent severe mesh distortion during extrusion,
a re-meshing procedure is triggered. Internal simulation variables are mapped from old to
new discretizations using nearest neighbor interpolation [12].

The model implements an elasto-viscoplastic constitutive law based on a multiplicative split
of the deformation gradient into elastic, aging, and viscoplastic parts: F = F°F*FP?. This al-
lows for a stress-update scheme similar to small-strain plasticity, utilizing logarithmic strains
for thermodynamic consistency. Viscoplastic flow follows a Bingham model with a von



Mises yield criterion, accounting for time-dependent yield stress and stiffness due to struc-
tural build-up (aging) [11]. Contact between layers is modeled using a domain composition
algorithm. Instead of complex contact elements, an algebraic tying algorithm with Dirichlet-
Neumann coupling is used to bond non-matching meshes. A transmission matrix is calculated
via Gauss integration and orthogonal projection to link the degrees of freedom of the target
and source surfaces, assuming an ideal bond between the fresh concrete layers [11].

3 3DCP Multi-Level Simulation Strategy

To bridge the gap between high-fidelity dynamic layer-scale simulations and structural-scale
analyses, we adopt a two-step strategy. First, detailed numerical simulations at the layer-scale
are employed to simulate the extrusion and deposition of concrete, capturing the actual layer
geometry with high accuracy. The shape of each layer results from the interaction between
the concrete’s rheological properties, such as yield stress and viscosity, and the printing pa-
rameters, including flow rate, printing speed, nozzle size, and standoff distance [11]. These
simulations, however, are computationally intensive and can only be performed for a limited
number of relatively short layers. To extend the analysis to the full structure, the geometry
obtained from the layer-scale simulations is used to generate a coarser, structural-scale mesh,
including the actual length and number of layers needed to construct the structure. At the
structural-scale, layers are then activated sequentially to mimic the printing process, with the
activation timing determined by the printing speed, allowing the simulation to account for the
temporal evolution of layer deposition.

We demonstrate this strategy through an example by simulating the printing of a simple hol-
low structural element. The dimensions of the structure are shown in Figure 1-a. The con-
crete properties are assumed as follows: the dynamic yield stress is 74 = 560 Pa, evolving at
a rate of 2.04 Pa/s until it reaches the static yield stress of 7, = 1545 Pa after 483 seconds,
which then evolves at 0.32 Pa/s. The bulk modulus starts at X = 32.9 kPa and evolves at
0.0237 kPa/s, while the shear modulus starts at G = 15.18 kPa and evolves at 0.0109 kPa/s.
The density of the concrete is pg = 2078 kg/m>.

The printing setup consists of a round nozzle with a diameter of d = 3cm, a standoff distance
of 1.5 cm, a flow rate of Q = 15.75 cm®/s, and a printing speed of v, = 5 cm/s. A time step
size of At = 0.0002 s was used. Approximately 10° tetrahedral elements were generated.

We first identify the unique segments in the print path of the structure (Figure 1-a), and then
perform a layer-scale extrusion simulation along a custom path that contains these unique
segments. In this example, the structure consists of two distinct path segments: a straight
path and a curved path with a radius of R = 0.15 m (Figure 1-b).

At the layer scale, the number of simulated layers must be sufficient to ensure that the
printing-induced effects on the bottom layer have effectively vanished. Each newly deposited
layer interacts with the underlying substrate through nozzle forces and self-weight, inducing
both elastic and plastic deformations. While the influence of nozzle forces typically becomes
negligible after approximately three to four layers, the contribution of self-weight persists
[11]. In the present example, simulating five layers is sufficient for the geometry of the bot-
tom layer to stabilize, with negligible further impact from nozzle interactions. Beyond this
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Figure 1: 3D concrete printing multi-level simulation strategy: (a) The print path of the struc-
ture, consisting of two distinct segments: a straight segment (red) and a curved segment
(green). (b) Layer-scale simulation results of the extrusion process for the unique seg-
ments. (c) Geometry of the full structure, obtained by consecutively placing layers
whose shapes are taken from the layer-scale simulation in (b)

point, additional layers mainly contribute to self-weight—induced deformations, which can be
sufficiently captured using the coarser structural-scale model.

The resulting geometry is then used to construct the skeleton of the complete structure (Fig-
ure 1-c). Then, we perform a layer-activation simulation to simulate the construction of the
structure. The elements of the mesh are pre-generated based on the obtained geometry from
the layer-scale simulations. At the beginning, all elements are deactivated. The elements of
each new layer are activated together simulating the addition of that layer. The material state
of the newly activated elements is set to be fresh at the activation moment. The activation
time of the next layer is computed based on the printing speed and the layer’s length.

A set of structural-scale (layer-activation) simulations was conducted to investigate the effect
of the printing speed on the maximum number of layers that can be printed before collapse.
At lower printing speeds, more layers could be printed before collapse, as the substrate layers
gain more strength before the addition of new layers (Figure 2).

To highlight the feasibility of the proposed strategy, the same simulations were also per-
formed assuming idealized rectangular layer shapes, as is common in classical element-
activation techniques. This idealized approach neglects any information on the actual shape
of the layer resulting from the printing process. Figure 2-a presents a comparison of the
maximum number of printable layers before collapse for the different approaches.

The results indicate that the idealized rectangular layer model tends to overestimate build-
ability compared to simulations incorporating realistic layer shapes, even though the same
material model is applied. This reduction in buildability in simulated shapes is attributed to
the quasi-oval geometry of the layers, which decreases interlayer contact area, reducing the
overall stability of the printed walls.
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Figure 2: (a) Comparison of the maximum number of printable layers before collapse for different
printing speeds for simulations: (1) adopting simulated shapes of layers obtained from
previous computational layer-scale models, and (2) assuming an idealized rectangular
shape. (b) Buckling failure of the structure with simulated layer shapes during the
activation of the 15th layer at a printing speed of 0.005 m/s

4 Conclusions

In this work we proposed a multi-level modeling approach for the computational analysis
of 3D printed concrete structures, that represents a first step towards linking layer-scale and
structural-scale analyses. The findings highlight the critical influence of layer geometry on
structural stability and demonstrate that neglecting the actual shape of the layers, resulting
from the extrusion and deposition process, can lead to an overestimation of buildability. The
present approach exploits the geometric simplicity of structures with a constant cross-section
along the build direction, i.e., without overhangs or inward—outward variations. For structures
with changing geometries along the vertical direction, such as overhangs or cantilevered fea-
tures, the proposed strategy is not directly applicable.

Further research is required to extend the methodology, including the automatic identification
of unique segments along the print path, the determination of the optimal number of layers
that must be simulated at the layer scale to ensure negligible nozzle-induced effects, and,
ultimately, validation against large-scale experimental results.
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