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Background and Motivation

The construction sector is a significant contributor to global carbon emissions, with cement production alone 
accounting for approximately 8 percent of total emissions. With the increasing demand for concrete and a 
growing shortage of skilled labor, there is a pressing need for more sustainable and automated methods of 
construction. Additive manufacturing offers potential solutions by enabling precise material placement and 
eliminating the need for formwork, which results in less material waste and shorter construction times.

The use of additive manufacturing together with digital tools like topology optimization makes it possible to 
create complex shapes that use material efficiently and follow the flow of internal forces. This work focuses on 
bending elements, where both tensile and compressive stresses occur, requiring efficient design and 
tailored reinforcement strategies.

PARAMETRIC DESIGN AND 
TOPOLOGY OPTIMIZATION

BESO – Bidirectional Evolutionary 
Structural Optimization with Karamba3D

POST-DESIGN-PROCESS

DATA AND SIMULATION

Generate symmetry

Smooth contours

Optimize support

STRUCTURAL VARIANTS

BESO_A_o

BESO_A_u

BESO_A_m

MODELLING Master’s Thesis

This master’s thesis investigates the interface between computational design and sustainable 
construction by designing and fabricating a topology-optimized concrete beam using additive 
manufacturing (3D concrete printing). The study has two aims: 
(i) to quantify how topology optimization can reduce material use in bending elements while 

maintaining structural performance, and 
(ii) to evaluate the environmental impacts of alternative optimized designs through a life-cycle 

assessment (LCA).

3D-CONCRETE PRINTING
The 3D concrete printing system is based on the extrusion process. It consists of a 6-axis 
industrial robot from ABB mounted on a traverse axis. This configuration provides an effective 
build volume of 7 x 1 x 1 meters parallel to the traverse axis. The beam comprises a total of 20 
layers and 4 reinforcement layers, which were placed manually. 

Binder CEM II/C-M (s-LL) 42.5 N 
Aggregate Quartz sand 0.4 – 1 mm
Additives Microsilica SiO2 content > 95 %

PCE-based superplasticizer
Setting agents

Water Water
Reinforcement Alkali-resistant glass fibres 12 mm

STEEL REINFORCEMENT

CONCRETE PRINTING MATERIAL

The  printing process had a total 
duration of 1 hour and 6 minutes. The 
bond between the reinforcing bars and 
the concrete is adequately ensured by 
the self-weight of the subsequent 
layers. Upon completion of the printing 
process, curing of the beam is a 
critical step, as there is a risk of 
shrinkage cracking during hardening. 
To avoid compromising quality, the 
beam was covered with polyethylene 
sheeting after printing to prevent 
excessively rapid drying.

1st and 4th reinforcement layer

2nd and 3rd reinforcement layer
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LCA COMPARISON

LOAD-BEARING CAPACITY

The LCA followed ISO 14040 and 14044 standards and focused on the production phase (A1 to A3) in accordance with EN 15643. Environmental data were 
gathered in form of environmental product declarations (EPDs) from databases such as baubook, ecoinvent and Oekobaudat (Data base: May 2025). The 
functional unit was defined as one beam with identical load-bearing performance across all variants. The environmental impacts of each structural variant 
were assessed based on Global Warming Potential (GWP in kg CO2-equivalents). As shown in the graph below, the production of raw materials (A1 Material) 
has the greatest impact. Transport and manufacturing account for only about 5 % of the total emissions. Additive manufacturing is therefore a highly efficient 
production method in terms of emissions. 

Results revealed that the most 
geometrically complex variant showed 
the lowest GWP due to its high material 
efficiency. This confirmed that complex 
geometries do not necessarily result in 
higher environmental burdens when 
produced additively. In contrast, a 
seemingly efficient but overly filigree 
variant with too many small elements 
resulted in higher material use due to 
rework and geometric inefficiencies, 
leading to increased emissions. The 
selected prototype exhibited a balance 
between material reduction, structural 
performance, and feasibility for additive 
manufacturing.

After printing and curing, the prototype beam was 
subjected to a three-point bending test to assess its 
mechanical performance. The test confirmed the 
structural viability of the component, with results 
indicating that the optimized geometry maintained 
adequate stiffness and load-bearing capacity. Despite 
the open, lattice-like structure and reduced material 
volume, the beam successfully resisted bending 
moments, but then local node failure occurred, which 
prevented further force absorption.

This resulted in crack initiation and subsequent splitting 
of the concrete, leading to a brittle failure mode. The 
beam failed at the nodal regions near the supports, 
where the high local stiffness limited deformation 
capacity. The reinforcement did not reach its yield state.

In the force-deflection-diagram, a steep 
increase can be observed at the beginning, 
which then transitions into a linear increase in 
deformation. At the maximum load of 49,4 kN, 
a deflection of 19,4 mm was measured.
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