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Abstract

Integrating non-corrosive reinforcement offers a transformative opportunity to reduce
concrete cover and enable material-efficient additive manufacturing. However, compati-
ble reinforcement strategies remain rare, and their environmental performance is largely
unquantified. This study evaluates the environmental impact of basalt- and glass fibre-
reinforced polymers produced using a Dynamic Winding Machine for on-site, free-form
production in digital construction. Tensile tests yielded short-term tensile strengths of
804 MPa (glass) and 1106 MPa (basalt), which were used in structural beam calculations
across ten additive manufacturing concrete mixtures. To ensure comparability, the rein-
forcement materials and concrete mixtures were assessed on an equal mass and volume
basis, while the beam case study was evaluated based on equivalent structural performance.
These data informed a cradle-to-gate (A1-A3) Environmental Life Cycle Assessment bench-
marking in-house-produced reinforcements against steel and carbon fibre-reinforced poly-
mers. Averaged across the mixtures, the range of Global Warming Potential total indicates
that glass and basalt fibre-reinforced polymers achieve 13% and 15% lower greenhouse
gas emissions compared to conventional steel, whereas carbon fibre-reinforced polymers
exhibit the highest Global Warming Potential total. Ultimately, the results substantiate
free-form fibre-reinforced systems, particularly when combined with additive manufactur-
ing and alternative concrete formulations, as a key strategy for advancing sustainable and
climate-resilient construction.

Keywords: environmental impact; Environmental Life Cycle Assessment (E-LCA);
Additive Manufacturing in Construction (AMC); Basalt Fibre Reinforced Polymers (BFRP);
Glass Fibre Reinforced Polymers (GFRP); Dynamic Fibre Winding (DFW)

1. Introduction

Concrete is the most widely used construction material worldwide and simultaneously
one of the largest contributors to global CO;-eq emissions, with the cement industry
responsible for around 6% of anthropogenic greenhouse gases [1]. As urbanisation and
infrastructure demands continue to rise, reducing the environmental impact of concrete
structures has become a critical challenge in addressing climate change [2]. At the same
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time, the industry faces a shortage of skilled workers [3]. Therefore, new, innovative
strategies are needed to reduce environmental impact, which align with higher automation
that requires fewer workers.

Additive Manufacturing in Construction (AMC) offers great potential for resource-
efficient, automated manufacturing processes [4]. By enabling precise, layer-wise material
deposition, Additive Manufacturing (AM) reduces material waste and the need for con-
ventional formwork while promoting a high level of geometrical form freedom [5]. This
enables the fabrication of individualised, functionally optimised concrete elements.

Traditionally, steel reinforcement is manually wired and embedded in concrete com-
ponents to compensate for concrete’s lack of tensile strength. Due to steel’s corrosion
susceptibility and the need to satisfy fire protection requirements, a minimum concrete
cover is required to ensure both durability and structural safety under environmental
and thermal exposure conditions [6]. This additional concrete not only increases material
consumption and structural self-weight but also significantly contributes to the overall en-
vironmental impact, particularly due to the high carbon intensity of cement production [7].

These limitations become even more pronounced in the context of additive manu-
facturing of concrete, where highly automated production processes and geometrically
complex, individualised structures challenge the applicability of conventional reinforce-
ment solutions. To fully exploit the design freedom offered by additive manufacturing,
reinforcement systems must be compatible with digital fabrication workflows and adapt-
able to non-standard geometries.

Among the most promising reinforcement alternatives for additively manufactured
concrete are fibre-reinforced polymer (FRP) systems. In structural applications, fibres are
embedded in a polymer or mineral matrix to form reinforcement bars or strands. The
matrix binds and stabilises the fibres, shields them from mechanical and environmental
damage, and ensures effective stress transfer from the surrounding concrete to the entire
reinforcement cross-section [8]. Common FRP reinforcement systems include basalt (BFRP),
glass (GFRP), or carbon fibre-reinforced polymers (CFRP) [9-12]. In combination with
additive manufacturing, FRP reinforcement enables the realisation of free-form structural
elements and offers the potential for force-flow-oriented reinforcement layouts following
principal stress trajectories, thereby improving material utilisation [13].

The potential of this approach has already been demonstrated by Mechtcherine
et al. [14], who combined 3D-printed concrete with freely formable mineral-impregnated
CFRP reinforcement, achieving a reduction in reinforcement weight of more than 90% com-
pared to a conventional steel-reinforced balcony structure. These findings demonstrate the
potential of combining FRP reinforcement and additive manufacturing to reduce material
consumption while maintaining structural performance.

The FRP materials examined differ in their properties and advantages, covering a
wide range of available FRP reinforcements. BFRP is gaining significant attention due
to its balance of mechanical properties, durability, and environmental advantages [11,15].
Derived from naturally occurring basalt rock, its production process is relatively simple
and eco-friendly compared to synthetic fibres. While GFRP and CFRP reinforcements also
provide superior durability and mechanical benefits, they offer specialised advantages.
Glass fibres are widely accessible and relatively cost-effective. In structural applications,
alkaline-resistant (AR) or electric corrosion-resistant (E-CR) glass is used because it offers
greater resistance to degradation in alkaline concrete pore solutions than conventional glass
fibres. At the high end of the performance scale, carbon fibres provide outstanding tensile
strength, durability and stiffness [11]. Table 1 gives an overview of the characteristics of
commercially available FRP reinforcement systems.
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Table 1. Overview of commercially available FRP reinforcement systems.

Tensile Young's
Name Strength Modulus Density Rebar Costs [16]
in MPa in GPa in kg/m® in EUR /kg
GFRP [17] 1000 60 2200 8
BFRP [18] 1350 55 1910 6
CFRP [19] 2300 140 1500 100

The use of non-corrosive fibre reinforcements aligns with the goals of sustainable
construction. The concrete cover that serves to protect steel reinforcement can be reduced,
which lowers the required concrete volume. The reduction depends on structural, fire,
durability, and serviceability requirements. In addition, the absence of reinforcement cor-
rosion can extend the service life of structures with minimal maintenance [11,20]. In the
context of global efforts to mitigate climate change, these materials represent a strategic op-
portunity to lower the embodied carbon in concrete structures without sacrificing structural
performance or durability [9,10,20].

In line with these considerations, multiple Environmental Life Cycle Assessment
(E-LCA) studies report lower climate change impacts for FRP-reinforced concrete beams
compared to steel-reinforced counterparts when equivalent structural performance is
ensured. These findings, however, are derived from beam-specific case studies and remain
strongly dependent on geometry, loading conditions, and design assumptions [21-23].
Integrating E-LCA into the early stages of design is increasingly recognised as essential
for achieving low-carbon construction, particularly as digital fabrication introduces new
material systems and design freedoms. Early-stage E-LCA enables designers to evaluate
environmental impacts when design decisions still have the greatest influence and can be
modified at minimal cost [24]. Recent research emphasises that E-LCA integration during
early design supports more sustainable architectural and structural outcomes by enabling
environmental criteria to guide material selection, geometric optimisation, and fabrication
strategies. This is especially relevant in digital fabrication, where novel processes and
materials require systematic assessment to verify whether they deliver environmental
benefits over conventional methods [25].

However, fibre reinforcement has several environmental drawbacks, including the
high energy demand of fibre production, the use of petrochemical-based polymer matrices,
limited recyclability of fibre-reinforced composites, and challenges in separating fibres
from concrete at the end of life, which can complicate recycling processes and increase
environmental impacts.

This paper assesses the potential of glass and basalt fibre reinforcement in 3D-printing
concrete mixtures, emphasizing their role in advancing more sustainable, climate-resilient
construction practices. The study investigates whether in-house manufactured GFRP and
BEFRP reinforcement, produced using a Dynamic Winding Machine (DWM) from various
endless fibre materials and a room-temperature-curing epoxy matrix, can serve as a sus-
tainable alternative to conventional steel and CFRP reinforcement in concrete construction.
This production technology enables free-form geometries and on-site production align-
ing with automation and material efficiency requirements. Through tensile testing, the
mechanical properties of these custom reinforcement bars (rebars) were evaluated and
subsequently used to calculate a simple, reinforced beam element. This forms the basis
for an environmental impact comparison against conventional steel and high-performance
CFRP reinforcement across multiple sustainability scenarios from cradle to gate (A1-A3).
These scenarios include a multi-stage comparison, which provides detailed analyses of the
materials and the resulting environmental impact per mass and mechanical properties, as
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well as in the component composite. Various concrete mixtures used for AM are considered.
Therewith, for the first time, the environmental impact of the DWM is evaluated, taking
into account both the production process and the reinforcement strands to demonstrate the
sustainability potential of customisable reinforcement methods, as the custom-developed
DWM manufacturing system has not previously been assessed through an environmental
life cycle assessment.

The results serve as decision support in selecting the most sustainable material com-
position. Moreover, they provide a foundation for future research on environmentally and
design-optimised construction components.

2. Methodology for FRP Reinforcement Characterisation

In this study, four reinforcement materials are analysed regarding their environmental
impact when combined with concrete mixtures in the field of AM. To evaluate their viability
as sustainable reinforcements, in-house-manufactured E-CR GFRP and BFRP rebars were
tested and simulated in AM concrete mixtures and one conventional control mixture. Their
mechanical performance and environmental impacts are benchmarked against conventional
ribbed steel and CFRP rebars, representing the current standard and a high-performance
alternative, respectively. When possible, standards are used for test design and calculations.
In addition, information from manufacturers is consulted to ensure comparability and
analysis of potential. This comparative approach enables a holistic assessment of the trade-
offs among different reinforcement systems for concrete construction in terms of structural
efficiency, durability, and sustainability.

2.1. Dynamic Fibre Winding

A DWM was developed to enable the production of free-form reinforcement patterns,
optimising the use of fibre reinforcements [26]. The reinforcement strands consist of primary
endless fibres for the absorption of tensile forces, a secondary yarn for surface profiling
to enhance concrete bonding, and a room-temperature-curing epoxy resin. The strands
enable robotic winding into the desired shape, where they are held in place by support
structures until full curing has been achieved. The compact build volume of the modular
process enables on-site fabrication, reducing transport-related impacts.

The DWM consists of four main sections (see Figure 1): The primary fibres are guided
from a storage system through a resin bath, where they are impregnated (1). After the
removal of excess resin, the strand runs through a rotating hollow shaft, which adds a
secondary yarn to the primary fibres, structuring the reinforcement surface for better
bonding properties. A hysteresis brake enables variation in the undulation by varying the
moment of resistance of the secondary yarn, resulting in an adjustable surface geometry
(2). An active pull-out unit ensures consistent production quality by synchronising the
extrusion speed of the primary fibres with the winding thread of the secondary yarn (3).
Before the reinforcement strand is connected by an outlet to the end-effector of a robot for
automated integration, a tension and storage unit ensures the pre-tension of the strand
inside the machine and compensates for movements and accelerations of the robot (4) [26].
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Figure 1. Dynamic Winding Machine divided in four modules: (1) resin bath and excess resin removal,
(2) helix winding unit, (3) pull-out unit, (4) tension and storage unit.

2.2. Rebar Fabrication by Dynamic Fibre Winding

The GFRP and BFRP rebars were produced using the DWM. For this study, a total
of 12 specimens of GFRP and BFRP were produced, each from a single production batch.
Subsequently, the short-term characteristics of eight randomly selected samples are ex-
perimentally validated by standardised mechanical tensile testing. All characterisation
and testing results can be found in the corresponding data publication [27]. Nominal
diameters with approximately 8 mm are producible without compromising quality [28].
The specimens were designed with a nominal diameter of 4 mm, selected to ensure optimal
informational value within studies employing the DWM [28-30]. For E-CR GFRP samples,
this results in a total number for primary fibres and secondary yarn of 19608 tex, consisting
of two rovings of 9600 tex and a braided secondary yarn from Culimeta EC-9 136 X3 5135
of 408 tex. For the primary strand, PulStrand 4100 from Owens Corning was used. The
total number of basalt is 20100 tex, consisting of ten rovings of 2000 tex and a secondary
yarn of 100 tex. Basalt fibres BF-17/2000-GTS1-G-A of Deutsche Basalt Faser were used.
The matrix material consisted of the epoxy resin system EPIKOTE Resin MGS RIMR 426
combined with EPIKURE Curing Agent MGS RIMH 435, mixed at a weight ratio of 100:26.
This resin system offers an average processing window of approximately 120 min at 20 °C.

A notable challenge during rebar fabrication was the preparatory rewinding of the
basalt fibre rovings. To achieve a reinforcement diameter of 4 mm, ten rovings of 2000 tex
each are required. Consequently, the fibres were manually rewound from the two original
spools supplied by the manufacturer onto additional winding cores.

The hysteresis brake was set to a constant value of 100mA and the thread pitch of
the secondary yarn was set to 10 mm for both fibre materials. Figure 2a shows the loading
of the machine with the required ten basalt rovings during the production process. The
reinforcement strand was manually pulled out of the DWM and fixed in position using
a prepared pin board, with the rebars aligned vertically (see Figure 2b). The rebars were
subjected to an initial prestress of 2 MPa during curing with additional mass mounted
on a connecting rod across the lower winding pins. After production, all rebars were
subsequently cured for a minimum of 48 h before being prepared for tensile testing.
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Figure 2. Rebar production using the DWM (a) loading of the DWM with basalt fibre rovings,
(b) board for curing of the basalt rebars with an applied load of 2 MPa.

2.3. Geometric Properties

After complete curing, the actual diameters of the rebars and their fibre volume
content were evaluated [27]. To calculate the average diameter, measurements were taken
at 100 mm intervals along the bar. At each interval, three readings were recorded at 60°
increments around the cross-section to account for ovality and surface imperfections. Based
on the mass of the fibres and the total volume of the bar, the fibre volume content ¢ was
determined for each specimen (fibre volume V/, total rebar volume V,p,,):

P=v )

rebar

2.4. Short-Term Property Testing Method of Produced Reinforcements

Tensile tests were performed in accordance with the ASTM D7205/D7205M-21 [31]
standard for continuous fibre-reinforced polymer matrix composite rebars. The tests
enable the evaluation of the short-term tensile strength and Young’s modulus. Therefore,
specimens were cut to a nominal length of 780 mm. To ensure purely axial tensile loading
and prevent lateral forces, both specimen ends were embedded in 200 mm-high steel sleeves
using the matrix epoxy resin system. To prevent sudden, local force application, all edges of
the steel sleeves were deburred, and the sleeves were cleaned before use. At the bottom of
the steel sleeves, a plastic cap is used to seal the sleeves and center the rods. The dimensions
of the tensile specimens can be seen in Figure 3. A specialised alignment fixture was utilised
during embedding to maintain consistent axial alignment. Further description can be found
in Rothe et al. [28].

The tensile tests were conducted on an Instron machine type 5584 with an extraction
speed of 4mmmin~! under displacement control. The specimens were clamped in the
testing rig at a pressure of 100 bar. An extensometer was used, measuring the strain over a
gauge length of 60 mm continuously. In addition, the distance traveled by the crosshead of
the tensile testing machine between the anchor points (380 mm apart) and the tensile force
are recorded. For both reinforcement types (GFRP, BFRP), eight specimens were tested at
room temperature seven days after curing, storing and embedding into steel sleeves [27].
This experimental procedure enabled a direct comparison of the mechanical behaviour and
failure characteristics between the two material systems under identical testing conditions.
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Figure 3. Specimens in the tensile testing machine, with an extraction speed of 4 mm min~?, and

tensile specimen dimensions.

3. Environmental Life Cycle Assessment

An E-LCA is conducted to quantify the environmental impacts associated with the
selected reinforcement materials and concrete mixtures.

3.1. Goal and Scope

For the E-LCA, the framework established in ISO 14040 and ISO 14044 was applied [32,
33]. The Software openLCA 2.5 and the database ecoinvent 3.11 cut-off, as well as several
Environmental Product Declarations (EPDs), adhering to ISO 14025 and EN 15804, were
used [6,34]. The life cycle phases A1-A3, cradle-to-gate, are analysed in this study, covering
raw material production, transport, manufacturing, electricity consumption, and DWM-
related impacts, including both wear parts and durable components. Production losses,
transportation losses, and waste streams are excluded from the assessment.

The geographical scope is Europe, where such regional data are unavailable; data for
specific European countries are chosen; and finally, global datasets. Four complementary
environmental evaluations are conducted to assess the sustainability of reinforcement
materials, concrete mixtures, and the Dynamic Fibre Winding Machine and their application
at the structural level.

Initially, four reinforcement materials are analysed using the functional unit of 1 kg
and subsequently normalised with respect to their mechanical performance characteristics.
This approach enables a consistent comparison between conventional steel reinforcement
and three FRP alternatives (see Table 1).

In parallel, ten additively manufactured concrete mixtures of eight different com-
pressive strength classes are evaluated using the functional unit of 1 m3. Additionally, an
assessment of conventional concrete mixtures with equivalent strength classes is conducted.
This allows for a direct comparison between additively manufactured and conventional
concrete systems under consistent, comparable environmental assumptions.

In the following step, the DWM used for fibre reinforcement production is evaluated
independently. Its environmental impacts are normalised both per printing hour and per
1m of produced fibre reinforcement, considering a service life range of 5000 to 15,000
operating hours, thereby capturing the influence of machine utilisation on overall impacts.

The results of the previously described environmental assessments are subsequently
integrated into a structural-level case study.
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Based on the range of environmental impacts observed for the different reinforcement
materials and concrete mixtures, a minimum- and maximum-value approach is applied,
using the lowest and highest Global Warming Potential total (GWP-t) values at beam
level, thereby capturing the variability and uncertainty of environmental impacts within
the European context. To support this approach, EPDs were systematically collected
and evaluated from the following sources: international EPD [35], epd-global [36], the
Kiwa-Ecobility database [37], and the IBU database [38].

To establish a consistent basis for the E-LCA, a steel-reinforced concrete beam with
a span of 4m and a cross-section of 0.2m x 0.4 m is used as the reference component for
comparing steel and FRP reinforcement systems under identical loading conditions (see
Figure 4). The reference utilises a standard C30/37 concrete mixture with a characteristic
compressive strength f of 30 MPa and a Young’s modulus E. of 33 GPa and is reinforced
with 8 mm diameter steel B500B rebars. It carries a permanent load g = 10kN/m and a vari-
able load g; = 8kN/m. Only bending and shear are considered, as the assessment focuses
on mechanical properties and does not cover torsion, fire resistance or manufacturability.

The comparison covers four reinforcement materials (B500B, GFRP, BFRP, CFRP) and
ten concrete mixtures. For each mixture, the cross-section is derived from the reference
beam so that all variants are structurally comparable, which is described in detail below.
The FRP variants are 5mm lower in height owing to the reduced cover (cf. Section 5.4).
The required reinforcement of each variant was determined in SOFiSTiK. The required
reinforcement areas are converted into masses, which, together with the net concrete
volume, form the input of the E-LCA. A reinforcement diameter of 8 mm was adopted for
all reinforcement materials as a representative compromise: it corresponds to the smallest
bar diameter that can be specified in SOFiSTiK and to a diameter that can be produced
with the DWM. Although the characteristic values were determined using 4 mm rebars,
earlier studies have shown that they can be applied to 8 mm rebars [28]. The design
assumptions, reinforcement layouts and all calculation inputs and results are provided in
the accompanying dataset [27].

d

e

/ Jk

d) L

w

Figure 4. Investigated beam for material variation (length L =4 m, reinforcement diameter d =8 mm,
permanent load gj =10 kN/m, variable load q; =8 kN/m, width w and height h).

The structural behaviour and design of the reinforcement of the concrete beam were
evaluated using SOFiSTiK FEA 2026 (Version 1.0.361). The beam was discretised using
a 1D cross-section-based beam element. The mechanical properties of the four reinforce-
ment types, specifically their distinct stress—strain relationships, were integrated into the
simulation environment to analyse the structural response under the defined loading
conditions. The specific mechanical characteristics of the self-produced reinforcements,
derived from the experimental tensile tests with the assumed long-term behaviour (as
discussed in Section 4.3) were taken into account. The assumptions are mainly used for
longitudinal reinforcements. Due to the worse performance of FRP reinforcements as cross
reinforcement compared to steel, an additional reduction factor (including the long-term
reduction) is applied to the mechanical performance of FRP stirrups based on the manu-
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facturer’s data sheet for straight rebars and stirrups (Schéck Combar [17]). This results in
a reduction of tensile strength to approximately a quarter of the short-term mean value,
resulting in approximately 191 MPa (GFRP) and 263 MPa (BFRP). No characterisation tests
were performed on the DWM stirrups, so the factor is a transferred assumption. The re-
quired stirrup reinforcement was determined automatically in SOFiSTiK using the reduced
strength. No bend radius was specified, so the effect of the bend is represented only by
the reduction factor. The corner strength of continuously wound fibres may differ from
that of factory-bent rebars, since it depends on the bend radius, the fibre type and the
production method. The behaviour of DWM reinforcement at bent sections is therefore an
interesting subject for further research, e.g., through tensile tests on bent specimens with
varying bend radii. The influence of this assumption is discussed in Section 6.1. To account
for the different concrete mixtures, the already embedded materials in SOFiSTiK were used
and slightly adjusted to the specific properties. By defining the custom material curves
of the reinforcements and the concrete mixtures, the simulation accurately reflects the
reduced stiffness and increased fracture strain of the GFRP and BFRP systems compared
to industrial benchmarks embedded in concrete for AM processes. To ensure consistency
within the calculation, a uniform diameter of 8 mm was assigned to all reinforcement
materials and types. To evaluate the minimum of needed reinforcement, the default value
for the minimum needed was set to 0.01 cm? per unit.

The cross-sectional geometry of the beam was designed independently of SOFiSTiK
and was subsequently provided as an input parameter for the reinforcement calculation. A
function of the concrete’s compressive strength and Young’s modulus was proportioned,
with the aim of balancing flexural load-bearing capacity and stiffness relative to the ref-
erence configuration, rather than minimising material use alone. All calculations were
implemented in Python 3.12.11. The full code can be viewed in the accompanying data
publication [27].

The cross-section was constrained to a fixed aspect ratio, where the height is twice the
width (i = 2b). The following proxy quantities are used as approximate values to describe
the unreinforced concrete cross-section. The flexural capacity proxy (Ultimate Limit State,
ULSproxy) considers the characteristic compressive strength f;, while the stiffness proxy
(Serviceability Limit State, SLSproxy) takes the characteristic Young’s Modulus into account:

ULSproxy = feokbh?*,  SLSproxy = EcbI® )

The constant factor is omitted, as the aim is to calculate normalised ratios. It should be
noted that the proxy quantities serve as simplified scaling indicators of flexural capacity
and stiffness to obtain a consistent initial cross-section geometry prior to the reinforce-
ment design. Normalising these proxy quantities to the reference cross-section of C30/37
(0.2m x 0.4m) yields the dimensionless equivalence ratios:

ULSproxy
ULS proxy,ref

SLS proxy

ULSrati0 =
o SLS proxy,ref

’ SLSratio = 3)

For each concrete class, the width b was determined by minimising the following
weighted objective function:

F(b) = A(b) + w (ULSpatio(b) — 1)2 + w (SLSpatio () —1)2 with  A(b) =202 (4)
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A(b) = 2b? denotes the cross-sectional area, and the two remaining terms penalise
the squared deviation of the load-bearing (ULS,4ti,) and stiffness (SLSyat,) equivalence
ratios from unity, weighted by the factor w. The width b was obtained by minimising
Equation (4) using a bounded scalar minimisation routine (scipy.optimize.minimize_scalar,
method "bounded" from the SciPy library) with weighted factor w = 10, which lies within
the saturated regime in which the solution is governed by the equivalence criteria rather
than by the choice of w itself. The search interval is limited by b € [0.1m, 0.5m].

This formulation should be understood as a compromise solution to analyse the
potential rather than an exact fulfilment of both equivalence criteria. For b as a single free
geometric parameter under a fixed aspect ratio, ULS and SLS equivalence cannot generally
be satisfied simultaneously, since compressive strength and Young’s modulus do not scale
proportionally across concrete classes. The optimisation, therefore, balances a reduction in
cross-sectional area against the combined deviation from both target values, rather than
enforcing strict equivalence with either criterion individually.

Overall, the study integrates assessments at the material, process, and structural levels,
enabling a comprehensive evaluation of reinforcement systems, concrete mixtures, and the
DWM within a consistent cradle-to-gate E-LCA framework.

3.2. Life Cycle Inventory

The life cycle inventory and the EPD collection used in this study are documented and
available in [39]. The regional scope for the E-LCA is considered progressively, starting
with Europe, followed by Europe without a specific country, then a European country, and
finally global. The reinforcements and mixtures were separated in the life cycle phases A1l
(raw material supply), A2 (transport) and A3 (production).

3.2.1. Reinforcements

Four reinforcement types were considered in this study. R1 represents the conventional
steel reinforcement, whereas scenarios R2-R4 portray the fibre reinforcement scenarios (R2
= GFRP; R3 = BFRP; R4 = CFRP).

For R1, the dataset “reinforcing steel production | reinforcing steel | Cutoff, U-Europe
without Austria” was selected, as it already covers all cradle-to-gate life-cycle phases (A1-
A3). Therefore, no separate datasets were required.

For the transportation of the raw materials of the FRP reinforcements to the production
site, an average distance of 500 km is considered for the fibre reinforcement materials.
Hohmann [40] reported transport distances of 1000 km for fobre materials within European
supply chains. To represent the combined transport of fibres and resin in a simplified
manner, an average transport distance of 500 km was assumed for the FRP constituents.

R2 corresponds to glass fibre reinforcement, consisting of two interwoven glass fibres
coated with an epoxy resin. Due to data limitations in ecoinvent, only a single process
dataset for glass fibre production was available; therefore, the same dataset was applied
to both fibre types. R3 represents basalt fibre reinforcement, with production data based
on Fort et al. [41] as no basalt fibre dataset is included in the ecoinvent database. R2 and
R3 require electricity as part of the production process; the associated electricity demand
was measured using the DWM during the manufacturing of the reinforcements. For R4,
the third carbon fibre configuration from Backes et al. [9] was adopted. The production
of “credit blend raw fibre” was excluded, as no suitable ecoinvent dataset or EPD could
be identified. The exclusion affects 4,44 wt.% of the material composition and should be
considered when interpreting the E-LCA results. Likewise, the production of the carbon
scrim was omitted in the life cycle phase A3, since the reinforcement considered in this
study consists of bar reinforcement rather than mesh reinforcement. In scenarios R2-R4,
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the DWM was included in the life cycle phase A3, with an assumed operational service life
of 10,000 printing hours.

For the Minimum and Maximum assessment of Global Warming Potential total (GWP-
t), a targeted review of available EPDs was conducted for the reinforcement materials
considered in this study [39]. A total of ten EPDs were identified for steel reinforcement
(steel rebar) originating in Europe or individual European countries, providing a repre-
sentative, regionally relevant data basis. Furthermore, five EPDs were identified for glass
fibre reinforcement. In contrast, the availability of EPD data for alternative fibre-based
reinforcements was limited, with only one EPD for basalt fibre reinforcement and another
for carbon fibre reinforcement.

3.2.2. Concrete Mixtures

The choice of concrete mix design directly influences not only the environmental
impacts of a structural element but also its mechanical performance. To capture this
interdependence, ten concrete AM mixtures were selected from a range of publications to
represent the diversity of existing mix designs across extrusion and shotcrete 3D printing
(see Table 2) [9,42-46].

Table 2. Concrete mixtures, material composition, and compressive strength. Abbreviations:
SCMs = Supplementary Cementitious Materials, fa = fly ash, s = sand, ss = silica sand,
PVAf = Polyvinyl Alcohol fibre, MC = Methylcellulose, p = plasticiser, sa = set accelerator,
st = stabilizer, | = limestone, ggbfs = ground granulated blast furnace slag, VMA = Viscosity Mod-
ifying Agent, rca = recycled coarse aggregate, cc = calcined clay, d = defoamer, CSA = Calcium
Sulfoaluminate cement, r = retarder.

Cement.ltlous SCMs Aggregates Water Admixtures  Additives Compressive
Name  Materials in keg/m® in ke/m3 in ke/m? in ke/m3 in ke/m3 Strength Source
in kg/m3 & & & in N/mm?
700.00 CEM 670.00 s, 6.50 PVAf,
C1 I 210.00 fa 34830 se 277.60 - 7,00 MC C30/37 [9,47]
Cc2 600.00 CEM 1258.00 ss 270.00 1.80p, 36.00 97.001 C60/70 [42]
I sa, 0.60 st
550.00 CEM 659.90 s, 6.50 PVAf,
C3 I 165.00 fa 53830 se 277.80 - 530 MC C25/30 [947]
C4 37630 CEM 378.30 ggbfs 1279.30 s 263.40 527 p, 0.75 - C45/55 [43]
I VMA
C5 37420 CEM 374.20 ggbfs 900.80 s 261.90 524 p, 0.75 - C40/50 [43]
I VMA
370.80 CEM 909.40 s, 3.34p,0.74
Co6 I 370.80 ggbfs 351.50 rea 259.60 VMA - C35/45 [43]
c7 331.00 CEM 331.00 cc 1241.25s 248.25 16.35 p, 2.00 165.50 1 C30/37 [44]
I VMA
155.00 CEM 9.30 p, 3.10 18.00 sf,
C8 I 1600.00 rca 285.00 d 282,001 C20/25 [45]
700.00 CEM 633.00's, 6.50 PVAf,
9 /A 210.00 fa 332 80 se 277.80 - 700 MC C30/37 [947]
C10 399'IZ?/CBEM 171.30 CSA 909.00 ss 285.00 4.00p,3.95r 317'?3125 280 C12/15 [46]

The selected AM mixtures encompass a broad spectrum of compositions, particularly
with respect to cement type and content, resulting in a wide variety of compressive strength
classes ranging from C12/15 to C60/75. To facilitate comparison, the concretes are organ-
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ised according to both the amount and the type of cement used. Mixture C1 contains a high
proportion of Portland cement (CEM 1), while C10 utilises a comparatively low propor-
tion of CEM III/B, a ground granulated blast furnace slag cement. The dataset includes
mixtures characterised by high Portland cement content (C1 and C2), those incorporating
recycled aggregates (C6 and C8), calcined clay (C7), and mixtures designed to minimise
environmental impact by using CEM III (C10 and C11).

The exact amounts and ecoinvent processes or EPDs used for each scenario can be
found in [39]. If no suitable ecoinvent dataset is available for a given material or process,
an EPD adhering to ISO 14025 and EN 15804 is used instead [6,34]. When neither an
appropriate ecoinvent dataset nor an EPD can be identified, the material or process is not
analysed in the E-LCA. This is only applicable for C2, C8 and C10 where the material has
neither an ecoinvent dataset nor an appropriate EPD, but the overall material mass in each
mixture is lower than 1% of the overall weight.

For the life cycle phase Al, ecoinvent production processes were used for all materials,
except for water. Since water is sourced directly from the tap and does not require transport
by truck, a market process dataset was selected instead, as it accounts for the water supply
network. For cement, datasets representing specific strength classes were not available;
therefore, generic cement datasets from ecoinvent were employed. Similarly, quartz sand is
not available as a separate dataset in ecoinvent. Consequently, for all mixtures containing
quartz sand, the silica sand dataset was used as a proxy. For mixture C2, no suitable
ecoinvent datasets were available for the set accelerator or the stabiliser. Furthermore,
no appropriate EPD could be identified for the stabiliser. The same limitation applies to
mixture C10, which also contains a stabiliser for which no EPD is available. Mixtures C1,
C3 and C9 were originally adopted from Backes et al. [9], where they had previously been
analysed using the GaBi software and the CML2001 methodology. In the present study,
these mixtures were adapted to the most recent ecoinvent 3.11 database, with only minor
modifications made to account for differences in data availability. Mixtures C4-C8 are
designed without silica and quartz sand and incorporate fine and coarse aggregate [43-45].
Specifically, C4 contains only fine aggregate, C5 includes both fine and coarse aggregates,
and C6 combines fine aggregate with recycled coarse aggregate. The recycled coarse
aggregate is modelled per 1 kg functional unit using process and material data reported
by Stengel and Kustermann [48]. Mixture C7 represents a formulation whose binder
comprises cement, calcined clay, and limestone, developed as a more sustainable materials
solution [44]. C8 employs the lowest amount of Portland cement combined with recycled
aggregate. Scenarios C9 and C10 utilise ground granulated blast furnace slag cement,
specifically CEM IlI/ A and CEM 1II/B, respectively. C10 is a sustainability-enhanced 3D
printing mixture using, as the main components, ground granulated blast furnace slag
cement, silica sand, CSA cement and limestone.

In this study, the >32t EURO 6 truck dataset was selected, as this emission class most
accurately represents the current composition of the vehicle fleet operating in Europe [49].
An average transport distance of 100 km was assumed for the raw materials. A transport
distance of 100 km for recycled coarse aggregate remains below the critical threshold at
which its environmental performance becomes less favourable than that of natural coarse
aggregate [43]. The assumed transport distance of 100 km is further supported by Backes
et al. [9], who applied the same transport distance for concrete constituents in a comparable
environmental assessment of concrete mixtures.

For the concrete mixing process, a conservative electricity consumption based on
the study of Dorer and Hahn [50] of 0.96 kWh per 1 m® was adopted. The corresponding
electricity dataset represents the European market group for medium-voltage electricity.
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For the minimum and maximum assessment of the GWP-t of concrete mixtures, a
targeted review of available EPDs was conducted for the cement types considered in this
study. This approach was selected because cement production is known to account for the
majority of the environmental impacts of concrete mixtures, particularly with respect to
GWP-t [51]. In total, 66 EPDs were identified for Portland cement, 30 EPDs for CEM III/ A,
and 20 EPDs for CEM III/B, all within the geographical scope of Europe.

To ensure a comparison on a consistent basis, conventional concrete mixtures corre-
sponding to the compressive strength classes C12/15 to C60/70 were identified using the
same EPD sources and within the same geographical scope as mentioned in Section 3.1.
For each strength class, a range of EPDs was considered to represent variability in material
formulation and production processes. This harmonised approach allows for a direct
comparison between additively manufactured and conventional concrete systems under
consistent environmental assumptions. The underlying datasets are documented and made
available through a dedicated data publication [39]. Together, these data provide a com-
prehensive, regionally representative basis for capturing GWP-t variability and support a
robust minimum- and maximum-value assessment.

3.2.3. Dynamic Winding Machine

The DWM described in Section 2.1 and seen in Figure 1 is analysed with 20 differ-
ent ecoinvent datasets [39]. The primary machine components and the corresponding
wearing parts were analysed. The system components considered include the DWM itself,
the control cabinet, and the ventilation system. The primary structural and functional
components of the DWM consist of aluminium, steel, motors, electrical components, and
wood. The wear parts of the DWM comprise a plastic foil and a tube, both of which require
replacement after every 100 printing hours. Fibre reinforcement production was measured
at 30 m per hour. Since the DWM is a research-scale machine with no defined service life,
environmental impacts were assessed for operational lifetimes of 5000 and 15,000 printing
hours to account for potential usage variability.

3.3. Life Cycle Impact Assessment

The Life Cycle Impact Assessment (LCIA) was conducted according to DIN 15804
to ensure compatibility with EPDs and future studies, as it offers a construction-specific
framework [34]. The impact categories are as follows: GWP-t; Global Warming Potential
fossil (GWP-f); Global Warming Potential biogenic (GWP-b); Global Warming Potential
land use (GWP-lu); Ozone Depletion Potential (ODP); Acidification Potential (AP); eu-
trophication potential - aquatic freshwater (EP-f); eutrophication potential - aquatic marine
(EP-m); eutrophication potential - terrestrial (EP-t); Formation potential of tropospheric
ozone photochemical oxidants (POCP); abiotic depletion potential for non-fossil resources
(ADPE); abiotic depletion potential for fossil resources (ADPF); water use (WDP); total use
of renewable primary energy resources (PERT); and total use of non-renewable primary
energy resources (PENRT) are analysed in this study. The results of ADPE, ADPF, and
WDP should be used with care as the uncertainties of the results are high and as there is
limited experience with the indicator.

For the environmental assessment of the reinforcement materials (per 1 kg) and con-
crete mixtures (per 1 m?), the full set of impact categories defined before is evaluated. For
the analyses of reinforcement normalised by mechanical performance, the DWM, and the
beam case study, the assessment is limited to the GWP-t. This simplification is chosen to
enable a clear, streamlined comparison while reflecting the central importance of climate
change as a dominant environmental concern [52].
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4. Properties and Performance of FRP Reinforcements

The in-house produced rebars are characterised by determining their mechanical and
geometric properties. On the one hand, structural design is carried out using representative
values, while on the other hand, the actual environmental impact is determined.

4.1. Geometric Characteristics and Fibre Volume Fraction

Table 3 shows the average diameter and the fibre contents, including the corresponding
standard deviations. The average BFRP rebar diameter of 4.13 mm is slightly above the
average of GFRP with 3.97 mm, while the fibre volume content is lower (55.7 % compared
to 60.8 %). The lower fibre volume content is therefore not caused by a smaller amount
of fibres but by a higher resin content, i.e., due to less resin removal after the resin bath
within the DWM. As the same process parameters were used for both materials while the
fibre configuration differs (number of rovings, untwisted secondary basalt roving instead
of twisted glass yarn), the present data do not allow separating the influence of the process
setting from that of the fibre configuration. The evaluated diameter of each rebar is used
for the following calculation of the specific mechanical properties.

Table 3. Average diameter, fibre volume content and fibre mass content with standard deviations of
the produced GFRP and BFRP rebars.

Diameter Fibre Volume Content Fibre Mass Content
in mm in % in %
GFRP 3.97 + 0.07 60.84 4+ 2.01 77.96 + 1.45
BERP 4.13 £0.03 55.70 £+ 0.99 75.19 + 0.75

Figure 5 shows the surface profiling of the produced reinforcement strands. Visual
inspections revealed that the cured GFRP rebars demonstrated superior and consistent
surface quality (see Figure 5a). The BFRP rebars exhibit slightly less undulating surface
(see Figure 5b) and a higher incidence of local defects. This includes occasional fraying
(see Figure 5c) and waviness of the primary fibres (see Figure 5d). These observations are
likely due to two main differences: the varying number of fibre rovings and the manual
rewinding process before BFRP production to create additional spools. In particular, when
preparing the additional rovings required, damage to the fibres and uneven tension as they
enter the DWM cannot be ruled out. At the entrance of the machine, all rovings are guided
into the resin bath. As the individual fibre strands are not separated, intersections may
occur, leading to the observed effects later in the process.

The same process parameters (hysteresis brake, thread pitches) are selected for all
production batches to ensure comparability of the rebars, which exhibit different surface
structures. This effect can be caused by various factors. Firstly, the differing frictional
properties of the fibres could influence the indentation behaviour. Reduced friction between
the fibres in GFRP may facilitate easier filament displacement, allowing the tensioned thread
to create deeper indentations. Secondly, the product types of the secondary fibres differ
between the GFRP and BFRP rebars. For GFRP, a twisted yarn was used; for BFRP, an
untwisted secondary basalt roving was available. This structural difference potentially
contributes to the observed reduction in indentation depth.

https:/ /doi.org/10.3390/su182111228


https://doi.org/10.3390/su182111228

Sustainability 2026, 18, 11228

15 of 34

l (0)
(b) (d)

Figure 5. Comparison of BFRP to GFRP rebars and detected local defects (a) reference GFRP rebar,
(b) average BFRP rebar, (c) fraying of the primary basalt fibres, (d) waviness of the primary fibres.

4.2. Experimental Tensile Performance

No invalid failures (failures within the sleeves or at the anchor mouth) were observed
during the tensile tests. Only the test of sample B-02 was terminated prematurely before
complete destruction and was excluded from all evaluations. This results in a sample size
of 8 for GFRP and 7 for BFRP. The analysis of the stress—strain diagram in Figure 6 reveals
that both fibre types share a comparable Young’s modulus. This is indicated by a nearly
identical initial stiffness at the start of the tests. The Young’s modulus for the GFRP rebars
ranges from 38.6 to 46.9 GPa with an average of approximately 42.5 GPa and a standard
deviation of 3.1 GPa. For BFRP rebars the average is 45.4 GPa with a standard deviation
of 1.9 GPa, ranging from 43.4 to 49.2 GPa. However, the produced rebars exhibit lower
Young’s moduli and higher elongation at break than commercial product information (see
Schoeck Combar: 60 GPa [17]).

1400 —G-06 843.47MPa, 2.84%
1200 —G-08 797.63MPa, 2.71%
—B-01 1211.08MPa, 3.76%

1000

B-04 1094.22MPa, 3.68%
800

600

Tensile stress in MPa

400

200

)
0.00 040 0.80 120 1.60 2.00 240 280 320 3.60 395
Strain in %

Figure 6. Comparison of tensile stress—strain-graphs of GFRP (G06, G08) and BFRP (B01, B04).

In the direct comparison, the BFRP rebars achieve higher tensile strengths than the
E-CR-glass rebars, reaching values of 914.4 up to 1211.1 MPa and an average of 1106.3 MPa
with a standard deviation of 85.7 MPa. The E-CR-glass fibre samples had an average tensile
strength of 803.8 MPa (ranging from 757.8 to 877.9 MPa) with a standard deviation of
42.3 MPa, which is at most about 80% of the manufacturer’s specifications of comparable
commercial products (see Schoeck Combar: >1000MPa [17]). It should be noted that
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tensile tests performed in-house with commercially available rods also showed reduced
tensile strength compared to the manufacturer’s specifications. The tensile strengths were
similar to those of specimens produced with the DWM [28].

The basalt samples also showed higher ductility with an approximate fracture strain
of 3.5%. The GFRP rebars had a fracture strain of approximately 2.9% (see Figure 6).
Overall, while the self-produced BFRP rebars fit the lower end of commercial standards,
the glass fibre reinforcements fall short. The GFRP sample curves remain more consistently
analogous until initial fibre failure at approximately 2.7% strain. Compared to this, BFRP
shows abrupt stress drops in the diagram (cf. Figure 6 B-04 at 1.3% and 3.2% strain).

The differences within the curves can also be observed in different failure mechanisms
for the two rebar types. Figure 7 shows their structural response under load, while GFRP
leads to nearly orthogonal failure across the cross-section, and BFRP samples show a
spreading along the fibre strands over their entire length. Splitting indicates that the
fibre matrix interface or the inter-fibre matrix failed before the fibres reached their tensile
capacity.

GFRP

100 mm

Figure 7. Failure differences between GFRP (top) and BFRP (bottom) rebars.

The tensile tests revealed no clear correlation between the visible, locally confined
defects on the BFRP specimens and premature failure. Nevertheless, for future rewinding
operations, the goal should be to implement automated rewinding or to ensure a sufficient
number of rovings. Despite their differing surface properties, the BFRP specimens, just like
the GFRP specimens, achieve around 80% of the tensile strength specified in commercially
available reference data. Accordingly, the observed defects are not taken into account
any further.

4.3. Assumed Long-Term Performance of Reinforcement Systems

The evaluation of the environmental impact of the manufactured reinforcements is
based on a comparison of performance characteristics with two commercially available
reinforcement types. Conventional steel rebars and pultruded high-performance CFRP
rebars serve as the primary benchmarks. Their mechanical properties are derived from the
standard definitions for B500B steel and technical data sheets provided by solidian [19].

A critical aspect of this study is the assessment of long-term environmental impacts.
The long-term durability of FRP reinforcements is affected by mechanical loading (stress)
and environmental influences (moisture, alkalinity, temperature) [53,54]. In particular,
GFRP and BFRP rebars are subject to a reduction in tensile strength over their service life
due to alkaline resistance or creep ruptures due to loads, which cause stress fractures. The
resulting microcracks in the matrix enable chemical damage of the fibres [29,54-56]. These
effects are much lower for CFRP rebars. Spelter et al. [57] could not evaluate a reduction
factor for the mechanical properties of CFRP. Standard reduction factors provided by DIN-
1992-1-1 [6] and the referencing DAfStb guideline [58] describe safety factors for accounting
for long-term behaviour under given influencing factors. This information is not applicable
to the materials in the assessment in this study, as the fabricated rebars are outside the
standard’s defined limits. Instead, this study investigates the potential of alternative
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materials by aligning long-term performance assumptions with a commercially available
benchmark, the commercially available Schéck Combar GFRP rebar [17]. For this product,
the data sheet gives a short-term tensile strength of 1050 MPa and a characteristic long-term
strength of 580 MPa for a service life of 100 years (5 % quantile, extrapolated from sustained-
load tests in highly alkaline, moist concrete). The ratio of approximately 1.8 comprises
the effects of sustained load and environment as well as the transition to the characteristic
value of the benchmark. It was applied to the mean short-term strengths of the in-house
rebars (804 MPa and 1106 MPa), yielding long-term strength of 445 MPa for GFRP. Due to
their similar behaviour and no long-term data being available, the same assumptions were
assumed for BFRP (610 MPa). For CFRP, reduction factors are much lower than the other
fibre reinforcements [57]. This should ensure that a realistic investigation of FRP potential
is conducted in accordance with industrial standards. The resulting assumed long-term
properties and the origin of each material composition used for the following assessment
are summarised in Table 4. These values do not yet include the partial safety factor, which
is applied in the structural design (y = 1.3, [58]).

Table 4. Scenario description of reinforcement materials, assumed long-term mechanical properties
as design strength before partial safety factors and material composition sources.

Long-Term
Acronym Material ~Tensile Strength ~ Young’s Modulus  Material Composition Source
in MPa in GPa
R1 B500B 500 200 DIN 488 [59]
R2 GFRP 445 42.5 This study
R3 BFRP 610 45.5 This study
R4 CFRP 1750 140 Backes et al. [9]

The mechanical properties of the reinforcement materials in this study differ from those
reported in the literature, necessitating a comparison of their environmental-mechanical
trade-offs. A notable divergence, such as Sbahieh et al. [22], lies in the assumed ten-
sile strengths, which cite 1300 MPa (910 MPa design strength) for GFRP and 1900 MPa
(1700 MPa design strength) for CFRP. The reinforcements produced via the DWM exhibit
lower characteristic values (see Table 4 and Figure 6). This discrepancy can be attributed
to inadequate fibre alignment and to the inherent variability of on-site automation com-
pared to that of stationary pultruded products. By utilising these more conservative,
in-house-measured tensile strengths, this study provides a realistic assessment of the
environmental-mechanical trade-off for decentralised additive manufacturing processes,
investigating the sustainability impact with materials that do not reach the theoretical limits
of high-end commercial composites.

Consequently, this leads to a relatively conservative reduction in the reinforcement
cross-section for FRP compared to steel, while other studies report significantly higher re-
duction factors; these are typically attributed to unconventional designs or a less prominent
consideration of long-term strength degradation [60]. By utilising these more conserva-
tive, in-house-measured tensile strengths, this study provides a realistic assessment of the
environmental-mechanical trade-off for decentralised additive manufacturing processes,
demonstrating that sustainability impact can be lowered even with materials that do not
reach the theoretical limits of high-end commercial composites.

5. E-LCA Results
5.1. Reinforcements

The cradle-to-gate E-LCA of the four reinforcement types per kilogram shows pro-
nounced differences across all fifteen environmental impact categories (see Table 5), with
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steel reinforcement consistently exhibiting the lowest environmental impacts. To ensure a
streamlined and focused evaluation the dominance analysis of the reinforcement materials
is limited to GWP-t. For steel, this study reports a GWP-t of 2.1 kg CO;-eq per kg, which is
in close agreement with literature values reported by Stoiber (2.3 kg CO»-eq per kg) and
Sbahieh (~1.9 kg CO,-eq per kg, when normalised to 1kg), indicating comparatively low
variability across studies. The slightly lower value reported by Sbahieh can be attributed
to methodological differences, particularly the omission of transport processes, the use
of a Qatar-specific geographical scope, and the application of GaBi background datasets,
whereas the other studies are based on European datasets. The dominance analysis further
shows that 99% of emissions originate from steel production (see Figure 8), while transport
and manufacturing contribute only marginal shares, confirming steel as the lowest-impact
reinforcement option on a mass basis.

Table 5. Environmental Life Cycle Assessment results for the reinforcement scenarios per kilogram
reinforcement material.

Indicator Unit R1 R2 R3 R4
GWP-t kg COy-eq 2.1 3.7 3.0 21.0
GWP-f kg COz-eq 2.1 3.7 3.0 21.0
GWP-b kg COy-eq 1.1x1073 4.7 x 1073 42x1073 2.2 x 1072
GWP-lu kg COy-eq 1.2 x 1073 45x 1073 3.7 x 1073 2.6 x 1072
OoDP kg CFC-11-eq 32x1077 34x10°° 1.2 x 1076 5.7 x 107°
AP molc HT eq 83 x 1073 24 %1072 1.4 x 1072 12 x 107!
EDP-f kg P-eq 9.6 x 1074 1.8 x 1073 1.6 x 1073 8.0 x 1073
EP-m kg N-eq 9.3 x107° 1.9 x107* 1.5 x 1074 1.9 x 1073
EP-t molc N eq 2.0x 1072 52 x 1072 33x 1072 22 x 1071
POCP kgNMVOC-eq 7.3 x 1073 1.6 x 1072 1.1 x 1072 6.8 x 1072
ADPE kg Sb-eq 7.1 x107° 41x107* 1.8 x 1074 25x 1074
ADPF MJ 21.5 52.4 47.1 263.4
WDP m3 world eq 0.9 13 1.0 438
PERT MJ-eq 15 6.3 5.2 31.8
PENRT  MJ-eq 24.2 68.3 60.0 313.0

R2 and R3 show intermediate environmental burdens with total GWP-t values of 3.7
and 3.0 kg CO»-eq, respectively. Their environmental profiles are shaped by the combined
contributions of epoxy resin, fibre production, and production. For R2, the fibre accounts
for 46% of its GWP-t and epoxy resin for 27%, while production contributes 26% and
transport 1%. R3 displays a slightly different pattern: epoxy resin contributes 43%, fibre
24%, production 32% and transport 2% (see Figure 8). Minor deviations in the sum of
contributions for R3 arise from the rounding of individual process contributions in the
E-LCA results. Across the full set of indicators, both materials remain close to one another.

When compared with the literature, the results of this study fall within a similar range:
for GFRP, values span from 2.1kg CO,-eq per kg [16] to approximately 2.7 kg COy-eq
per kg (normalised to 1kg reinforcement material [22]). The lower values reported by
Sbahieh et al. [22] are again linked to simplified system boundaries and a non-European
context using GaBi datasets, leading to differences in characterisation and emission factors.
Pavlovi¢ et al. [21], based on ecoinvent APOS datasets, report higher values (~4.84 kg
CO;-eq per metre for a 6 mm bar). However, direct comparability on a kg basis is limited
due to missing information on material properties, preventing a reliable conversion. A
similar trend is observed for BFRP, where literature values range from 1.6 kg CO,-eq per
kg [16] to 2.71 kg CO,-eq per metre [21], with comparability again constrained by the use
of length-based functional units and APOS background data.

R4 shows the highest environmental burdens across all impact categories. Its
cradle-to-gate GWP-t is 21.0 kg CO,-eq, more than six times higher than glass or basalt
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fibre, and nearly ten times higher than steel. The majority of this impact (89%) originates
from the carbon fibre itself, while epoxy resin contributes 6%, and the production of the
reinforcement amounts to 5%. It should be noted that these results do not include "credit
blend raw fibre" due to the lack of available inventory data. Consequently, the reported
impacts for R4 may represent a conservative estimate, and the actual environmental bur-
dens could be higher. This result is consistent with other European assessments, including
Kromoser et al. [16] (21.5 kg CO,-eq per kg) and Stoiber et al. [61] (19.7 kg COz-eq per kg),
and exceeds the normalised result reported by Sbahieh et al. [22] (~17.2 kg CO,-eq per kg),
which can again be explained by differences in system boundaries and the use of the GaBi
database with regional datasets outside Europe.

Overall, while absolute GWP-t values vary across the literature, primarily due to
differences in functional units, geographical scope, background datasets, and system
boundaries, a consistent pattern emerges: CFRP exhibits the highest GWP-t, GFRP and
BFRP intermediate values, and steel the lowest impacts on a mass basis. The classification
of reinforcement materials in the literature is therefore typically limited to GWP-t, as it is
the only impact category consistently assessed across all studies [16,21,22,61]. However,
the comparison highlights that results should be interpreted in terms of relative trends
rather than absolute values, given the strong influence of modelling assumptions.

Among the fifteen indicators (see Table 5), one outlier emerges for the glass fibre
reinforcement: ADPE reaches 4.1 x 10~* kg Sb-eq, more than twice as much as basalt
fibre (1.8 x 10~*kg) and substantially above carbon fibre (2.5 x 10~*kg). Taken together,
the results emphasise that the cradle-to-gate environmental performance per kilogram of
reinforcement material varies strongly by material type. For this comparison value, steel
offers the lowest-impact option, carbon fibre the highest-impact option, and glass and
basalt fibres occupy an intermediate position, with modest variations across specific impact
categories.

25

R1 R2 R3 R4

reinforcement material scenarios

steel MWepoxy resin W fibre ®transport M production

Figure 8. Dominance analysis of the four reinforcement scenarios, illustrating the influence of steel,
epoxy resin, fibre, transport and production on total cradle-to-gate impacts.

Building on these findings, the GWP-t impacts associated with 1 kg of reinforcement
were normalised by the tensile strength and Young’s modulus of the respective materials,
resulting in performance-based environmental impacts expressed as kg CO2-eq per MPA
(impact per unit mechanical property) (see Table 6). Since the reinforcement materials differ
in their mechanical properties (see Table 1), the normalisation allows the environmental
impacts to be assessed not only per kilogram of material but also per unit of mechanical
performance, thereby further highlighting the environmental differences between the re-
inforcement types on a functionally equivalent basis. R3 achieves the lowest GWP-t per
unit of tensile strength, indicating the most favourable balance between carbon footprint
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and load-carrying capacity. R1, while not the lowest in this category, still performs competi-
tively and represents the next most carbon-efficient option relative to tensile strength. R2
occupies an intermediate position, whereas R4 exhibits a markedly higher GWP-t per unit
tensile capacity, underscoring its substantially greater embodied carbon despite its high
mechanical efficiency.

Table 6. Global Warming Potential total for life cycle phase Al of 1kg of the four reinforcement
scenarios normalised by tensile strength and Young’s Modulus.

Impact per Unit

Mechanical Unit R1 R2 R3 R4
Property
GWP-t/tensile kg COs-eq/MPa  37x1073  61x1073 34x107% 1.14 x 1072
strength
GWP-t/Young’s  kgCOj-eq/MPa  9x107®  64x107° 46x107° 143 x107*
modulus

When normalised by Young’s Modulus, the ranking shifts slightly: steel reinforce-
ment becomes the most carbon-efficient option per unit, while basalt and glass fibres fall
into a moderate range. Carbon fibre again shows the highest GWP-t per Young’s Mod-
ulus, exceeding all other reinforcement types by a significant margin. Together, these
results demonstrate that the environmental efficiency of reinforcement materials depends
not only on their absolute impact but also on how effectively they translate embodied
emissions into mechanical performance. Basalt fibre offers the best carbon-to-strength
efficiency, steel provides the best carbon-to-stiffness balance, and carbon fibre consistently
performs the poorest under both metrics due to its high Al-stage emissions relative to its
mechanical properties.

5.2. Concrete Mixtures

The environmental results of the ten additive manufacturing concrete mixtures (see
Table 7) show substantial variation, driven by differences in cement content and aggregate
composition. Across all mixtures, the A1 stage (raw material production) accounts for the
vast majority of the total GWP-t [39], while the A2 (transport) and A3 (manufacturing)
stages contribute only marginally, and this dominance is reflected consistently across all
mixtures. Across all mixtures, cement is the dominant contributor, accounting for 66-86%
of total GWP-t per m>. The results demonstrate that environmental burdens are strongly
governed by the amount and type of cement used, while the influence of aggregates,
admixtures, transport and production remains comparatively minor.

The GWP-t results show a pronounced differentiation between the mixtures. The
Portland-cement-rich mixtures C1, C2 and C3 exhibit the highest climate impacts, exceeding
568-696 kg CO,y-eq per m®. These mixtures contain the largest proportions of CEM I
(ranging from 550 to 700kg/m?3), which directly reflects their high contribution to the
GWP-t with well over 80% of their embodied emissions. These mixtures also produce the
highest values in most other impact categories. C1 and C3 are also influenced by the usage
of PVAf and carboxy cellulose, contributing together 9% and 10% for C1 and C3, which is
quite high in perspective of the overall sum of the GWP-t. C2 has such high amounts of
admixtures that they contribute 8% to the overall GWP-t.

The mixtures C4, C5, and C6, each containing approximately 371-376 kg of Portland
cement in combination with ggbfs, exhibit substantially lower GWP-t values (384-392 kg
CO,-eq/m?) than the Portland-cement-dominated mixtures. Although cement still accounts
for more than 80% of their total GWP-t, the strategic reduction of clinker and the partial
substitution with ggbfs significantly decrease the overall climate impact. Ggbfs itself
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contributes roughly 9% to the total GWP-t in all three mixtures. Moreover, the use of sand,
gravel and recycled gravel instead of silica sand (as used in C1 - C3) slightly reduces the
impact intensity, since silica sand exhibits a higher footprint in several categories.

Table 7. Environmental impact indicators per m? for the ten additive manufacturing concrete mixtures
(C1-C10) across all analysed E-LCA impact categories.

Indicator Unit C1 C2 C3 C4 C5 Ce Cc7 (@] 9 C10
GWP-t kg COy-eq 696 623 568 392 387 384 429 191 469 334
GWP-f kg COz-eq 696 622 568 392 387 384 429 187 469 334
GWP-b kg COy-eq 0.03 1.03 0.01 0.10 0.10 0.10 0.08 3.52 0.05 0.19
GWP-lu kg COy-eq 0.15 0.12 0.13 0.13 0.13 0.13 0.11 0.07 0.22 0.16
OoDP kg CFC-11-eq X 10-° 4.6 4.3 4.0 3.7 3.7 3.7 4.7 2.9 5.0 44

AP molc HT eq 1.67 1.49 1.41 1.10 1.07 1.06 0.99 0.52 1.49 1.33
EP-f kg P-eq 0.08 0.07 0.07 0.05 0.05 0.05 0.05 0.03 0.07 0.05
EP-m kg N-eq X 102 3.6 2.9 34 0.43 0.42 0.41 0.47 0.47 3.5 0.83
EP-t molc N eq 5.02 4.59 4.18 2.93 2.89 2.86 2.80 1.50 3.72 3.47
POCP kg NMVOC-eq 1.50 1.35 1.26 0.90 0.88 0.87 0.96 0.50 1.18 1.02
ADPE kg Sb-eq x 104 9.2 6.5 7.8 150 150 140 380 5.2 10 7.0

ADPF M] 3299 3559 2858 1955 1896 1886 2758 1284 2998 2791
WDP m3 world eq 162 128 158 142 140 117 162 43 146 93

PERT MJ-eq 410 229 342 161 158 153 141 142 423 187
PENRT MJ-eq 3895 4024 3341 2338 2271 2255 3193 1509 3541 3076

Mixtures C7 achieves further reductions in clinker demand by lowering the Portland
cement content to 331 kg/m? and substituting substantial portions with calcined clay and
limestone. As a result, CEM I contributes only 66% to the global GWP-t, while calcined
clay accounts for 21%. Admixtures contribute an additional 7% to the climate impact due
to their elevated relative share within the now-reduced overall GWP-t, while C7 performs
well across most impact categories, it stands out as an outlier in ADPE, where it exhibits
the highest value among all mixtures, as well as in water use, where it ranks at the upper
end together with C1. C7 also shows the second highest value in ODP, following C9.

Mixture C9, which is based on CEM III/ A, contains 700 kg/m? of binder and therefore
shows a higher GWP-t than mixtures C4-C8, despite their reliance on CEM I, because these
mixtures use substantially lower amounts of it. In C9, cement accounts for 80% of its total
GWP-t, while additives account for 14% due to their comparatively higher proportional
share in the mixture. C9 also presents several outlier behaviours, as it shows the highest
ODP and GWP-lu among all mixtures and the second-highest EP-m value.

Mixture C10, based on CEM 1III/B with a total cementitious material content of approx-
imately 400 kg/m?3, achieves the second-lowest GWP-t in the dataset while simultaneously
delivering the lowest compressive strength class (C12/15). Cement accounts for 44% of
total GWP-t, with CSA cement accounting for an additional 39%. Silica sand contributes
8%, and admixtures about 3%. The strong reduction in clinker content, together with the
high proportion of ggbfs and CSA cement, results in a substantially improved climate and
resource profile across most categories.

The elevated ADPE value of mixture C7 is mainly caused by the comparatively
high dosage of VMA (2.0 kg/m?®), while mixtures C4, C5 and Cé6 also show com-
paratively elevated ADPE values due to the inclusion of VMA; the lower admixture
dosage (0.74-0.75 kg /m3) results in substantially smaller contributions than C7. How-
ever, as outlined in Section 3.3, ADPE results should be interpreted with caution due to
the high uncertainties associated with this indicator and the still limited experience in its
application within E-LCA studies.

The results for mixtures C2, C8, and C10 are subject to additional uncertainty because
product-specific inventory data for the incorporated defoamer and stabiliser were unavail-
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able, and their potential contributions to individual impact categories could therefore not
be robustly quantified.

Overall, integrating the A1, A2, and A3 separation confirms that A1 overwhelmingly
drives the total GWP-t and that the environmental profiles of the mixtures are shaped
primarily by the quantity and type of cement and aggregate materials used. Mixtures
with lower binder contents and fewer high-impact speciality constituents perform best,
demonstrating that substantial impact reductions can be achieved through careful material
selection, without necessarily compromising compressive strength requirements. This
aligns with Scrivener et al. [51], who identify clinker content and binder intensity as the
main drivers of concrete’s environmental impact and highlight clinker substitution and
optimised aggregate packing as key strategies for reducing CO; emissions.

The comparison of AM and conventional manufacturing (CM) concrete mixtures
across compressive strength classes shows a clear divergence in absolute GWP-t values (see
Figure 9).
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Figure 9. Comparison of GWP-t ranges across compressive strength classes for CM and AM concrete.

AM mixtures exhibit consistently higher GWP-t values within each strength class,
with mean values increasing notably toward higher strength classes. In contrast, CM
mixtures show a more gradual increase in GWP-t. This divergence can be attributed to the
more complex mix design requirements of AM concrete, which must satisfy conflicting
rheological constraints, combining sufficient flowability for extrusion with rapid stiffness
and buildability to support subsequent layers [62]. These requirements lead to more
material-intensive formulations, making AM mixtures particularly sensitive to mix design,
especially at higher strength classes where GWP-t levels peak.

5.3. Dynamic Fibre Winding

The results of the DWM analysis (see Figure 10) show a clear reduction in the environ-
mental burden of the DWM as service life increases. The GWP-t per hour of printing time
steadily declines from around 0.70 kg CO,-eq at shorter service-life assumptions to below
0.25kg CO,-eq at the upper end. This behaviour reflects the amortisation of the machine’s
fixed upstream and operational impacts over a larger number of productive hours. When
this hourly impact is normalised by the amount of fibre reinforcement the system can
produce per hour, the resulting GWP-t per metre of produced reinforcement remains very
low with 0.023 kg CO,-eq and shows only a slight downward trend. This indicates that
while a longer service life significantly reduces the DWM'’s hourly environmental intensity,
the impact allocated per metre of reinforcement is inherently small due to high production
efficiency of the process. Overall, these findings demonstrate that the carbon efficiency of
the DWM system improves markedly with increasing service life.
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A comparison of the reinforcement production processes highlights noticeable differ-
ences in environmental performance. The DWM process evaluated in this study, including
the associated electricity consumption, results in emissions of 0.96 kg CO;-eq per kg of
reinforcement, assuming a service life of 10,000 operating hours for the machine. This
value is higher than the 0.57 kg CO;-eq per kg reported for conventional pultrusion pro-
cesses [63]. The dominant production contribution within the DWM process originates
from the machine depreciation (~=70%), while only about 30% of the emissions stem from
the actual energy consumption during operation (see Figure 8). This indicates that the
environmental impact of the DWM is largely driven by capital equipment allocation rather
than process energy demand.
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service life of Dynamic Winding Machine in printing hours

——GWP-t in kg CO2-eq/1 h printing time ——GWP-t in kg CO2-eq/1 m fibre reinforcement

Figure 10. GWP-t impact of the DWM per fabrication hour and 1 m of fibre reinforcement depending
on the service life.

5.4. Beam Case Study

Table 8 shows the cross-section dimensions for each concrete, derived based on the
requirements for steel reinforcement under the conditions described in Section 3.1. The
FRP-reinforced cross-sections are reduced in height by 5mm. As the study compares rein-
forcement materials for a generic beam and not for a specific structure, no exposure class
was verified; instead, the lowest exposure class XC1 (service life of 100 years, structural
class 52 was adopted as the reference condition. For these conditions, the minimum cover
according to DIN EN 1992-1-1 [6] and the DAfStb guideline [58] differs by 5 mm between
steel and non-metallic reinforcement. The guideline value for FRP reinforcements is inde-
pendent of the concrete strength class and applies to bar diameters below 16 mm, so the
reduction was applied uniformly. The results are therefore valid for this reference condition,
and the achievable reduction in other exposure classes has to be determined separately.

For each cross-section, the structural simulations were used to determine the required
quantities of longitudinal and stirrup reinforcement based on the applied loads. These
results served as the basis for calculating the net concrete volume, obtained by subtracting
the reinforcement volume from the gross cross-section. In parallel, the corresponding
reinforcement mass was derived for each configuration. The resulting geometrical and
material quantities are summarised in Table 9. C12/15 shows increased values for GFRP
and BFRP compared with the remaining reinforcement quantities, which is caused by an
increased longitudinal reinforcement mass. As the calculations were conducted consis-
tently across all designs, these values reflect the interaction between low concrete strength
and FRP reinforcement mechanics. Specifically, this sharp increase may be governed by
the structural design requirements for SLS stiffness and cracking control requirements,
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rather than ultimate load-bearing capacity alone. Further discussion of these constraints is
provided in Section 6.2. However, they should be regarded with caution.

Table 8. Conventional beam dimensions for the calculation of the minimum amount of reinforcement
according to the concrete mixture properties.

Concrete Height in m Width in m
C12/15 0.436 0.218
C20/25 0.421 0.210
C25/30 0.412 0.206
C30/37 0.400 0.200
C35/45 0.390 0.195
C40/50 0.380 0.190
C45/55 0.369 0.185
C60/75 0.342 0.171

Table 9. Reinforcement mass (g 4}) and required concrete volume (Voonerete,r{1.4}) fOr each
analysed compressive strength class needed to meet the structural requirements of the beam.

C12/15 C20/25 C25/30 C30/37 C35/45 C40/50 C45/55 C60/76
mgy [kg] 19.08 18.94 18.86 18.74 18.65 20.04 19.89 21.06
Veoncrete,r1 [m?] 0.38 0.35 0.34 0.32 0.30 0.29 0.27 0.23
mgo [kg] 10.19 6.58 6.53 6.46 6.80 6.73 7.05 7.20
Veeoncrete,r2 [m?] 0.33 0.31 0.29 0.28 0.26 0.25 0.23 0.20
mgs [kg] 9.31 5.29 5.69 5.63 5.58 5.93 5.87 5.30
Veoncrete k3 [m°] 0.33 0.31 0.30 0.28 0.26 0.25 0.23 0.20
mpy [kg] 2.80 2.47 2.45 2.43 2.41 2.69 2.66 2.59
Veoncrete k4 [m°] 0.34 0.31 0.30 0.28 0.26 0.25 0.23 0.20

The GWP-t of the optimised beam exhibits considerable variation across both rein-
forcement types and concrete strength classes, as illustrated in Figure 11. This variability
reflects the combined influence of the intrinsic environmental burdens of the constituent
materials and the differing structural performance requirements associated with each com-
pressive strength class. In general, CM concrete solutions demonstrate lower GWP-t values
compared to AM concretes, with the notable exception of the C20/25 class, where the
minimum GWP-t values of AM beams fall below those of CM beams. This behaviour is
consistent with the trends observed in Figure 9, where the minimum environmental impacts
of CM concrete are lower than their AM counterparts for the remaining strength classes.
Regarding reinforcement strategies, R2 and R3 consistently yield the lowest GWP-t values
for both CM and AM beams, except in the case of the C12/25 class, where R1 achieves
the lowest GWP-t for CM concrete. R2 and R3 exhibit highly comparable environmental
performance, with substantial overlap in both minimum and maximum GWP-t values,
and neither material consistently outperforms the other. These fibre-based reinforcements,
therefore, form a clear intermediate category, significantly outperforming R4. R4, despite its
high mechanical efficiency, results in the highest GWP-t values at the beam level across all
strength classes, particularly when considering minimum values. The similarity between
Figures 9 and 11 further indicates that the environmental impact of the beam is strongly
governed by the concrete component. This suggests that the contribution of the concrete
mixture dominates the overall GWP-t while reinforcement plays a secondary, though still
significant, role. Overall, the results demonstrate that the environmental performance
of optimised beams is governed by the interaction between reinforcement type, concrete
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composition, and required strength class. R2 and R3 exhibit, on average, in most strength
classes, 13% and 15% lower GWP-t values than R1, whereas R4 consistently results in the
highest embodied carbon. These findings underline the importance of integrated material
selection strategies, in which both concrete mix design and reinforcement choice are aligned
with sustainability objectives.

The interpretation of these results must be considered in the context of existing E-LCA
studies, where the performance of FRP and steel reinforcement is strongly influenced
by environmental conditions and design assumptions. Studies by Sbahieh et al. [22],
Dong et al. [23], Pavlovi¢ et al. [21], and Steckbauer et al. [60] frequently report supe-
rior environmental performance for FRP-reinforced systems. However, these findings
are typically based on specific design strategies. A key parameter in this context is the
treatment of concrete cover. Optimisation-based approaches, such as Dong et al. [23], con-
sider aggressive environments and exploit the corrosion resistance of FRP to significantly
reduce cover thickness, enabling slender cross-sections and substantial concrete savings.
In contrast, validation approaches (e.g., Pavlovi¢ et al. [21]) maintain identical geometries
to isolate mechanical effects. The present study bridges these approaches by ensuring
structural equivalence while allowing geometric adaptation to material properties. Unlike
optimisation-focused studies, it does not assume aggressive exposure conditions or extreme
cover reductions. Instead, it demonstrates that GFRP and BFRP reinforcements remain
environmentally competitive with steel even under conventional design conditions, where
the influence of corrosion resistance is less pronounced.
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Figure 11. Range of GWP-t values for the optimised beam case study across all reinforcement types
(R1-R4) and concrete compressive strength classes (C12/15-C60/75).

For a more detailed assessment of the relative contributions of concrete and reinforce-
ment to the beam’s GWP-t, the strength class C20/25 with the AM mixture C8 was selected
(see Figure 12). For steel reinforcement, the C20/25 scenario shows that, even though
steel requires the largest reinforcement mass, the contribution of the reinforcement to the
GWP-t remains very small in the minimum case, accounting for only 6% of the beam’s
overall impact. The remaining 94% originates from the concrete. In the maximum case,
however, the share of the reinforcement increases substantially to 36%, leading to GWP-t
values that exceed the maximum scenarios of R2 and R3. Notably, even the minimum
reinforcement-related impact of the R4 scenario remains higher than the maximum rein-
forcement contribution of steel. For the R2 and R3 scenarios, the reinforcement accounts
for 21-28% of the GWP-t across the minimum and maximum configurations, placing both
materials in a narrow and consistent mid-range. The highest reinforcement shares occur
in the R4 scenario, where reinforcement contributes 48-52% of the GWP-t, making R4
the CFRP the dominant environmental driver in this configuration despite its low mass
requirement. These results substantiate the earlier observation that the concrete component
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exerts a predominant influence on the overall GWP-t of the beam, although the choice of
reinforcement material can substantially alter the relative contribution and, in some cases,
the total environmental impact.
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Figure 12. GWP-t distribution for the beam between reinforcement and AM concrete for the compres-
sive strength class C20/25 (C8).

6. Discussion
6.1. Reinforcement and Production

The investigations and findings on environmental impact in this paper are based on
in-house-produced reinforcements with a DWM. The production method is a research
objective for the fabrication of free-formable reinforcement strands. The tensile tests
revealed average tensile strengths of 1106 = 86 MPa for BFRP and 804 £ 42 MPa for GFRP.
Similarly, the Young’s moduli were determined to be 45.4 GPa and 42.5 GPa. Both the
strength and stiffness values of the specimens are lower than the specifications provided by
manufacturers of commercially available pultruded rebars. This discrepancy is primarily
attributable to the measured fibre volume fraction of 55-60%. Future investigations should
include void content tests to determine whether these differences can be attributed to higher
void contents. Furthermore, the observed failure modes suggest that the manufacturing
process offers potential for further refinement. The mechanical properties used in this study
were determined on rebar specimens that contained the observed manufacturing defects
and scatter, so their influence is included in the tested values for the investigated rebars
and beam case study. With increasing rebar length and component size, the probability
of critical defects increases, exerting a stronger influence on strength and, consequently,
on the required reinforcement quantity and the LCA results. Scaling up the technology,
therefore, requires further tests and evaluations on larger reinforcement structures to derive
new characteristic values and verify them.

The axial failure at BFRP rebars may be caused by uneven pre-tensioning of the rovings
during production, which generates internal shear forces and leads to subsequent sliding
between fibre strands. The failure of individual fibre bundles is thought to be the cause of
the abrupt drops in the stress—strain curve. Other possible contributions are incomplete
impregnation of the rovings in the resin bath, local defects, a lower fibre volume fraction
and the interfacial shear strength (IFSS) between the basalt fibres and the epoxy matrix,
which depends on the fibre sizing and its compatibility with the MGS RIMR 426 system.
IFSS was not measured in this study, so this explanation remains a hypothesis.

Future iterations of the DWM production are expected to yield higher fibre compaction,
better guidance and consistent pre-tensioning, leading to mechanical properties more
closely aligned with industrial standards. The fibre volume content of the BFRP rebars
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(55.7 %) is in this comparison lower than that of the GFRP rebars (60.8 %) at a comparable
fibre cross-section, so that an adjusted resin removal is expected to slightly increase the
strength and stiffness related to the gross cross-section. The influence of a more uniform
fibre alignment and pre-tensioning on the structural performance could not be quantified
with the present data and has to be investigated in future production series with controlled
roving tension. However, Rothe et al. [28] demonstrated through direct comparison that the
tensile strength of these self-produced GFRP strands is comparable to that of commercial
rebars. To ensure maximum transparency and design reliability, these self-verified values
were used and adopted for the structural design in this work.

The stirrup strength is based on a factor transferred from a commercial product (see
Section 3.1). The corner strength of continuously wound fibres may differ from that of
factory-bent rebars, since it depends on the bend radius, the fibre type and the production
method. The behaviour of DWM reinforcement at bent sections is therefore an interesting
subject for further research, e.g., through tensile tests on bent specimens with varying
bend radii.

The evaluation of the sustainability impact of FRP reinforcements focuses on fibre
types, while the matrix system was kept constant to ensure comparability. This isolated
approach allows for a direct assessment of fibre influence but excludes potential ecological
optimisations through alternative or bio-based resin systems. Integrating such matrix
systems could further improve the environmental performance of FRP reinforcements
relative to the steel-reinforced benchmark beyond the results presented.

6.2. Simulation

The comparative analysis is based on a steel-reinforced concrete beam baseline, against
which various AM mixtures and FRP reinforcement types are benchmarked. To ensure a
technically rigorous comparison, an iterative Python-based optimisation was employed.
This approach adjusted the geometry based on the specific compressive strengths and
Young’s Moduli of the concrete mixtures. Compared to a closed-form governing-criterion
solution, obtained by enforcing exact equivalence with respect to whichever criterion is
more restrictive, the weighted approach used in this study systematically unsatisfies the
governing criterion rather than approaching it as w increases. For concrete classes close
to the reference class C30/37, this deviation remains below 10 %, and can reasonably be
regarded as negligible. For the marginal classes, this deviation is substantial, reflecting a
shift in the governing criterion from load-bearing capacity to stiffness as concrete strength
increases, since the characteristic compression strength varies more strongly across the
investigated classes than the Young’s modulus. This confirms that a single-criterion as-
sessment would not adequately capture the governing constraint across the full range of
concrete classes. Given these limitations, the presented cross-section design should be seen
as a comparative baseline that provides a consistent, reproducible basis for comparing con-
crete classes under simplified yet physically motivated proxy criteria, prior to the detailed
reinforcement design carried out in SOFiSTiK. The proxy criteria are exclusively to define
a common concrete cross-section for each concrete class. Within this scope, the method
captures the two most relevant structural design aspects, flexural load-bearing capacity and
stiffness, while deliberately trading a degree of criterion-specific precision for a balanced,
extensible formulation. The reinforcement quantities entering the life cycle assessment
therefore result from a design based on the actual mechanics of each material, not from
the proxy criteria. The results are therefore valid as a comparison under equal geometric
boundary conditions and should not be read as a design-ready optimisation. Results for
classes at the margins of the investigated range should accordingly be interpreted with
caution. Furthermore, the concrete cover was reduced for the FRP variants in compliance
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with DAfStb guideline for non-metallic reinforcements [58] and DIN 1992-1-1 [6], reflecting
the material’s inherent corrosion resistance. However, it must be noted that this study
utilised conventional structural assumptions as a baseline for the optimisation process,
while the current calculation uses a mechanically driven adaptation to meet structural
comparability of the beam cross-sections, it does not yet account for an ecologically driven
optimisation. Incorporating environmental impact as a direct variable into the iterative pro-
cess could yield significantly different beam geometries and reinforcement ratios for each
material type. Furthermore, to fully exploit the fibre potential of the DWM process, future
designs could transcend conventional reinforcement layouts. For instance, dissolving tradi-
tional stirrup configurations in favour of continuous, multi-axial longitudinal layouts could
further enhance structural efficiency and reduce material consumption. Consequently,
the results presented here represent a conservative benchmark that could be further im-
proved by transitioning from conventional reinforcement logic to a truly fibre-optimised
design approach.

6.3. Beam Case Study

Although the potential for material optimisation may be higher in specialised applica-
tions or complex structural components, a standardised beam element was selected as the
primary benchmark to ensure a transparent, generalisable analysis. This fundamental case
study isolates the environmental and mechanical performance of in-house-manufactured
FRP reinforcements from the effects of intricate geometries, establishing a reliable baseline
for comparison with conventional steel. However, it is important to note that these results
still represent a conservative application of 3D-printing technology, while the cross-sections
were optimised for material properties, the simulation remains bound by traditional pris-
matic beam geometries.

The applicability of the present findings to other structural systems must be considered
with caution. The analysed case study focuses on relatively short-span, non-prestressed
beams, and the environmental ranking of reinforcement systems may change for larger
span elements, which typically require substantially different structural concepts, higher
reinforcement ratios, prestressing, or alternative cross-section geometries. Moreover, the
conclusions derived here for load-bearing beams cannot be directly transferred to non-
structural elements, such as facade panels. In facade applications, textile- or fibre-reinforced
concrete systems have been shown to outperform steel-reinforced solutions from an en-
vironmental perspective, as demonstrated by Laiblova et al. [64], primarily due to their
significantly reduced concrete cover requirements and lower material volumes. Accord-
ingly, any assessment of environmental sustainability requires a careful application-specific
evaluation, as conclusions cannot be generalised across different structural functions, ge-
ometries, and design requirements.

6.4. Environmental Life Cycle Assessment

While the present study focuses exclusively on cradle-to-gate impacts, it is important
to acknowledge that a complete environmental assessment of reinforced concrete structures
would also need to consider the use phase and end-of-life (EoL) stages. Parameters such as
durability, maintenance requirements, service life extension, and potential reuse or recy-
cling pathways may substantially influence the total life-cycle impact and, in some cases,
alter the relative performance of different reinforcement systems. For FRP materials in
particular, the EoL phase remains highly uncertain. Multiple EoL pathways are theoretically
possible for composite materials, including landfill, incineration, mechanical recycling, and
various forms of downcycling. However, the lack of established and widely implemented
industrial processes, combined with limited empirical field data for FRP-reinforced concrete
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structures, makes it difficult to define representative and robust Module C and D scenarios
without introducing significant uncertainty into the assessment [21]. Dedicated research on
EoL aspects of CFRP concrete has been conducted by Backes et al. [65], who demonstrated
that end-of-life assumptions can have a considerable impact on the overall environmental
profile of carbon-reinforced concrete components. Their work illustrates both the potential
importance of EoL modelling and the sensitivity of results to assumptions on recycling
routes, energy recovery, and allocation procedures. However, these findings are currently
limited to CFRP-based systems and cannot be directly transferred to glass- or basalt-fibre
reinforcement due to differences in material composition, recycling potential, and techno-
logical maturity. In contrast, steel reinforcement benefits from well-established recycling
routes and efficient recovery from demolished concrete. Consequently, the relative en-
vironmental performance of GFRP and BFRP compared to steel may change when EoL
processes and associated recycling credits are incorporated into the assessment. Given these
uncertainties, extending the present assessment to include use-phase and EoL stages would
require a comprehensive set of well-founded assumptions that cannot yet be supported by
practice or reliable data for all reinforcement types investigated.

7. Conclusions

A key finding of this comparative E-LCA is that GFRP and BFRP reinforcements
manufactured in-house using the DWM can achieve GWP-t levels comparable to conven-
tional steel reinforcement while providing sufficient mechanical performance for the beam
case study.

The mechanical basis is supported by tensile tests yielding average strengths of
1106 MPa for BFRP and 804 MPa for GFRP, with Young’s moduli of 45.4 GPa and 42.5 GPa,
respectively. Although these values are lower than industrial pultrusion standards, primar-
ily due to a moderate fibre volume fraction (55-60%), the use of these self-verified data
points ensures a transparent and reliable structural design. Observed failure modes and
tensile curve progressions identify clear technical pathways for further refining the DWM,
specifically in fibre compaction and alignment.

At the structural level, GFRP and BFRP achieved GWP-t values comparable to, and in
some scenarios lower than, those of conventional steel reinforcement, with GWP-t reduced
by up to 13% and 15%, respectively. These results highlight the potential of the DWM
wound reinforcement as a sustainable alternative for concrete reinforcement. While CFRP
exhibits superior mechanical properties, its environmental burden remains significantly
higher compared to the three alternative analysed materials.

Beyond the reinforcement material, concrete mix design remained the dominant driver
of environmental impacts in the beam case study, with the concrete mixture contributing
more than 50% of the GWP-t across both the minimum and maximum scenarios, exceeding
the contribution of the reinforcement materials.

The results further indicate that free-form reinforcement produced by DWM can
enable environmental benefits even when using materials with lower mechanical perfor-
mance. However, material substitution alone is insufficient to fully exploit this potential.
Meaningful environmental improvements require the combined optimisation of reinforce-
ment design, structural geometry, and material selection, highlighting the importance of
integrated design approaches rather than simple one-to-one substitution strategies.

The findings substantiate that, for the selected structural component analysed in
this study, transitioning to automated FRP fabrication provides a measurably more sus-
tainable solution compared to conventional steel reinforcement. By fully embracing the
free-form potential of this approach, future concrete components can be geometrically
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tailored to drastically reduce material consumption and mitigate the high carbon intensity
of the sector.
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ADPE abiotic depletion potential for non-fossil resources
ADPF abiotic depletion potential for fossil resources
AMC Additive Manufacturing in Construction

AM Additive Manufacturing

AP Acidification Potential

AR alkaline-resistant

BFRP basalt fibre-reinforced polymers

cc calcined clay

CFRP carbon fibre-reinforced polymers

CM Conventional Manufacturing

CSA Calcium Sulfoaluminate cement

d defoamer

DWM Dynamic Winding Machine

E-CR electric corrosion-resistant

E-LCA  Environmental Life Cycle Assessment

EoL End-of-Life

EPD Environmental Product Declaration

EP-f eutrophication potential-aquatic freshwater
EP-m eutrophication potential-aquatic marine
EP-t eutrophication potential-terrestrial

fa fly ash

FRP fibre-reinforced polymer

GFRP glass fibre-reinforced polymers
ggbfs ground granulated blast furnace slag
GWP-b  Global Warming Potential biogenic
GWP-f  Global Warming Potential fossil
GWP-lu  Global Warming Potential land use
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GWP-t  Global Warming Potential total

1 limestone

LCIA Life Cycle Impact Assessment

MC Methylcellulose

oDp Ozone Depletion Potential

PENRT total use of non-renewable primary energy resources

PERT total use of renewable primary energy resources

POCP Formation potential of tropospheric ozone photochemical oxidants
) plasticiser

PVAf Polyvinyl Alcohol fibre

r retarder

rca recycled coarse aggregate

s sand

sa set accelerator

SCMs Supplementary Cementitious Materials

SLS Serviceability Limit State
ss silica sand

st stabilizer

ULS Ultimate Limit State

VMA Viscosity Modifying Agent
WDP water Depletion Potential
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