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Abstract. This study investigates the potential of geopolymer reinforcement for extrusion-
based 3D printing using in-situ impregnation of continuous carbon fibre. The geopolymer is
composed of fly ash, ground granulated blast furnace slag and an activator, specifically devel-
oped for 3D printing. Although 3DCP has seen significant advancements in recent years, struc-
tural reinforcement remains a largely unresolved challenge. In conventional concrete construc-
tion, steel reinforcement is used to withstand tensile forces that cannot be absorbed by the
mineral building material alone, creating the composite material reinforced concrete. For addi-
tive manufacturing to remain competitive, printed concrete must offer comparable quality and
performance, without compromising the benefits of geometric freedom, digital design, and au-
tomation. The use of continuous carbon fibre strands with a functional epoxy resin infiltration
enables strong adhesion between the fibre and the geopolymer matrix, allowing for layer-wise
reinforcement in tensile zones. Moreover, clinker-free geopolymers activated by highly alkaline
solutions offer a more sustainable alternative by significantly reducing CO, emissions. Various
combinations of geopolymer matrix and carbon fibre reinforcement are evaluated through
three-point bending tests to determine flexural tensile strength, and through pull-out tests to
assess peak load. Microscopic investigations using light microscopy and scanning electron
microscopy (SEM) are conducted to analyse the interfacial bonding between fibre, geopoly-
mer, and epoxy resin. The results demonstrate that embedding impregnated fibres "fresh-in-
fresh" provides the most effective fibre—mortar bond, without limiting shape flexibility during
printing.

Keywords: Geopolymer, Continuous Fibre Reinforcement, Carbon Fibre Impregnation,
Fresh-in-Fresh-Embedding, Pullout Strength, Flexural Strength, Fibre-Matrix Adhesion,
Microstructural Analysis

1. Introduction and Motivation

3D concrete printing (3DCP) is fundamentally transforming the construction sector, offering
significant advantages like greater geometric freedom, enhanced digital design, and increased
automation. This is achieved by building structures layer by layer [1]. Using clinker-free geo-
polymers, activated by highly alkaline solutions, provides a more sustainable choice by con-
siderably limiting CO, emissions. This aligns well with ongoing efforts towards environmentally
friendlier building methods [2,3].
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Despite these advances, the inherent anisotropic behaviour and generally lower tensile
strength of 3D printed concrete structures are key limitations. In traditional building, steel rein-
forcement is fundamental for resisting tensile forces and ensuring structural integrity. For
3DCP to gain widespread acceptance and stay competitive, reinforcement strategies must be
both effective and compatible with the high degree of design freedom. Integrating traditional,
rigid steel reinforcement into the automated, layer-by-layer 3D printing process presents con-
siderable difficulties. This highlights a critical need for novel, adaptable reinforcement solutions
that can be integrated into the printing process, providing the necessary tensile capacity with-
out compromising the benefits of digital fabrication [4,5].

Compared with conventional steel reinforcement, carbon fibre strands offer a much higher
strength-to-weight ratio; they are up to four times lighter and up to six times stronger [6]. They
are also flexible in placement, which facilitates construction, and the reduced need for concrete
cover lowers material use. Continuous fibres outperform discontinuous ones by providing un-
interrupted stress paths, more efficient load transfer, higher directional stiffness and strength,
and the ability to bridge wider cracks, whereas short fibres transfer stresses in multiple direc-
tions but lose efficiency at their ends [7,8]. In practice, continuous systems can simplify han-
dling during transport and placement compared with long steel bars, although processing may
require specialised cutting or winding equipment. These properties make continuous carbon
fibres particularly suitable for advanced cementitious or geopolymer systems. An example of
continuous carbon fibre reinforcement is the Stress-Ribbon Footbridge built at TU Berlin; a
design approach based on active vibration control in which the open-jointed concrete plates
are supported by CFRP ribbons [9]. However, carbon fibres are still expensive, with continuous
fibres being particularly costly compared with steel or discontinuous fibre alternatives, fail in a
brittle rather than ductile manner, and have lower fire resistance [9-12].

This study investigates the effectiveness of epoxy-impregnated continuous carbon fibre
strands as reinforcement for extrusion-based 3D printing. A print head, currently under devel-
opment at TU Berlin, enables the integration of these fibres directly into the printing path. The
system includes a fibre impregnation unit, a cutting device, and a fibre placement mechanism,
enabling the embedding of freshly impregnated continuous carbon fibre strands during printing.
The focus of this study lies on evaluating the reinforcement performance of this method. A
specially designed geopolymer mixture, composed of fly ash (FA), ground granulated blast
furnace slag (GGBFS) and an activator, serves as the matrix material. The research investi-
gates how the strong bond provided by the epoxy (EP) infiltration supports effective reinforce-
ment in tensile zones between printed layers. To assess the mechanical performance, different
carbon embedding methods are tested using three-point bending tests to determine flexural
tensile strength, and pullout tests to evaluate the fibre—matrix bond. Additional insights into the
fibre—geopolymer—resin interface are gained through the use of light microscopy and scanning
electron microscopy (SEM).

2. State of the Art

In 3DCP, various reinforcement methods have been developed, each with its own advantages
and limitations [13,14]. Post-installed reinforcement uses traditional steel bars placed after
printing, often by filling a printed shell with concrete. It provides strong support but requires a
significant amount of manual work, which limits automation [15]. Pre-installed reinforcement
places the bars before printing, with concrete printed around them. It is useful for vertical ele-
ments such as walls, but it only works for simple shapes and also requires manual effort [16].
The most common approach involves incorporating short fibres (e.g., basalt, glass, steel, pol-
ymers, carbon, typically 3-8 mm) into the mix before printing. These fibres can carry tension
and can bridge small cracks after hardening. While easy to mix in, a high fibre content can
impede extrusion through small nozzles, often reducing workability and negatively influencing
interlayer bonding and its surface finish [17,18].
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Mesh reinforcement is an approach where mesh is printed together with the concrete us-
ing a special nozzle. The mesh is overlapped layer by layer, giving strength in both horizontal
and vertical directions [14]. Continuous fibre integration uses long fibres placed along the
printed path, offering strong and continuous support. Earlier methods often placed fibre strands
or ropes manually between layers. Some researchers have used robotic arms or special noz-
Zles to add continuous fibres during printing. These methods aim to provide high directional
strength using materials such as carbon or glass fibres [8,19]. Lim et al. [20] used continuous
twisted stainless-steel wires with short polymer fibre hybridisation to improve bond and bridge
microcracks. However, this method can limit the creation of complex, free-form geometries due
to the low flexibility of the wire.

Demont et al. [21] developed a Flow-Based Pultrusion (FBP) methodology for 3DCP with
in-situ reinforcement, which is a motorless technology that relies on the flow of mortar extrusion
to pull continuous glass or basalt fibre. The main limiting factor of this approach is the yield
stress of the fibre relative to the pull-out force. This technology has the potential to unlock
complex design constraints in traditional manufacturing, enabling the production of strong,
lightweight structures. Mineral-impregnated continuous carbon fibres (MCFs) provide a corro-
sion-resistant and chemically stable alternative to steel and polymer reinforcements, making
them well-suited for use in aggressive environments and advanced construction methods such
as 3DCP [8,22,23]. Surface sizing improves the wettability of the fibres by reducing the contact
angle with cementitious matrices, which enhances infiltration, minimises porosity, and
strengthens the fibre—matrix bond [23,24]. The mineral impregnation has a significant impact
on adhesion and mechanical performance [23]. Beyond bonding, mineral impregnation pro-
tects the brittle fibres from surface damage and abrasion, thus increasing their durability. Con-
tinuous fibres support efficient load transfer and controlled crack formation, contributing to im-
proved long-term behaviour of reinforced cementitious materials. Depending on the applica-
tion, impregnated fibres can be integrated into 3D printed mortars in either a fresh, flexible
state or after hardening, offering design adaptability and structural efficiency [8].

To improve shear force transfer, carbon fibres were impregnated with an EP resin to en-
hance adhesion to the concrete matrix and boost the performance of concrete slabs. This ap-
plication focuses on conventional manufacturing processes rather than 3D printing [25]. Re-
cent studies highlight innovative coating and delayed-curing approaches to improve the bond
strength and flexibility of carbon-fibre reinforcement in concrete. Coating methods can increase
tensile strength and durability, but often reduce formability [26]. In contrast, carbon fibres im-
pregnated with resin and cured after placement allow highly shapeable reinforcement for ex-
trusion and 3D-printing applications. However, curing inside fresh concrete is influenced by its
humid, alkaline environment and demands careful timing and reliable in-process heating,
which still limits large-scale use in additive manufacturing [27—-29].

A key parameter for assessing fibre—matrix interaction efficiency is the pullout resistance,
often expressed as interfacial bond strength (IBS) [30-32]. This reflects the mechanical inter-
lock and adhesive bonding between reinforcement and matrix. According to Eurocode 2 [31],
the bond strength in conventional reinforced concrete is influenced by factors such as com-
pressive strength, surface texture of the reinforcement, cross-section, concrete cover depth,
transverse reinforcement, and anchorage length. Ribbed bars generally show higher bond
strength due to improved mechanical interlock.

For stranded steel fibres in cementitious matrices, Yuan et al. [32] reported IBS values
ranging from 6 to 13 MPa, depending on fibre diameter, w/c ratio, and embedment length. Bilek
et al. [30] observed that increased binder content leads to higher IBS and indicated bond
strengths for Portland cement-based and alkali-activated concrete reinforced with smooth steel
bars ranging from 2.5 to 5 MPa. Alberti et al. [33] found bond strengths around 5 MPa for
polyolefin macro-fibres in self-compacting concrete. For concrete with glass-fibre-reinforced
polymer bars, pullout tests indicated that surface morphology is critical, with sand-coated or
ribbed bars reaching average values of nearly 12 MPa [34].
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According to [35], in 3D concrete printing, the bond strength of post-installed reinforcement
depends on the printing direction. Ribbed bars exhibited IBS values ranging from 19 to 30
MPa, while smooth wires reached only 0.6 to 4.3 MPa [35]. Duan et al. [36] further investigated
the influence of printing speed on the bond behaviour of continuous glass fibres. Neef et al. [8]
highlighted that the manufacturing method - whether extruded, cast, or printed - also affects
bond strength, complicating direct comparisons. Given the wide range of influencing factors,
consistent benchmarking of IBS remains challenging.

Despite these varied approaches, a significant gap remains in achieving truly robust, au-
tomated, flexible, and inline reinforcement solutions for 3D printed structures. Current methods
often compromise automation, geometric freedom, or reliable bond performance. Specifically,
the challenges of achieving strong, flexible, and corrosion-resistant continuous reinforcement
that seamlessly integrates with the printing process remain to be addressed. The reinforce-
ment proposed in this study, a highly flexible, EP-impregnated, ribbed carbon fibre roving, aims
to address these limitations by enhancing the fibre-matrix bond, preventing pullout, and elimi-
nating the need for external fibre treatment, all without negatively affecting the workability or
interlayer bonding of the mortar.

3. Fibre Integration

Continuous fibres, widely used in advanced composites such as Carbon Fibre Reinforced Pol-
ymers (CFRPs), have attracted growing interest as reinforcement due to their strength-to-
weight ratio, low density, fatigue resistance, and potential for 3D printing integration, enabling
design flexibility [37]. Continuous carbon fibre can exhibit a tensile strength one order of mag-
nitude greater than steel while holding low density [38].

Fibres like basalt, glass, and carbon can be used to reinforce concrete. While basalt fibres
offer good tensile strength and a greener footprint, they are susceptible to alkali attack [39].
General-purpose glass fibres are cheaper but very sensitive to alkali environments; alkali-re-
sistant versions address this issue, but at the expense of lower stiffness and creep resistance
[40]. Carbon fibre, though more expensive, offers very high tensile strength, stiffness, creep
resistance, and excellent alkali resistance, making it ideal for high-performance structural uses
[41]. Both short and continuous fibres can be used, with the latter offering superior performance
due to its continuity, leading to higher overall strength and stiffness [42].

Continuous fibres are prone to mechanical issues like slippage or displacement when
cracks form, and bridging (fibre strands entangling due to matrix delamination) [43,44]. Choos-
ing an appropriate matrix is vital to enhance the fibre-concrete bond and ensure good load
transfer. Thermosets, such as EP resins, establish strong covalent cross-links when cured,
becoming hard and rigid, and generally exhibit higher resistance to chemical corrosion than
thermoplastics or even metals [45,46]. In fresh mortar, uncured resin adheres to the paste by
mechanical and chemical interlocking — fluid resin moulds to nearby capillary pores and micro-
rugosities in the mortar, becoming anchored as the concrete cures, with the resin adhering to
the surface via van der Waals forces [47].

The investigation into EP-based continuous carbon fibre reinforcement for geopolymer
applications has not been well explored. It is unknown whether the use of uncured fibre in
geopolymer mortar could have the desired effect. This research aims to investigate the appli-
cation of uncured EP-based continuous carbon fibre reinforcement in a geopolymer, offering a
new perspective for the future of additive manufacturing with geopolymers.
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4. Materials and Methods

4.1 Geopolymer Formulation and Sample Preparation

The geopolymer was prepared under laboratory conditions (65% relative humidity, 20 °C),
based on 1 kg of solids, using 611 g fly ash (FA), 68 g fine FA, 94 g ground granulated blast
furnace slag (GGBFS), 226 g quartz sand, and the liquid components: 126 g water, 129 g so-
dium hydroxide (50 wt%), and 18 g sodium silicate. The fresh geopolymer exhibited a density
of 2.04 kg/L. Mixing followed the procedure specified in EN 196-1 [48], with sodium hydroxide
and water premixed and added simultaneously with sodium silicate to the dry components.
The total mixing time was 6 min [2,3,49]. The oxide composition and further material properties
are provided in a previous study [2,3].

Figure 1. Sample preparation for 3-point-bending test with (a) fibre integration guided through ex-
truded polystyrene blocks and (b) prepared prism mould with fibre placement in the centre of bottom
side with a mortar cover of 56 mm.

For the three-point bending test, prismatic specimens with dimensions of 110-40-40 mm?
were prepared using a standard mould according to EN 196-1 [48]. Figure 1 visualises the
integration of the fibre centrally on the bottom side of the mould, with a mortar cover of 5 mm,
using precisely fitting extruded polystyrene (XPS) blocks with the dimensions of 25-:40-40 mm?
and a small cut-out for fibre placement. The flexible fibre was guided through the blocks and
fixed in place using a pin (see Figure 1a). The mortar was cast into the mould using a vibrating
table, with clamping the mould onto it. The XPS blocks were secured with an additional plate
to prevent displacement due to mechanical vibration. After preparation, the moulds were cov-
ered with foil and stored at laboratory conditions. After demoulding within a sample age of 24h,
the specimens were stored in locked boxes at 100% relative humidity and 20°C until testing.



Sando et al. | Open Conf Proc 7 (2025) "Visions and Strategies for Reinforcing Additively Manufactured
Constructions 2025"

Figure 2. Sample preparation using a (a) custom-made sample holder and (b) mould filling with a
spatula.

For the pullout tests, the samples were prepared using a custom-made sample holder
(Figure 2a). The moulds, which were fixed into the middle beam of the sample holder, had a
cylindrical shape with a diameter of 30 mm and a height of 48 mm. Each mould had a closed
base with a central opening of 2 mm for fibre insertion. The fibre was passed through aligned
openings in the vertical and was accurately fixed at both the top and bottom beams of the
sample holder. The mortar was poured into the moulds manually using a spatula (Figure 2b).
Care was taken to ensure that the fibre remained free of mortar outside the mould. After prep-
aration, the samples were covered with foil and stored under laboratory conditions until testing.

4.2 Resin Impregnation

A novel impregnation system was developed (Figure 3), consisting of a 50 cc syringe barrel
(Vieweg GmbH, Kranzberg, Germany) and fully adaptable 3D-printed components designed
at TU Berlin. These included a meander unit, a nozzle (with 0°, 45° and 90° angles), a top cap,
and a syringe holder (Figure 3b). All components were printed using stereolithography (SLA)
and provided sufficient transparency to allow visual monitoring of the impregnation process.
This enabled clear identification of parameters such as resin flow with the use of coloured dye
in transparent resin and formation of air voids. The central element of the system was the
meander unit (Figure 3a), which served as both fibre guide and impregnation element. It incor-
porated two mirrored plates with opposing curved surfaces; a 0.5 mm overlap ensured a slight
compression of the fibre bundle while reducing friction. The curvature points generated pres-
sure zones that promoted fibre spreading and resin impregnation. Both plates were magneti-
cally fixed in each corner, allowing for precise alignment and easy disassembly for cleaning.
The meander design, including number of windings, plate spacing and length, was optimised
to minimise the fibre extraction force and reduce air bubble formation in the resin. The top cap
acted as a protective barrier against the external environment while also aligning and flattening
the fibre.



Sando et al. | Open Conf Proc 7 (2025) "Visions and Strategies for Reinforcing Additively Manufactured
Constructions 2025"

Meander Syringe barrel

a plates b

N

. ™ S
yy .

5
\ By Nozzle / “

Magnet \//

placement Fibre bundle

Figure 3. Visualisation of the fibre impregnation system; (a) CAD design of meander consisting of two
mirrored structures with matching hills and valleys, and (b) CAD design with 0° angle nozzle (left) and
3D printed prototype (right) of impregnation setup with continuous fibre placement.

For the laboratory tests, the fibres were impregnated using the test stand shown in Figure
4. The setup included the impregnation unit with a syringe holder as the attachment point for
the entire impregnation system and, acting as an interface for future 3D-printing applications,
a fibre spool mounted on ball bearings to reduce friction and a drawing unit equipped with a
motorised wheel. The impregnated fibres could be drawn at speeds of 10 cm/s and 20 cm/s.
An Arduino board controlled a stepper motor that adjusted the extraction speed. When the
motor operated, a force sensor measured the resistance exerted by the fibre, acting in the
opposite direction to gravity. This measured force was then used to calculate the tensile re-
sistance of the fibre during the impregnation process. For 3D printing, a fibre impregnation unit
is integrated into the printhead (see Figure 13).
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Figure 4. Test stand featuring the developed impregnation system for producing CFRP specimens.

For the experimental investigations in this study, continuous carbon fibres of a standard
industrial type (24k, 830 tex) from Teijin Carbon Europe GmbH (Wuppertal, Germany) were
impregnated with Resin 1 (Table 1), using a 0° angle nozzle and were manually drawn with an
approx. speed of 10 cm/s to produce carbon fibre reinforced polymer (CFRP) specimens. The
fibres were either placed freshly impregnated into the geopolymer matrix or first cured horizon-
tally at room temperature for 24h after impregnation, and then introduced into the matrix (see
Section 4.1). The mass of resin in the impregnated fibre strand at a speed of 10 cm/s was
measured to be approx. 0.010 g/cm. Using the epoxy resin density of 1.2 g/cm?3, this corre-
sponds to a resin volume of approx. 0.0090 cm3/cm.

4.2.1 Screening Tests

Screening tests were conducted to select the optimal resin for fibre impregnation. For these
tests, continuous carbon fibres, 12k (800 tex, E-modulus 244 kN/mm?) and 24k (830 tex, E-
modulus 286 kN/mm?), from Teijin Carbon Europe GmbH (Wuppertal, Germany) were impreg-
nated with two different thermoset resin systems. The key processing parameters and material
properties for Resin 1 (R1) and Resin 2 (R2) are summarised in Table 1.

To assess tensile performance, the CFRP specimens were extracted at speeds of 10 cm/s
and 20 cm/s using a test stand (Figure 4). After impregnation, each fibre was cut to a length of
1m, horizontally suspended during a 3-day curing period at room temperature (RT), and then
segmented into sub-samples of 250 + 5 mm. Specially developed sample holders (see Figure
6a), designed at TU Berlin, were securely clamped to both ends of each specimen for tensile
testing.

The results of the force measurements for fibre extraction at both extraction speeds (Table
1) show an increase in tensile force with higher drawing velocity for both resin systems, with
the effect being more pronounced in the case of R1. As also indicated in Table 1, the viscosities
of the base resins and hardeners, combined with their respective mixing ratios, result in com-
parable overall mixture viscosities. According to the viscosity blending rule, this suggests that
the observed differences in extraction resistance lies in the mechanical interlocking between



Sando et al. | Open Conf Proc 7 (2025) "Visions and Strategies for Reinforcing Additively Manufactured
Constructions 2025"

fibre and resin. The R1 system may counteract sudden displacement more effectively, sug-
gesting stronger interfacial bonding.

Table 1. Overview of processing parameters, material properties of thermoset resin systems, and cor-
responding fibre extraction forces at different drawing speeds.

Parameter Resin 1 Resin 2
Processing time approx. 50 min approx. 90 min
Curing time (RT?) 24h 16-24h
Mixing ratio (base:hardener) | 100:40 100:25
Viscositybase 750 £ 150 mPas | 700 £ 70 mPas
Viscosityhardener 75 £ 25 mPas <40 mPas

Extraction force (12k, 10 cm/s) | 3.83 N 1.62N
Extraction force (12k, 20 cm/s) | 4.63 N 1.77 N
Extraction force (24k, 10 cm/s) | 3.58 N 3.44 N
Extraction force (24k, 20 cm/s) | 4.41 N 3.93N

* RT: room temperature

To evaluate the mechanical properties of the CFRP and to better understand whether
adhesion mechanisms contribute to the observed friction differences during extraction, tensile
tests were conducted for both fibre types (12k and 24k) with R1 and R2 at extraction speeds
of 10 cm/s and 20 cm/s.

a 3000 b 3000 - .
12k fibre B Resin | B Resin 2 24k fibre B Resin 1 B Resin 2
2500 + 2500
Z 2000 Z. 2000
= =
[+ <
3 3
g 1500+ £ 1500+
= =
E E
= | £ 1000
g 1000 =
500 5004
0- 04
20 10 20
Extraction speed [cm/s] Extraction speed [cm/s]

Figure 5. Results of CFRP tensile tests produced at different extraction speeds for (a) 12k fibres and
(b) 24k fibres.

Figure 5 shows that at an extraction speed of 10 cm/s, CFRP with R1 exhibited higher
load at break for both fibre types compared to those with R2. This supports the tensile force
results (Table 1) and suggests that the observed resistance is likely linked to the strength of
the fibre-resin interfacial adhesion. As the extraction speed increases, the impregnation time
also decreases, affecting the bonding strength at the fibre-resin interface. Given a constant
impregnation length, the impregnation time is greater at lower extraction speeds (10 cm/s),
allowing the resin more time to infiltrate the fibre bundle and adhere to the fibre surface, which
may increase the strength of the fibre-resin interface. In this case, composites drawn at lower
speeds may have a higher resin content, although it does not exceed the maximum allowable
amount determined by the nozzle diameter. It is also possible that, at higher extraction speeds,
the fibre movement drags more air into the resin, which remains trapped and creates pores in
the matrix — weak points that enable crack propagation and affect the strength of the composite
material. The extraction speeds used in this work are well aligned with the printing speeds
achievable by the robotic arm.
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The subsequent mechanical investigations of the flexural tensile strength of the geopoly-
mer composites were conducted using 24k carbon fibres impregnated with R1 at an extraction
speed of 10 cm/s, due to their higher maximum load and greater E-modulus.

4.3 Mechanical Test

The three-point bending test was conducted on mortar prisms (see Section 4.1), with 4 prisms
per series and test point (3, 7, and 28d of curing) tested using a ToniNORM device (Toni
Technik GmbH, Berlin, Germany) at a support span of 100 mm and a constant loading rate of
0.05 MPa/s until failure. The investigated sample systems included an unreinforced reference,
one freshly impregnated fibre (Ft), one hardened impregnated fibre (Fn, produced exclusively
for this laboratory study to highlight the effect of fresh-in-fresh embedding), one non-impreg-
nated fibre (F.), two freshly impregnated fibres (Fr2), and a defective sample with one freshly
impregnated fibre displaced after preparation (Fris), with maximum flexural tensile strength
calculated from the recorded failure load and prism geometry.

The pullout tests were conducted using a universal testing machine (2020, ZwickRoell
GmbH & Co. KG, Ulm, Germany) with fibre slip determined using an optical displacement sen-
sor (BTC-EXOPTIC.001) by detecting applied displacement markers. After inserting the sam-
ple into the machine, the fibre was pulled out vertically, with the mortar-filled mould remaining
fixed in position (see Figure 6b-c). After reaching a first preload of 50 N, the test started with a
controlled displacement rate of 5 mm/min, applying a single loading ramp. Since only the fibre—
mortar bond was being tested, the specimens were not demoulded prior to testing and were
measured upside down, with the bottom facing upwards, to ensure a flat top surface and to
avoid introducing any moments during the pullout test. To clamp the fibres into the bolt, the
upper end was embedded in specially 3D-printed sample holders (see Figure 6a).

Pullout tests were conducted using the F, and Fr samples with sample ages of 3 and 28d,
with 4 specimens per test series.

Wy

Figure 6. Representation of (a) the test specimen with attached sample holder, (b) schematic diagram
of the experimental setup, and (c) the placement of the specimen into the clamping bolf.

The interfacial bond strength t [MPa] (see Eq. 1) was calculated according to [30,32]

based on the maximum recorded pullout force (Fmax), the fibre diameter (D) and the embedded
length of the fibre (I¢), assuming uniform stress distribution along the bond line.

= e (1)

- m-D-l,

10
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4.4 Microscopic Examinations

SEM images were examined using a Zeiss Gemini SEM500 Nano device equipped with a field-
emission cathode and an in-lens detector. Measurements were carried out on thin-section
samples taken perpendicular to the fibre direction. The specimens tested at an age of 28d
were embedded in EP resin. To ensure proper electron conduction during imaging, the edges
of the samples were coated with a conductive silver layer. Imaging was carried out under a
vacuum of 100 Pa, with a working distance of 11 mm and an accelerating voltage of 15kV.
Backscattered electron (BSE) images were acquired using a 4-quadrant BSE detector, while
secondary electron (SE) images were obtained via the integrated in-lens detector.

Light microscopic examinations were carried out on samples prepared parallel to the fibre
direction. The specimens were polished using a Metasinex disc grinder with abrasive paper
(grit sizes 60, 120, 240, and 600) under water cooling, and observed with a Zeiss Stemi SV11
stereomicroscope.

5. Results and Discussion

5.1 Mechanical Test Results

The flexural tensile strength was assessed using a three-point bending test (see Section 4.3),
revealing clear differences among the various reinforcement strategies. Figure 7 presents the
results for the geopolymer’s flexural tensile strength when reinforced with continuous carbon
fibre strands.

121 3d B 7d )] 28d

Flexural tensile strength f,, [MPa]

Ref F, Fy Fp Fp F gis
Sample

Figure 7. Mean flexural tensile strength at 3, 7, and 28d for the unreinforced 3D-printable geopolymer
(Ref); the geopolymer reinforced with a non-impregnated continuous carbon fibre strand (F,); and with
continuous carbon fibre strands impregnated with epoxy resin (Fp, Fr1, Fr2, and Frgis).

Using non-impregnated fibre strands (Fu), no improvement in flexural strength could be

identified when compared to the unreinforced reference samples (Ref). The flexural strength
of F, samples was approx. 1.5 MPa after 3d and approx. 3.5 MPa after 28d, similar to the

11
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reference values. This suggests that the non-impregnated fibres do not provide sufficient re-
sistance within the mortar matrix. Due to a lack of bonding within the geopolymer matrix, the
fibres are likely pulled out during loading without contributing significantly to the tensile load
transfer.

In a second series, fibre strands with a hardened coating (Fn) were tested. These samples
also showed only a slight improvement in flexural strength at any age compared to Ref or Fy,
which is somewhat unexpected given that hardened epoxy-impregnated carbon fibres are
commonly used in carbon-reinforced concrete. Based on image analysis, the fibres exhibited
a clear pull-out failure, indicating a lack of proper bonding between the hardened fibre surface
and the matrix. Microscopic investigations and testing suggest that the hardened surface did
not develop an adequate fibre-matrix-bond, limiting stress transfer.

A clear increase in flexural strength was observed when freshly impregnated fibre strands
(F#) were applied. At both 3 and 28d, the flexural strength nearly doubled compared to the
unreinforced samples (Ref). Notably, after just 7d, the flexural tensile strength of Fry matched
the 28d-strength of F, samples. This suggests that the "fresh-in-fresh" application enables
good bonding between the fibre surface and the matrix, resulting in significantly improved load-
bearing capacity. Further improvement was achieved by placing two freshly impregnated fibre
strands in parallel (Fr) in the tensile zone of the specimen. While only a slight increase com-
pared to Fr1 was measured at early age (7d), the flexural strength was significantly higher after
28d. On average, values up to 12 MPa were recorded, compared to around 6 MPa for Fx; and
3.5 MPa for F, with the same sample age This corresponds to a fourfold increase in tensile
load capacity compared to the unreinforced reference and a twofold increase compared to the
single-strand reinforcement (Fx).

Finally, the importance of accurate fibre placement was investigated using a sample where
the freshly impregnated strand was displaced (Fris) after mortar placement and compaction.
The results showed a slightly lower flexural strength than Fs and greater variability, especially
after 28d. Despite this, an improvement over Ref and F, was still noticeable. These findings
highlight not only the need for careful placement and fixation of the fibres within the print path
to ensure reliable and consistent reinforcement performance but also demonstrate the effec-
tiveness of freshly impregnated fibre strands, embedded using a fresh-in-fresh approach, in
significantly enhancing tensile load-bearing capacity.
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Figure 8. Strain—load diagrams for F, and Fr specimens after 3 and 28d of curing.

Based on the findings from the flexural tensile strength tests (see Figure 7), pullout tests
were carried out only on samples F, (with non-impregnated fibre strands) and F (with one
freshly impregnated fibre strand embedded fresh-in-fresh). These two reinforcement systems
were selected because they showed the most relevant differences in mechanical behaviour.
Furthermore, due to the highest observed strength increases based on flexural tensile
strength, only samples aged 3 and 28d were tested. Figure 8 shows the mean strain—load
curves from the geopolymer’s pullout tests with sample ages of 3 and 28d, including their de-
viations. An exception was made for sample F¢ at 28d, where no mean value could be calcu-
lated because some fibres failed before any pullout occurred. This was likely due to the bond
strength exceeding the fibre strength. To confirm this hypothesis, a substantially larger number
of samples or samples with a shorter embedded length should be investigated. In this study,
the individual measurements are shown. Nevertheless, peak load was calculated with fibre
failure. The test results at 3d are shown in red, and those at 28d in grey. A significant increase
in pullout strength was observed in both series over time.
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Figure 9. (a) Interfacial bond strength of F, and F¢ after 3 and 28d; (b) F, sample showing telescopic
pullout behaviour.

All samples exhibited a similar characteristic behaviour, showing an initial linear load in-
crease (elastic stage), followed by a peak load at the onset of fibre slippage (pullout stage). It
should be noted that the measured strain values include both fibre slippage and the elastic
deformation of the fibres. Comparable to [8], only minimal fibre slippage could be observed up
to the point of peak load, with measured values ranging from approx. 60 to 160 um for F, and
180 to 210 um for Fr.The load drop after peak load indicates the failure of the fibre-matrix
bond. As the fibre is pulled out of the matrix, the load-bearing capacity gradually decreases
with increasing pullout length. The effectiveness of the fresh-in-fresh embedding method is
clearly visible in the results. While the non-impregnated fibre (F.) reached an average pullout
force of around 100 N at 3d and about 250 N at 28d, F# showed much higher values: approx.
600 N at 3d and 1700 N at 28d. This corresponds to a fivefold increase in peak load at 3d and
nearly a sevenfold increase at 28d.

Remarkably, the 3d result of Fs already exceeded the 28d result of Fy by a factor of 2.5.
These findings suggest that the fresh-in-fresh embedding significantly improves the fibre-ma-
trix bond. Concerning the remaining load capacity during the pullout stage, for the F, samples,
it was almost negligible due to the weak fibre-matrix bond. In contrast, Sample Fs; continued
to transfer load during the pullout stage, as indicated by the strain. At 3d, the remaining load
capacity during this stage was, on average, around 50% of the peak load, gradually decreasing
to about 30% with increasing strain. For F¢ at 28d, this behaviour could not be reliably aver-
aged due to fibre failure. However, one individual measurement still showed a reduced load
capacity of approximately 1200 N during the pullout stage, which corresponds to a 40% de-
crease from the peak load.

Figure 9a shows the calculated interfacial bond strength (IBS), which clearly illustrates the
force needed to separate the fibre from the surrounding matrix. The value depends on the peak
load in relation to the fibre diameter and the embedded length. The results demonstrate the
beneficial effect of fresh-in-fresh embedding, where the freshly impregnated carbon fibre is
integrated into the mortar. Compared to the IBS values discussed in Section 2, the IBS meas-
ured in this study, with around 9 MPa after 28d for Fs, cannot be directly compared with con-
ventional steel reinforcement with higher bond strengths. However, it clearly demonstrates the
effectiveness of the investigated fibre coating technique, especially when compared to the IBS
of the non-impregnated fibre Fy, which reached only around 1.5 MPa after 28d, in improving
the bond strength for 3D printing applications.

During the pullout test of the F, samples, it was observed that only the inner filaments
were pulled out, while the outer filaments failed due to tensile loading (see Figure 9b). This
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indicates that the outer filaments had a stronger bond to the surrounding matrix and could not
be pulled out because of higher friction forces. This behaviour is known as 'telescopic pullout'
[50,51] and could explain the better bond strength of Fr with pulling out the fibre without sep-
arating its filaments as illustrated in Figure 10.

Cross-section Longitudinal section

Embedment length

Geopolymer matrix
Outer filaments

Inner filaments

Non-impregnated fibre (F,)

Geopolymer matrix:

EP resin

Impregnated
filaments

Impregnated fibre (F;)

B ruiiout [l Tensile failure | Fracture

Figure 10. Schematic illustration of fibre pullout for non-impregnated and impregnated fibres, high-
lighting the telescopic pullout behaviour of non-impregnated fibres according to [51].

In several cases, the fibre—mortar bond proved to be stronger than the fixation of the fibre
within the sample holder. As a result, many measurements had to be repeated because the
fibre was pulled out from the holder instead of the mortar. This issue must be fixed for future
test setups.

5.2 Microscopic Test Results

To assess the mechanical performance and to better understand the fibre—matrix interaction,
geopolymer specimens with different fibre embedding techniques were examined using mi-
croscopy. These analyses complemented mechanical testing by revealing microstructural fea-
tures and interfacial characteristics. In the following, SEM images of F., Fn and F; samples
(cross-sections perpendicular to the fibres) are discussed. In addition, a light microscopy in-
vestigation was conducted on the Fr sample in a longitudinal section parallel to the fibre. Such
longitudinal analysis was not possible for the F, and Fr, samples, as the fibres loosened during
polishing.

During sample preparation for SEM, which involved embedding in EP resin, images re-
vealed two distinguishable resin types. These could only be differentiated based on brightness
contrast: the lighter resin (LR) originated from the original fibre embedding, while the darker
resin (DR) was introduced during sample preparation. This is clearly visible in Figure 11b.
Small white rod-shaped structures found on all SEM images in the resin areas were identified
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via EDX as likely silicon carbide, a known abrasive. These are considered preparation-related
errors and are not discussed further.

Figure 11. SEM images of fly ash (FA)-based geopolymer with continuous carbon fibre reinforcement:
(a) Sample F, (non-impregnated fibre), revealing three distinct regions: (A) geopolymer matrix, (B)
transition zone, and (C) the fibre bundle; and (b) Sample Fy (impregnated fibre) revealing only the ge-
opolymer matrix and the fibre bundle with the lighter resin (LR) originated from the original fibre em-
bedding and darker resin (DR) from sample preparation.

The SEM analysis of F, samples (Figure 11a) revealed three distinct regions: (A) geopol-
ymer matrix, (B) transition zone, and (C) the fibre bundle with individual filaments. Within the
transition area, N-A-S-H-like reaction products were observed to grow into the fibre, forming a
fluffy’ texture typical of amorphous phases. The presence of resin within the fibre bundle and
surrounding transition zone indicates insufficient bonding between fibre and matrix. This likely
allowed the fibre to loosen during sample grinding, which could explain the low flexural tensile
strength and low pullout resistance observed for these samples. The telescopic pullout behav-
iour may result from increased friction at the transition area, where reaction products penetrate
the fibre, possibly leading to fibre fracture (see Figure 10).

: : " : 1 b .l o
10 um 400 X | V 26 -28 08 ZELMI TU Ber & 3 T . -
| Pa . n & A . ot VS 5 500 pm

Figure 12. Microscopy results of fly ash (FA)-based geopolymer with “fresh-in-fresh” embedded car-
bon fibre: (a) SEM cross-section ), revealing three distinct regions: (A) geopolymer matrix, (B) transi-
tion zone, and (C) the fibre bundle; and (b) light microscopy of longitudinal section with epoxy surface.

Frn samples, which also showed low flexural strength, presented in SEM images a clear
separation between the fibre bundle and surrounding matrix (Figure 11b). These fibres were
pre-impregnated with resin and inserted into hardened mortar. The analysis revealed internal
air voids within the bundle and a thin resin layer around the fibres. While initial contact between
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fibre and matrix may have existed (A), it was disrupted during sample preparation. The result-
ing gap was filled with darker EP resin. This weak bonding supports the low flexural tensile
strength observed for these samples.

In contrast, the "fresh-in-fresh" embedded F: samples revealed improved fibre—matrix in-
teraction. SEM images revealed geopolymer mortar with N-A-S-H phases as reaction product
with the inserted fibre bundle with internal filaments surrounded by a thick resin coating (Figure
12a). As in the F, samples, distinct mortar (A), transition (B), and fibre (C) zones were visible.
However, in Fr samples, the original resin appeared to have penetrated the fresh mortar, form-
ing mechanical interlocks through infiltration of capillary pores and surface roughness within
the uncured matrix, indicating stronger mechanical bonding. This effect has also been reported
in previous studies by other researchers [29]. As discussed in Section 3, resin penetration
enhances adhesion through van der Waals forces and micro-mechanical anchoring, especially
in the presence of fine matrix irregularities. Some fly ash spheres penetrated the fibre bundle
and underwent geopolymerisation, although there was insufficient space for the full develop-
ment of reaction products. This corresponds with the higher pullout forces measured in me-
chanical tests. Light microscopy of the Fr sample further supported these findings. As shown
in Figure 12b, the mortar matrix enclosed the embedded fibre, which was impregnated on both
sides with an irregular resin layer approx. 0.05 mm thick, as marked in Figure 12b. The uneven
surface contour suggests numerous anchoring points between the impregnated fibre and the
geopolymer. The presence of uncured EP in the fresh matrix allows intimate contact and set-
ting in place, promoting both adhesive and cohesive interfacial strength as the system hardens.
In addition, individual resin droplets (approx. 0.15 mm thickness) were observed at the fibre
edge, which may contribute further to mechanical anchorage and resistance against pullout.
These droplets can act as mechanical locks, increasing the energy required for fibre extraction.
This confirms the assumption of a complete fibre pullout mechanism due to the strong bond
strength and high pullout resistance shown in Figure 10.

6. Conclusion and Future Perspectives

This study examined different strategies for embedding continuous carbon fibres into 3D-print-
able fly ash-based geopolymers. Among all tested methods, the "fresh-in-fresh" approach
showed the best performance. Non-impregnated (F,) and pre-impregnated fibres embedded
hardened into the mortar (Fr) did not significantly improve flexural strength compared to unre-
inforced samples, reaching only about 3.5 MPa after 28d. Microscopy analysis confirmed weak
fibre-matrix bonding, explaining the low load transfer and poor mechanical performance.

In contrast, Fr samples, where freshly impregnated fibres were embedded into fresh mor-
tar, achieved up to 6 MPa (Fr1) and even 12 MPa with two strands (Fr.), indicating strong load-
bearing capability. Microscopic observations revealed effective resin integration and anchor-
age within the matrix, driven by the infiltration of uncured resin into the fresh mortar. This pro-
motes mechanical interlock and chemical adhesion during curing, significantly enhancing the
interfacial bond strength.

Pullout tests further confirmed this, with Fr1 samples showing peak loads up to seven times

higher than F,. The high interfacial bond strength (approx. 9 MPa at 28d) highlights the poten-
tial of the "fresh-in-fresh" embedding for reinforcing 3D-printed geopolymers.
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Fibre Spool
Mortar Nozzle

Interlayer Reinforcement

Infiltration Unit

Figure 13. Integration impregnation system on extruder printhead; the fibre, anchored to the mortar
bottom layer, is pulled along the top layer by the force exerted through material extrusion.

As 3D printing aims for a fully automated construction method, in situ fibre infiltration is
essential. It not only enables automation but also demonstrates the best mechanical perfor-
mance in this study. The newly developed print head, featuring a fibre impregnation unit, cut-
ting device, and fibre laying mechanism, is schematically shown in Figure 13. Three different
nozzles with 0°, 45° and 90° angles can be used to minimise the fibre extraction force. This
setup allows the use of EP-impregnated carbon fibre strands embedded fresh-in-fresh into the
mortar. This technique is suitable for 3D geopolymer and concrete printing applications.
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