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Abstract

Iron-based shape memory alloy (Fe-SMA) fibers can enhance cementitious composites through both
crack-bridging and thermally activated recovery stresses. Since fiber pull-out governs load transfer
at the microscale, understanding the combined effects of fiber geometry, inclination, and thermal
treatment is essential. This study experimentally investigated the pull-out behavior of hooked-end
Fe-SMA fibers embedded in high-performance concrete (HPC). A total of 54 ASTM C307-type briquette
specimens were tested using single-hook (3D) and double-hook (4D) fibers at inclination angles of 60°,
75°, and 90° under ambient, 100 °C, and 200 °C conditions. Additional flexural, compressive, and
direct tensile tests were conducted on plain HPC exposed to the same thermal regime. At ambient
temperature, 4D fibers showed 50-70% higher peak pull-out forces than 3D fibers. Heating to 100 °C
further increased pull-out resistance by about 6-17%, and the 4D-60-100 configuration achieved the
highest performance. In contrast, exposure to 200 °C reduced pull-out resistance by about 5-12% below
ambient values. Overall, a 60° inclination generally provided the best response, while 90° produced the
lowest. The results confirm that moderate thermal activation combined with double-hook geometry is
the most effective strategy for maximizing Fe-SMA fiber-matrix load transfer in HPC.

Keywords: Fe-SMA fibers; pullout behavior; fiber inclination angle; fiber geometry; thermal treatment;
concrete—fiber bond

1. Introduction

Fiber-reinforced concrete (FRC) has become a popular material in structural engineering because
short discrete fibers can improve crack control, post-cracking load transfer, toughness, impact resis-
tance, and durability [1-3]. However, these benefits do not depend only on fiber volume fraction
or tensile strength; they are governed to a large extent by the interaction between the fiber and the
surrounding cementitious matrix [4]. In practice, the pull-out resistance of a fiber is one of the key
micromechanical parameters controlling crack bridging, energy dissipation, and the flexural and
tensile response of the composite. Accordingly, understanding the bond and pull-out behavior of
fibers is essential for the rational design of high-performance cementitious composites [5].

For conventional steel-fiber-reinforced concrete, it is well established that pull-out behavior is
controlled by a combination of adhesion, friction, and mechanical anchorage, especially when hooked-
end fibers are used [6]. The geometry of the fiber end, the strength of the surrounding matrix, and the
orientation of the fiber relative to the loading direction all influence the resulting pull-out load-slip
response [7]. Previous studies on steel fibers showed that fiber inclination can increase bond resistance
through a snubbing effect, but excessive inclination may also cause matrix spalling, fiber rupture,
or a reduction in effective anchorage length [8]. More recent work on 3D, 4D, and 5D hooked-end
steel fibers confirmed that fiber orientation and hook geometry remain decisive variables, while also
indicating that the response becomes increasingly complex when multiple anchorage bends and
higher-strength matrices are involved [9].
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In parallel with these developments, shape memory alloy (SMA) fibers have attracted growing
interest because they can contribute functionalities beyond those of passive steel fibers [10]. Owing
to shape memory effect (see Figure 1) and superelasticity, SMA fibers can provide crack-closing, self-
centering, recentering after unloading, and thermally activated recovery stresses [11]. Most of the early
work in this area was performed with NiTi-based fibers [12]. Studies on NiTi fibers demonstrated
that end shape, cold drawing, and heat treatment strongly affect pull-out resistance, while beam and
mortar investigations showed that SMA fibers can improve flexural performance and facilitate crack
closure or recovery after damage [13-16]. These studies clearly established the promise of SMA-FRC,
but they also highlighted that the effectiveness of SMA fibers is inseparable from their bond behavior

at the fiber-matrix interface.

Stress (o)

Strajn (e)
Figure 1. Shape memory effect and martensitic phase transformation due to thermal treatment in SMA [17].

Despite the success of NiTi systems, their high material cost remains a serious limitation for
widespread use in civil engineering. For this reason, iron-based shape memory alloys (Fe-SMAs) have
emerged as an attractive alternative [18,19]. Fe-SMAs offer lower cost, good workability, relatively
high stiffness, and the ability to generate recovery stress after thermal activation, which makes them
particularly suitable for large-scale structural applications [11]. Over the past decade, most Fe-SMA
research in construction has focused on bars, strips, and externally or near-surface mounted strength-
ening systems [20]. These studies demonstrated that Fe-SMA elements can successfully prestress or
strengthen reinforced concrete members and have helped move the material from laboratory validation
toward practical infrastructure applications. Nevertheless, these configurations differ fundamentally
from short randomly distributed fibers, where the governing mechanism is not only recovery stress
generation, but also the ability of each individual fiber to transfer that stress to the matrix through
adequate anchorage and pull-out resistance.

For short Fe-SMA fibers, the importance of pull-out resistance is even greater because thermal
activation may create two competing effects. On one hand, heating activates the reverse martensitic
transformation and can generate recovery stresses that improve crack bridging or prestressing ac-
tion [21]. On the other hand, heating may weaken the surrounding matrix or deteriorate interfacial
bond conditions, thereby reducing the effective anchorage of the fiber [22,23]. Recent work on Fe-SMA
fibers has already shown that this balance is critical. A recent experimental study on Fe-SMA fiber pull-
out reported that end-hooked fibers exhibited roughly twice the pull-out resistance of straight fibers,
while elevated temperature substantially reduced the pull-out resistance of end-hooked fibers; the
same study also showed that higher matrix strength increased pull-out resistance and that loading-rate
effects were comparatively small [24]. At the composite level, a subsequent current study demonstrated
that thermally activated short Fe-SMA fibers can prestress concrete and enhance flexural strength, but
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it also indicated that higher activation temperatures may become less beneficial because of degradation
in fiber-matrix interaction [25]. Together, these findings show that any structural use of short Fe-SMA
fibers must be supported by a deeper micromechanical understanding of how anchorage geometry
and fiber orientation behave under thermal exposure.

Although the recent literature has substantially advanced the understanding of SMA fibers
in cementitious composites, the available knowledge remains incomplete for the specific problem
addressed in the present work. NiTi-based studies have investigated pull-out behavior, end shape,
and heat-treatment effects, while Fe-SMA studies have so far concentrated mainly on basic pull-out
parameters, recovery behavior, or composite-scale flexural prestressing. Based on the published sources
identified here, no prior study appears to have systematically examined the combined influence of
Fe-SMA fiber inclination angle, hooked-end geometry, and thermal treatment on single-fiber pull-out
resistance in high-performance concrete (HPC). This unresolved coupling is highly relevant because,
in real composites, fibers are randomly oriented and therefore rarely aligned with the principal crack-
opening direction; at the same time, changes in hook geometry and thermal history may alter the
balance among adhesion, friction, snubbing, and local matrix damage.

Based on the current state of research, the main gaps in knowledge can be summarized as follows:

e The pull-out behavior of Fe-SMA fibers embedded in HPC under different inclination angles has
not been adequately quantified, despite the fact that fiber orientation is a key variable in real
randomly distributed composites.

e  The influence of more advanced hooked-end geometries on Fe-SMA fiber anchorage remains
insufficiently understood, particularly when compared with the more mature steel-fiber literature
and the mostly NiTi-based SMA-fiber studies

¢ The coupled effect of thermal treatment and fiber geometry on Fe-SMA pull-out is still unclear,
even though thermal activation is indispensable for mobilizing the shape memory effect and may
simultaneously damage the matrix or the bond interface.

¢  Thereis still limited experimental guidance for selecting the most effective combination of Fe-SMA
fiber geometry, orientation, and activation temperature for future thermally activated Fe-SMA
cementitious composites.

Accordingly, this study aims to address these gaps by:

¢  Experimentally evaluating the pull-out resistance of Fe-SMA fibers embedded in HPC while
varying three governing parameters simultaneously: fiber end geometry, inclination angle, and
thermal treatment.

¢  Comparing single-hook (3D) and double-hook (4D) Fe-SMA fibers at inclination angles of 60°,
75°, and 90° under ambient, 100 °C, and 200 °C conditions in order to clarify their individual and
combined effects on the pull-out response.

¢  Characterizing the companion mechanical properties of plain HPC under the same thermal
conditions so that the observed pull-out behavior can be interpreted in relation to changes in the
surrounding matrix.

* Identifying the most favorable combination of geometry, inclination, and thermal exposure for
maximizing fiber-matrix load transfer, thereby providing a micromechanical basis for the future
design of Fe-SMA fiber-reinforced HPC with thermally activated functionality.

The present study therefore investigates the synergistic effects of fiber inclination, end-hook
geometry, and thermal treatment on the pull-out resistance of Fe-SMA fibers embedded in HPC.
To this end, 54 briquette specimens were tested using ASTM C307-type geometry, covering two
fiber geometries, three inclination angles, and three thermal conditions, while additional companion
specimens were used to determine the thermal-dependent properties of the plain HPC matrix. The
results are intended to provide both fundamental insight into Fe-SMA fiber anchorage mechanisms and
practical guidance for the future development of thermally activated Fe-SMA cementitious composites.
The remainder of the paper presents the materials and experimental methods (Section 2), followed by
the test results and discussion (Section 3), and finally the main conclusions (Section 4).
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2. Experimental Programme

This section presents the materials, specimen preparation procedures, and test methods employed
to investigate the pull-out resistance of Fe-SMA fibers embedded in HPC under the combined effects
of fiber geometry, inclination angle, and thermal treatment, as well as the mechanical properties of
plain HPC.

2.1. Materials

The experimental programme employed HPC prepared with a water-to-binder ratio of 0.31. The
aggregate skeleton consisted of two quartz sand fractions — fine (0-0.5 mm) and coarse (0.5-1.0 mm)
— while the binder system combined CEM II 42.5 R cement with limestone powder as a mineral filler.
A superplasticizer (SP) and a shrinkage-reducing admixture (SRA) were incorporated to achieve the
target water-to-binder ratio. The detailed mix proportions are summarised in Table 1. The mixing
procedure followed ASTM C192/C192M [26]. Specimens were demoulded after 24 h and subsequently
cured in water at 20 °C for 28 days prior to testing.

Table 1. High performance concrete mixture proportions per 1 mS.

Constituent Mass (kg) in m®
Portland cement CEM 11 42.5 R 620
Limestone powder 480
Fine sand 0-0.5 mm 700
Coarse sand 0.5-1.0 mm 300
Water 190
Superplasticizer 16.5
Shrinkage-reducing admixture 16.5

The fibres used in this study were produced from Fe-SMA wires with the chemical composition
Fe-17Mn-55i-10Cr—4Ni-1(V,C) (mass%), pre-strained to 4.0% elongation to store recoverable strain
energy within the material [27,28]. The wires were subsequently cut to a total length of 35 mm and
their ends shaped using a mechanical punching system to form either a single hook (3D fibre) or a
double hook (4D fibre), as illustrated in Figure 2. Both fibre types shared an identical aspect ratio of 70
and a diameter of 0.5 mm.

3D 8 4D 3
e N w7 \- N
35.0 ‘ 35.0
| |
(a) Single hook (b) Double hook

Figure 2. Geometry of the Fe-SMA fibres (units in mm).

2.2. Specimen Preparation

Pull-out specimens were prepared using the briquette geometry specified in ASTM C307 [29].
Although this standard was originally developed for direct tensile testing of cementitious materials,
its geometry has been widely adopted for single-fiber pull-out experiments [30,31]. A single Fe-SMA
fiber was placed at the center of the reduced cross-section prior to casting, with its axis oriented at the
desired inclination angle (90°, 75°, or 60° relative to the loading direction), as shown in Figure 3. The
fiber inclination was verified using a protractor, while a ruler confirmed the central placement of a thin
cardboard interlayer, which was secured at the mid-plane of the mold using clay. Upon demolding,
the cardboard divided the specimen into two independent halves, each containing one anchored fiber
end with an embedment length of 17.5 mm, ensuring that only the embedded fiber contributed to load
transfer during the pull-out test. The fiber was additionally fixed in position using adhesive to prevent
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any displacement prior to casting. The internal walls and base of each mold were coated with a release
agent, applied with care to avoid any contact with the fiber.

) g ity P =Fis &) =} iexd ; _|

Figure 3. Prepared molds with a 4D Fe-SMA fiber inclined at 90°, 75°, and 60° prior to casting.

The concrete was mixed following a sequential procedure. First, the fine and coarse sands were
dry-mixed for 1 min, after which 20% of the total water was added and mixing continued for a further
1 min, followed by a 1 min rest period to allow the aggregate to absorb moisture. The cement and
limestone powder were then introduced and mixed for 2 min. The remaining water, superplasticizer,
and shrinkage-reducing admixture were subsequently added, and mixing continued for up to 7-9 min
until a homogeneous consistency was achieved. The fresh mixture was then allowed to rest for 1 min
to release entrapped air before being poured into the prepared molds. To ensure adequate compaction
and eliminate air voids, the molds were vibrated using a rubber hammer for 1 min. The key stages of
specimen preparation are illustrated in Figure 4.

(b) (c)

Figure 4. Specimen preparation: (a) briquette molds with cardboard interlayers and Fe-SMA fibers secured at the
mid-plane prior to casting, (b) briquette molds after casting of the HPC mixture, (c) demolded briquette specimens
following 28-day water curing.
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Specimens assigned to elevated temperature groups were placed in a laboratory chamber and
heated to 100 °C or 200 °C, which was then maintained for 4 h to ensure a uniform temperature
distribution throughout the specimen volume; this duration was found to be sufficient to achieve
thermal equilibrium even in larger specimens of similar composition [24]. After completion of the
heating period, the specimens were removed from the chamber and allowed to cool down to room
temperature before testing.

A consistent labelling system was adopted, in which each specimen label consists of the fiber type
(3D or 4D), the inclination angle (90, 75, or 60), and the temperature condition (A for ambient, 100 for
100 °C, and 200 for 200 °C). For example, 3D-60-A denotes a briquette with a 3D fiber inclined at 60°
tested at ambient temperature, while 4D-75-200 refers to a specimen with a 4D fiber inclined at 75°
subjected to thermal treatment at 200 °C. A total of 54 specimens were prepared with three replicates
per group, as summarised in Table 2.

Table 2. Test matrix for the pull-out briquette specimens.

Fiber type Angle Temperature Number of briquettes
Ambient 3
90° 100 °C
200 °C
Ambient
3D 75° 100 °C
200 °C
Ambient
60° 100 °C
200 °C
Ambient
90° 100 °C
200 °C
Ambient
4D 75° 100 °C
200 °C
Ambient
60° 100 °C
200 °C
Total number of briquettes

W W W W W WW WWWWWW WWWw

a1
=

In addition to the pull-out briquettes, three types of companion specimens were cast from the
same HPC mixture to characterise the mechanical properties of plain concrete under the same thermal
conditions. First, nine prismatic specimens in accordance with EN 1015-11 [32], with dimensions of
40 mm x 40 mm x 160 mm were produced for flexural testing; following the flexural tests, the resulting
halves were cut into 40 mm x 40 mm x 40 mm cubes for compressive strength measurements, yielding
18 compression specimens in total. Second, nine plain concrete briquette specimens conforming to
ASTM C307 [29] — without any embedded fiber — were prepared to determine the direct tensile
strength of the HPC matrix, providing a reference for the fiber-matrix bond characterisation. All
companion specimens were tested in three groups of three, corresponding to ambient temperature,
100°C, and 200 °C.

2.3. Test Methods

This subsection describes the experimental procedures employed in this study. The pull-out
mechanism governing fiber—matrix interaction is first introduced, followed by the thermal treatment
protocol applied to the specimens prior to testing. Finally, the mechanical testing procedures for both
the pull-out experiments and the companion concrete specimens are presented.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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2.3.1. Pull-Out Mechanism

The pull-out behavior of hooked-end fibers from a cementitious matrix proceeds through five
distinct stages, as illustrated in Figures 5 and 6.

Pull-out load

o Q0 ?

Slip

End-hooked contributation Frictional resistance contributation

Figure 5. Schematic load-slip response of a hooked-end fiber during pull-out, showing the five characteristic
stages and the relative contributions of end-hooked anchorage and frictional resistance.

In Stage 1, the fiber is fully bonded to the surrounding matrix and no slip occurs. The load
is transferred entirely through chemical adhesion at the fiber-matrix interface, and the response is
essentially linear elastic. As the applied load increases, debonding initiates at the loaded end and
propagates along the fiber length. In Stage 2, the adhesive bond is progressively broken and the hooked
end begins to engage the matrix, generating a mechanical anchorage force in addition to the frictional
resistance along the debonded length. This stage corresponds to the first peak on the load-slip curve,
representing the maximum combined contribution of adhesion, friction, and mechanical anchorage.
In Stage 3, the hook undergoes plastic deformation as it is pulled through the matrix. The anchorage
force reaches its second local maximum as the hook straightens and bears against the surrounding
concrete, while frictional resistance continues to act along the entire debonded length. Stage 4 marks
the completion of hook straightening. The anchorage force drops sharply as the deformed end clears
the matrix, producing a local minimum on the load-slip curve. Frictional resistance remains the
dominant load-carrying mechanism at this point. In Stage 5, the hook has been fully straightened and
pulled out of its original cavity. The fiber slides freely through the matrix channel, and the response is
governed entirely by frictional resistance, which decreases gradually as the embedded length reduces
until complete pull-out occurs.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 6. Five stages of the hooked-end fiber pull-out process: Stage 1 — fully bonded; Stages 2—4 — debonding
with mechanical anchorage and friction; Stage 5 — frictional pull-out.

The inclination angle of the fiber with respect to the loading direction has a significant influence
on the pull-out response, as demonstrated in several studies on hooked-end steel fibers. Yao and
Leung [33] showed that for small inclination angles (0-10° from perpendicular), the peak pull-out force
remains similar, whereas larger angles (20-30°) may induce matrix spalling at the fiber exit point and
reduce peak resistance through shortening of the effective anchorage length. In a subsequent study, the
same authors [34] demonstrated that increasing inclination angle raises the transverse force pressing
the fiber against the matrix at the exit point, thereby enhancing local friction through the snubbing
effect; however, for large angles and stiff fibers, the resulting bending and contact stresses may initiate
matrix cracking or premature fiber failure, suggesting the existence of an optimal inclination range
rather than a monotonic increase in pull-out resistance. Zhang et al. [35] confirmed through acoustic
emission and microscopic observation that greater inclination generally increases bond stress due to
a stronger snubbing effect, while simultaneously intensifying local matrix damage at the exit zone;
at excessively large angles, the reduction in effective anchorage length and matrix degradation may
lower post-peak resistance and total pull-out energy despite a higher initial peak force.

The total pull-out resistance of a hooked-end fiber embedded at an inclination angle is therefore
governed by the combined interplay of chemical adhesion, mechanical anchorage provided by the hook
geometry, interfacial friction, and the snubbing effect at the fiber exit point. The relative contribution
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of each mechanism depends on the fiber geometry, inclination angle, and the thermal history of the
specimen.

2.3.2. Thermal Treatment

The thermal treatment temperatures of 100 °C and 200 °C were selected to investigate the effect
of elevated temperature on the pull-out behavior of Fe-SMA fibers. In Fe-SMA materials, the shape
memory effect is thermally activated — upon heating above the austenite start temperature, the
material undergoes a martensitic reverse transformation, generating recovery stresses that enhance the
fiber-matrix bond. The selected temperature range covers both the onset of this transformation and a
higher thermal condition representative of elevated service temperatures, allowing the influence of
thermally induced recovery stresses on pull-out resistance to be systematically evaluated [36].

Specimens assigned to elevated temperature groups were placed in a laboratory chamber
equipped with internal fans to ensure uniform air circulation and temperature distribution. The
chamber was set to increase the temperature at a rate of 8 °C per minute until the target tempera-
ture was reached, which was then maintained for 4 h to ensure a uniform temperature distribution
throughout the specimen volume; this heating duration was found to be sulfficient to achieve thermal
equilibrium in specimens of similar composition and geometry [24]. After completion of the heating
period, the specimens were removed from the chamber and allowed to cool down to room temperature
before testing.

Figure 7. Fe-SMA briquette specimens placed inside the laboratory chamber prior to thermal treatment.

2.3.3. Mechanical Testing

Single-fiber pull-out tests were conducted on a displacement-controlled testing machine at a
constant loading rate of 0.2 mm/min. Each briquette specimen was mounted in the grip assembly spec-
ified in ASTM C307 [29], in which the upper and lower halves of the briquette were held independently
by two symmetric metallic grips conforming to the curved geometry of the briquette ends, as shown in
Figure 8. As the upper grip moved upward, the two halves were pulled apart, forcing the Fe-SMA fiber
to be progressively extracted from the concrete matrix. The pull-out force and grip displacement were
recorded continuously throughout the test. Testing was terminated at a grip displacement of 6 mm,
at which point all hook deformations had been completed and the fiber response had transitioned to
the frictional pull-out regime; beyond this displacement, the force-displacement curve was expected
to decrease monotonically with no further significant changes in pull-out resistance. Figure 9 shows
representative specimens with 4D fibers at inclination angles of 90°, 75°, and 60° mounted in the grip
assembly during testing.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 9. Specimens during pull-out testing at inclination angles of (left) 90°, (center) 75°, and (right) 60°.

The compressive and flexural properties of plain HPC were evaluated on a separate testing
machine following EN 1015-11 [32] at a loading rate of 0.2 mm/min. Flexural tests were conducted on
40 mm x 40 mm x 160 mm prismatic specimens subjected to three-point bending, with two rolling
supports positioned 100 mm apart and the load applied at mid-span, as shown in Figure 10. Each
specimen was loaded to complete failure. Following flexural testing, the resulting halves were cut into
40 mm x 40 mm x 40 mm cubes for compressive strength measurements, with the load applied to the
40 mm X 40 mm cross-section and each cube loaded to complete failure.
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(c) Specimens after flexural testing

Figure 10. Three-point bending flexural test: (a) prismatic 40 mm x 40 mm x 160 mm specimen positioned
on rolling supports prior to loading, (b) mid-span loading during the test, (c) fractured specimens following
completion of flexural testing.

The direct tensile strength of plain HPC was determined using plain concrete briquette specimens
conforming to ASTM C307 [29], without any embedded fiber, tested under the same grip assembly
and loading rate as the pull-out specimens (see Figure 11). Each specimen was loaded to complete
failure. These results provide a reference baseline for the fiber-matrix bond characterisation, allowing
the contribution of the Fe-SMA fiber to be isolated from the intrinsic tensile resistance of the matrix.

(a) Specimen (b) Specimen after
before testing testing

Figure 11. Tensile mechanical test performed on the plain concrete specimen.

3. Results and Discussion

This section presents and discusses the experimental results obtained from the pull-out tests on
Fe-SMA fiber briquette specimens and the mechanical characterisation of plain HPC. The results are
organised as follows: first, the mechanical properties of plain HPC under different thermal conditions
are presented; then, the pull-out behavior is analysed with respect to the effects of thermal treatment,
fiber geometry, and inclination angle.

The mean load—displacement responses of plain HPC under flexural, compressive, and direct
tensile loading are presented in Figure 12. The HPC matrix demonstrated high mechanical performance
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under ambient conditions, consistent with the mix design. Exposure to 100 °C produced contrasting
effects on the two strength parameters: flexural strength increased by approximately 15%, while
compressive strength decreased by approximately 9%. This divergence is consistent with the differing
failure mechanisms governing flexural and compressive behavior in cementitious composites: in
flexure, initial drying of the matrix at moderate temperatures may promote densification of the
microstructure and temporarily enhance bending resistance, whereas compressive failure is more
sensitive to thermal degradation of the cement paste even at moderate temperatures [37,38]. At
200 °C, flexural strength decreased relative to ambient but compressive strength recovered slightly
compared to 100 °C, reflecting the non-monotonic thermal response of HPC reported in the literature
and attributed to competing effects of drying, sintering, and microcracking. The direct tensile strength
showed limited sensitivity to temperature up to 100 °C and was slightly higher at 200 °C than at
ambient temperature. While unexpected, this result may be related to the redistribution of internal
eigenstresses following partial dehydration of the matrix, which can locally increase the apparent
tensile capacity of the briquette cross-section. However, given the small sample size (n=3 per group),
this observation should be interpreted with caution and may warrant further investigation. Overall,
the results confirm that the HPC matrix retains the majority of its mechanical capacity under the tested
thermal conditions, providing a meaningful reference for interpreting the fiber-matrix bond behavior
discussed later.
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Figure 12. Mean load—displacement response of plain HPC at ambient temperature, 100 °C, and 200 °C: (a) flexural
test on prismatic specimens, (b) compressive test on cubic specimens, (c) direct tensile test on briquette specimens.

The force-displacement curves obtained from pull-out tests at ambient temperature are shown in
Figure 13. For both 3D and 4D fiber types, the curves exhibit the characteristic hooked-end pull-out
response described in Section 2.3.3, with a well-defined peak force followed by a progressive decrease
governed by frictional resistance. At ambient temperature, 4D fibers consistently achieved peak pull-
out forces approximately 50-70% higher than 3D fibers across all inclination angles. This substantial
advantage confirms that the double-hook geometry provides superior mechanical anchorage compared
to the single-hook configuration: the second hook engages an additional bearing zone within the
matrix, contributing an independent load-transfer mechanism and producing the characteristic double-
peak response visible in the 4D curves [39]. Regarding inclination angle, 60° specimens achieved
the highest peak pull-out force for 3D fibers, while for 4D fibers the difference between 60° and
75° was marginal. The 90° specimens consistently exhibited the lowest peak forces for both fiber
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types, confirming the contribution of the snubbing effect to pull-out resistance: at non-perpendicular
inclinations, a transverse force component develops at the fiber exit point, generating additional
frictional confinement and increasing the effective pull-out resistance [33,35]. The relatively small
difference between 60° and 75° in 4D fibers suggests that the dominant contribution to peak resistance
comes from the double-hook anchorage rather than from the snubbing effect at these angles.
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Figure 13. Force—displacement curves of 3D and 4D hooked-end Fe-SMA fibers during pull-out tests at ambient
temperature for inclination angles of 60°, 75°, and 90°.

Exposure to 100 °C resulted in a notable increase in pull-out resistance across all specimen groups,
as shown in Figures 14 and 16: 3D fibers gained approximately 10-17% and 4D fibers approximately
6-12% relative to ambient conditions. This behavior is attributed to the shape memory effect of
the Fe-SMA material. Upon heating above the austenite start temperature, the pre-strained fiber
undergoes a partial martensitic reverse transformation that generates recovery stresses within the
fiber. In a confined composite, these recovery stresses manifest as an increased radial pressure on the
surrounding matrix, enhancing frictional resistance along the debonded interface and amplifying the
mechanical anchorage at the hook [24]. The greater relative gain observed for 3D fibers compared to 4D
fibers may reflect the fact that frictional enhancement plays a larger role in 3D pull-out, since 3D fibers
rely more heavily on interface friction once the single hook is straightened. The characteristic double-
peak response of 4D fibers is particularly pronounced at 100 °C compared to ambient conditions,
consistent with the hypothesis that thermally activated recovery stresses amplify the load transfer
at each hook independently. The inclination angle effect remained consistent at 100 °C, with 60°
specimens exhibiting the highest peak forces for both fiber types, confirming that the snubbing effect
is preserved under thermal activation conditions. The optimal specimen — 4D-60-100 — achieved the
highest peak pull-out force recorded in the entire experimental program, demonstrating the synergistic
interaction between double-hook anchorage, moderate fiber inclination, and thermal activation of the
shape memory effect.
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Figure 14. Force—displacement curves of 3D and 4D hooked-end Fe-SMA fibers during pull-out tests at 100 °C for
inclination angles of 60°, 75°, and 90°.

At 200 °C, pull-out resistance decreased below ambient levels for all specimen groups by approx-
imately 5-12%, as shown in Figures 15 and 16. This reduction can be attributed to two concurrent
mechanisms acting simultaneously on the fiber-matrix system. First, the degradation of the HPC
matrix at elevated temperatures weakens the fiber-matrix interface: thermal exposure promotes dehy-
dration of C-S-H phases, increases capillary porosity, and generates thermal microcracks, all of which
reduce the confinement pressure around the fiber and lower both frictional and mechanical anchorage
resistance. Second, at temperatures approaching or exceeding the austenite finish temperature of
the Fe-SMA alloy, the martensitic reverse transformation may be complete, meaning no additional
recovery stresses are generated beyond this point. Furthermore, prolonged exposure to elevated
temperatures can partially relax the residual pre-strain stresses stored in the fiber, reducing the driving
force for the shape memory effect [24]. Despite this overall reduction, 4D fibers retained a pull-out
resistance approximately 40-42% higher than 3D fibers at 200 °C, confirming that the double-hook
geometry provides a more robust anchorage mechanism under thermal degradation conditions. The
differences between inclination angles became less pronounced at 200 °C compared to lower tempera-
tures, suggesting that matrix damage at the fiber exit point progressively diminishes the effectiveness
of the snubbing effect, consistent with findings reported for steel fibers in thermally degraded matrices.
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Figure 15. Force—displacement curves of 3D and 4D hooked-end Fe-SMA fibers during pull-out tests at 200 °C for
inclination angles of 60°, 75°, and 90°.

Considering all three experimental variables simultaneously, the results demonstrate clear syner-

gistic effects between fiber geometry, inclination angle, and thermal treatment. The highest pull-out
resistance in the entire program was recorded for 4D-60-100, confirming that double-hook geometry,
moderate fiber inclination, and partial thermal activation of the shape memory effect act cooperatively
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to maximize fiber-matrix load transfer. The lowest peak forces were recorded consistently for 3D
fibers at 90°, particularly at 200 °C, where the perpendicular single-hook configuration offers limited
mechanical anchorage and the snubbing effect is absent. The advantage of 4D over 3D fibers ranged
from approximately 50-70% at ambient temperature to approximately 40-42% at 200 °C, indicating
that the double-hook geometry is less susceptible to thermal degradation than might be expected.
This robustness can be explained by the redundant anchorage mechanism of the second hook: even
if the bearing zone of the first hook is partially weakened by matrix degradation, the second hook
continues to engage less-affected material further along the embedment length, preserving a significant
portion of the total anchorage capacity [39]. These findings have direct implications for the use of
Fe-SMA fibers in thermally activated structural applications, where the combined optimization of
fiber geometry, orientation, and activation temperature may offer a viable strategy for enhancing crack
bridging and tensile performance of HPC composites.
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Figure 16. Maximum pull-out force for each specimen group at ambient temperature, 100 °C, and 200 °C.

4. Conclusions

This study investigated the combined effects of fiber geometry, inclination angle, and thermal
treatment on the pull-out resistance of Fe-SMA hooked-end fibers embedded in HPC. A total of 54
briquette specimens were tested across 18 groups, covering two fiber geometries (3D single-hook and
4D double-hook), three inclination angles (60°, 75°, and 90°), and three thermal conditions (ambient,
100 °C, and 200 °C). To the authors’ best knowledge, this is the first study to simultaneously investigate
the interaction of hook geometry, fiber inclination angle, and thermal activation on the pull-out
resistance of Fe-SMA fibers in HPC. Based on the experimental results, the following conclusions can
be drawn:
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e The fiber geometry had the most significant influence on pull-out resistance. At ambient tempera-
ture, 4D double-hook fibers achieved peak pull-out forces approximately 50-70% higher than 3D
single-hook fibers, with this advantage preserved at 200 °C ( 40-42%). The redundant anchorage
provided by the second hook proved robust under thermal degradation, making 4D geometry the
preferred configuration for thermally activated Fe-SMA fiber applications.

*  Thermal treatment produced a non-monotonic effect on pull-out resistance. Exposure to 100 °C
increased resistance by approximately 10-17% for 3D fibers and 6-12% for 4D fibers, attributed
to recovery stresses generated by partial martensitic reverse transformation of the pre-strained
Fe-SMA material. At 200 °C, resistance decreased below ambient levels by approximately 5-
12% for all groups, due to concurrent matrix degradation and completion of the martensitic
reverse transformation beyond the austenite finish temperature. These results indicate that 100 °C
represents the optimal activation temperature within the tested range.

¢  The inclination angle consistently influenced pull-out resistance across all thermal conditions.
Specimens at 60° achieved the highest peak forces and perpendicular (90°) specimens the lowest,
confirming the contribution of the snubbing effect. The angular sensitivity diminished at 200 °C,
indicating that thermal matrix degradation reduces the effectiveness of the snubbing mechanism.

¢  The synergistic interaction between all three variables was confirmed by the 4D-60-100 configu-
ration achieving the highest pull-out resistance in the entire experimental program. This result
demonstrates that combined optimization of fiber geometry, inclination angle, and thermal activa-
tion temperature offers a viable strategy for maximizing fiber-matrix load transfer in thermally
activated Fe-SMA fiber-reinforced HPC composites.

The present study has several limitations that should be acknowledged. The cardboard interlayer
used to control fiber inclination was relatively thin and deformable, meaning that actual angles may
have deviated slightly from the intended values. Furthermore, the inclination angle was controlled in
a single plane only, whereas in practice fibers are randomly oriented in three dimensions. The number
of replicates was limited to three specimens per group, which constrains the statistical significance of
the results, and only three inclination angles were investigated, providing limited resolution of the
angular dependence. Finally, the casting technique may have introduced geometric variability in fiber
positioning between specimens.

Future research should address these limitations by developing an improved specimen prepara-
tion system for precise three-dimensional control of fiber inclination. Additional inclination angles and
higher thermal treatment temperatures should be investigated to fully characterize the angular and
thermal dependence of pull-out resistance. Studies involving larger fiber populations per specimen
would allow the transition from single-fiber pull-out to composite behavior to be examined. Finally,
the development of a validated numerical model incorporating hook geometry, fiber inclination,
and thermally activated recovery stresses would provide a powerful tool for parametric studies and
structural design optimization.
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