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Abstract

Iron-based shape memory alloys (Fe-SMAs) exhibit unique shape recovery and memory effect be-
havior upon thermal activation, making them advantageous for structural applications such as
prestressing. Introducing short Fe-SMA fibers into concrete structures allows for a uniform and
localized distribution of prestressing forces within the concrete matrix. In this study, an exper-
imental campaign was conducted to evaluate the efficiency of prestressing concrete using short
Fe-SMA fibers. Concrete prism specimens reinforced with randomly dispersed Fe-SMA fibers, steel
fibers, and plain concrete reference specimens were tested under three-point bending after exposure
to ambient temperature, 160°C, and 200°C. All fiber-reinforced specimens contained a targeted
2% volume fraction of fibers with identical geometries featuring end-hooked shapes for enhanced
pull-out resistance. At ambient temperature, the Fe-SMA fibers remain in a passive, non-activated
state and do not undergo the phase transformation required to generate prestressing forces. As
a result, at ambient temperature, specimens with steel fibers show higher flexural strength (22.95
MPa) than those containing Fe-SMA fibers (20.2 MPa). However, when the prisms with Fe-SMA
fibers are heated to 160°C and 200°C, they recover their pre-defined shape, which applies prestress
to the surrounding concrete. This prestress increases the load-bearing capacity of the prism, lead-
ing to higher flexural strength in the Fe-SMA specimens (26.65 MPa and 24.39 MPa, respectively)
compared to their steel-fiber counterparts (19.46 MPa and 16.67 MPa, respectively). Based on
these findings, a numerical model was developed to simulate the behavior of concrete composites
reinforced with randomly dispersed Fe-SMA fibers. An algorithm was created to define the random
distribution of fibers, and a novel modeling approach accounted for the end-hooked geometry by
assigning different contact properties to the modeled straight fiber ends and middle sections. A
mesh sensitivity analysis was performed to determine the optimal mesh size, and the model was
validated by comparing numerical results with experimental data. In summary, the key finding of
this work is that thermally activated Fe-SMA fibers can effectively prestress concrete and enhance
its flexural strength beyond that achievable with conventional steel fibers at ambient conditions.
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1. Introduction

Fiber-reinforced concrete (FRC) is a composite material made of cementitious matrix and ran-
domly distributed short, discontinuous fibers made from steel, glass, polymers, or natural fiber
materials [1, 2, 3, 4]. FRC became popular in civil engineering applications due to its enhanced
characteristics, which include greater flexural strength, ductility, fracture toughness, and durabil-
ity [5, 6]. Fiber properties, volume fraction, shape, and orientation within the concrete mixture all
have a significant impact on FRC performance [7, 8, 9]. Conventional FRC, including ultra-high-
performance-FRC (UHPFRC), relies on steel or polymeric fibers to enhance mechanical properties
such as tensile and flexural strength, toughness, and crack resistance [10, 11, 12]. While these fibers
improve the post-cracking behavior of concrete, their contribution remains passive—fibers merely
bridge cracks rather than actively restore or enhance structural performance. This passive nature
limits their ability to provide additional functionalities such as self-centering, prestressing, or active
crack closure.

In contrast to conventional steel fibers, shape memory alloy (SMA) fibers can provide unique ca-
pabilities due to their shape memory effect (SME) and/or superelastic properties (i.e. their ability
to return to a pre-defined shape after large deformations) [13]. The SME occurs due to the re-
versible martensitic phase transformation in the alloy structure, inducing the unique behavior that
is schematically shown in Figure 1. During loading and unloading, residual strain develops in the
material. Heating the SMA above the austenite start temperature (A;) initiates the transformation
of twinned martensite into the austenite phase, which is completed at the austenite finish tempera-
ture (Ay). After cooling from the martensite start (M) to the martensite finish (My) temperatures,
the austenite completely transforms back to twinned martensite. These critical temperatures are
affected by the SMA’s composition, manufacturing procedure, and applied stresses [14]. Over the
last two decades, researchers have studied the integration of SMA wires and fibers, predominantly
made of nickel-titanium (NiT1i), into concrete composites [15]. Two main features of NiTi SMAs
are leveraged in construction applications:

¢ Superelasticity and energy dissipation: At ambient temperatures, NiTi SMAs exhibit pseudoe-
lastic (superelastic) behavior, which allows them to recover significant strains upon unloading
while also providing improved energy dissipation and recentering capabilities. Several stud-
ies [16, 17, 18, 19, 20, 21, 22, 23] have demonstrated that incorporating superelastic NiTi bars
or fibers into concrete elements can significantly improve their resilience to cyclic and seismic
loading, resulting in self-centering structures with minimal permanent deformation [24, 25].
Experiments and simulations demonstrated that NiTi-reinforced concrete beams and bridge
columns may recover a large amount of their deflection after unloading, lowering residual
displacements and enhancing post-event performance [26, 27].

¢ Crack closing and prestressing: Beyond superelasticity, NiTi SMAs have the SME property,
which allows them to revert to a pre-deformed shape when heated. Early research on SMA
fiber-reinforced composites focused on employing heat activation to prestress, close, or reduce
cracks in mortar and concrete specimens [28, 29, 30]. Several studies looked into embedding
NiTi wires or short fibers in cementitious matrices to promote prestressing and crack closing
when heated [31, 32, 23]. Such tests demonstrated partial or complete crack closure, resulting
in increased durability and even enabling self-healing mechanisms by reducing crack width.
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Figure 1: Shape memory effect of shape memory alloys [14].

Despite the promising results obtained with NiTi alloys, their high material costs, manufac-
turing complexity, and restricted scalability pose barriers to their widespread usage in civil engi-
neering [33, 34]. In recent years, iron-based SMAs (Fe-SMAs) have developed as a less expensive
and more scalable alternative [35, 36, 37]. Several investigations have shown that Fe-SMAs can
be produced at a lower cost and with good workability while still providing acceptable SME for
structural applications. Initially, research on Fe-SMAs concentrated on applications such as pre-
stressed strengthening with Fe-SMA bars or strips applied externally or embedded in concrete.
Shahverdi et al. [38, 39] determined that thermal activation of Fe-SMA strips and rods resulted in
considerable prestress, enhancing load-bearing capacity and fatigue resistance in reinforced concrete
beams. These investigations demonstrated the potential of Fe-SMAs for active strengthening and
rehabilitation, however, they focused on large-scale reinforcing elements rather than short fibers
dispersed throughout the concrete.

As of today, research on SMA fibers in concrete has primarily focused on NiTi alloys, with the
goal of either leveraging superelasticity for energy dissipation or using SME for localized prestressing
or crack closure. Very few research have looked into the ability of short SMA fibers to uniformly
prestress concrete at the material level. Even fewer attempts have been made to employ Fe-SMA
fibers, despite its cost, production, and scalability advantages. Previous research on Fe-SMA has
focused primarily on bars, strips, or wires rather than small fibers randomly dispersed in a concrete
matrix. Thus, there is a major gap in knowledge regarding;:

e The performance of short Fe-SMA fibers as internal reinforcement in actively prestressed
concrete.

e The measurement of mechanical advantages (e.g., improved flexural performance, increased
fracture resistance) obtained from activating SME in short Fe-SMA fibers.
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e The development of reliable numerical models capable of replicating Fe-SMA fiber dispersion,
end-hooked shape, and interaction with the cementitious matrix.

This work aims to address these gaps by:

o Evaluating the feasibility and efficiency of integrating short, randomly dispersed Fe-SMA
fibers directly into concrete mixtures, as opposed to prior investigations that used Fe-SMA
bars or strips. By doing so, it aims to produce a more consistent, localized distribution of
prestressing forces during thermal activation.

¢ Conducting an experimental campaign to investigate the behavior of Fe-SMA fiber-reinforced
prisms at ambient and elevated temperatures (160°C and 200°C), comparing their flexural
performance to steel-fiber-reinforced and plain concrete reference prisms. This method not
only provides insights on mechanical improvements owing to SME activation, but it also
creates a baseline for the temperature parameters necessary to cause prestress in a Fe-SMA
fiber-reinforced system.

¢ Showing that short Fe-SMA fibers may actively prestress concrete and increase its load-bearing
capacity, which is a significant step toward making SMA-FRC composites more economically
viable for large-scale civil engineering applications. Fe-SMAs’ lower cost and simplicity of
production improve their potential for widespread adoption.

¢ Developing a numerical model, which includes randomized fiber distribution algorithms and
novel modeling approaches for end-hooked geometries, allows for a better understanding of
the underlying mechanics and provides guidelines for designing and optimizing Fe-SMA fiber-
reinforced systems in the future.

Ultimately, this study introduces an innovative prestressing reinforcement concept using short
Fe-SMA fibers and provides experimental data and numerical simulations to support its potential
benefits. Section 2 provides detailed information on the materials used, the specimens preparation
process, and the test methods used in the experiment. Section 3 presents the obtained results along
with a discussion and interpretation of these findings. Section 4 describes the computational mod-
eling procedures, including the generation of random fiber distributions, the constitutive material
models utilized, contact properties, mesh sensitivity analysis, and validation of the simulations.
Finally, Section 5 outlines the concluding remarks.

2. Experimental programme

2.1. Materials and specimens preparation

The investigations included two types of fiber materials: steel and Fe-SMA fibers. BEKAERT®
3D 65/35 steel fibers, measuring 35 mm in length and 0.55 mm in diameter (for an aspect ratio
of 65), were used. According to the manufacturer’s specifications (based on Datasheet Dramix
3D 6535BG EN-UK 20231204), these fibers have a tensile strength of 1,345 MPa and a Young’s
modulus of 210 GPa. The fibers were end-hooked, with a bent length of 6 mm and a width of 2
mm. Each cast specimen included 2.0% of these steel fibers in its volume. The components of the
concrete mix are shown in Table 1. The concrete was poured into prism molds of 40 x 40x 160 mm?,

following EN 1015-11 testing standards [40]. The mixing procedures followed ASTM C192/C192M


http://mostwiedzy.pl

Downloaded from mostwiedzy.pl

AN\ MOST

specifications [41]. The formwork was removed 24 hours after casting, and specimens were placed
in water at 20°C for 28 days before testing.

Table 1: Composition of high-performance concrete (HPC) mix used in the study [42].

Component Amount in kg/m?
Cement 1T 52.5R 620
Limestone powder 480
Fine sand (0-0.5 mm) 301
Coarse sand (0.5-1.0 mm) 708
Superplasticizer 16.5
Shrinkage reducing agent  16.5
Water 190

Figure 2 illustrates the form and geometry of the Fe-SMA fibers used in this study. The fibers
are composed of Fe-17Mn-5Si-10Cr-4Ni-1(V, C) (mass%), with further details on their general
properties available from Dong et al. [43] and Shahverdi et al. [39]. In addition, the specific Fe-
SMA fiber material employed in this work was processed and heat-treated according to the optimal
protocol identified in a recent study [44], involving annealing at 850°C for 2 hours. This heat
treatment regimen, ensures the fibers develop the intended stress-strain behavior and recovery
stress capacity. The fibers were produced from continuous spools of Fe-SMA wire with a diameter
of 0.5mm. The wire was prestrained continuously to a strain level of 5.0%+/-1.0% over the whole
length of each spool using a bespoke automated process. The prestrained wire was then passed
through an industrial fiber cutting machine to crimp and introduce the permanent deformations
for the hooked end regions, before cutting it to the final fiber length of 35mm. The Fe-SMA fibers
had the same nominal length and similar aspect ratio with the commercial steel fibers used herein
as a reference (L/D=70 and 65 for Fe-SMA and steel fibers, respectively), which was due to the
unavailability of commercial steel fibers with the same length and diameter at the time of specimen
fabrication.
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Figure 2: The geometry of the Fe-SMA fibers (units are in millimeters) [42].
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Three types of specimens were tested to determine the efficiency of prestressing concrete with
short Fe-SMA fibers. The first type has a target volume fraction of 2.0% of Fe-SMA fibers. For
comparison, a second batch of specimens included the same volume fraction of 2.0% of steel fibers,
while a third type consisted of plain concrete with no fibers. A total of 18 specimens were cast
for each type, resulting in 54 specimens overall. Since the application of Fe-SMA fibers in concrete
requires thermal activation and exposure to high temperatures, three temperatures were included:
ambient (no heating), 160°C, and 200°C. When heated to 160°C, the Fe-SMA material exhibits
recovery stresses of about 350 MPa [39]. Other investigations suggest that increasing the activation
temperature may partially enhance recovery stress levels [39, 45, 46, 47]. Consequently, this study
for the sake of comparison, also included heating at 200°C. Each subcategory thus comprised six
specimens. Considering these variables, multiple groups of specimens were prepared and tested.
Table 2 details each type of specimen and the corresponding variable factors. Each category was
labeled depending on the variable components used to help in the interpretation of the data. It is
vital to note that the results reported in the following sections are based on the average outcomes
of the six specimens in each category.

Table 2: Test matrix used for the experiments.

Material Quantity  Activation Temperature (°C) Specimen ID
6 Ambient FRC-FeSMA-A
Fe-SMA 6 160 FRC-FeSMA-160
6 200 FRC-FeSMA-200
6 Ambient FRC-Steel-A
Steel 6 160 FRC-Steel-160
6 200 FRC-Steel-200
6 Ambient HPC-A
Plain Concrete 6 160 HPC-160
6 200 HPC-200

2.2. Test methods

2.2.1. Compressive and flexural tests

To evaluate the mechanical characteristics of the concrete and the impact of heating, both
flexural and compressive strength tests were performed according to EN 1015-11 standards [40].
Initially, prism specimens measuring 40 x 40 x 160 mm? were cast and subjected to three-point
bending tests to determine their flexural strength. Each prism was placed on two rolling supports
spaced 100 mm apart, and a displacement-controlled load was applied at the mid-span (80 mm from
either end) at a rate of 2.0 mm/min. During each test, both the displacement and the applied force
at the loading point were recorded.

Following the flexural tests, the end segments of the prisms were cut to have cubic specimens
measuring 40 x 40 x 40 mm? for compression testing. Specifically, six plain concrete prisms were
cast for each temperature category, resulting in a total of 12 cubic specimens (two per prism), and
hence 36 cubic specimens were tested in compression. These cubes were placed into compression
platens with a 40 x 40 mm? loading area and were tested under displacement-controlled loading at
a rate of 2.0mm/min. The average compressive strength values obtained from these specimens
were used to characterize the concrete’s properties under the different heating conditions. The
results from both the flexural and compressive tests provided key input parameters for subsequent
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analyses and computational simulations. Additionally, prism specimens reinforced with Fe-SMA
and steel fibers were only tested in flexure. By comparing the results of these tests, the effectiveness
of employing Fe-SMA fibers to prestress concrete could be assessed.

2.2.2. Thermal activation

Thermal activation is required to induce phase transformation in prestrained Fe-SMA materials,
thereby enabling prestressing effects within the concrete. When these short Fe-SMA fibers are
embedded and randomly distributed throughout the concrete, it is necessary to heat the entire
composite to the target activation temperature. In this study, the heating process was carried
out using a programmable heating chamber. Prism specimens designated for thermal activation
(160°C and 200°C) were placed inside the chamber (see Figure 3), while reference prism specimens
remained at ambient room temperature.

The heating chamber was programmed to increase the temperature at a rate of 8°C per minute
until the desired setpoint (160°C or 200°C) was reached. Once the target temperature was attained,
the chamber maintained it for the required duration. To monitor temperature distribution accu-
rately, one additional dummy specimen (not used for subsequent mechanical testing) was cast and
instrumented with thermocouples prior to heating. As illustrated in Figure 4, a K-type thermo-
couple was embedded in the core of this dummy prism specimen, and another was attached to its
surface. These thermocouples were connected to a temperature data logger, allowing continuous,
real-time tracking of both core and surface temperatures during the heating process. All other
specimens designated for mechanical testing (flexural or compressive) were heated in separate but
identically controlled batches without instrumentation. By ensuring the same heating rate and
duration, the temperature profile measured in the dummy specimen was representative of the ther-
mal conditions experienced by the tested specimens. Thus, the dummy specimen’s temperature
readings provided a reference to verify that the target activation temperature was reliably reached
and maintained within the tested prisms. It was observed that sustaining the target temperature
within the chamber for approximately 150-160 minutes enabled the core of the concrete to reach
the desired activation temperature. This controlled heating approach ensured uniform thermal
activation of the Fe-SMA fibers and served as a baseline for interpreting the prestressing behavior
observed in the subsequent mechanical tests.

Figure 3: The prism specimens located inside the heating chamber for thermal activation [42].
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Figure 4: Schematic illustration of the thermocouple configuration used for temperature measurements in prism
specimens (dimensions in millimeters) [42].

3. Results and discussion

Before presenting the results of the concrete prism tests, it is essential to establish a clear under-
standing of the thermomechanical behavior of the Fe-SMA fibers themselves. Since the prestressing
of concrete using these fibers depends on their response to thermal activation and mechanical load-
ing, dedicated tests were conducted on individual Fe-SMA fibers under conditions representative
of the targeted heating scenarios. Characterizing the stress and strain response of the fibers at the
chosen activation temperatures provides critical insight into their potential to generate recovery
stress and prestressing forces. In this study, four prestrained end-hooked Fe-SMA fibers were sub-
jected to controlled thermal and mechanical loading. For the thermal activation phase, each fiber
was clamped at both ends and pre-loaded with approximately 100 MPa to prevent compression from
heat-induced expansion during heating. Two temperature levels, 160°C and 200°C, were selected
for activation: two fibers were heated to 160°C and the other two to 200°C. After reaching the
target temperature, the fibers were cooled back to room temperature, and both stress values and
chamber temperatures were continuously recorded.

Figure 5a illustrates the effects of this thermal cycle on the fibers. As the temperature increased
from 24°C to 70°C, thermal expansion caused the stress to decrease significantly, settling between
10 MPa and 17 MPa. Upon reaching about 70°C, a slight stress increase was observed due to the
phase transformation from martensite to austenite. For fibers heated to 200°C, the stress began to
climb more rapidly after approximately 155°C. During cooling, the stresses in the fibers rose to about
360 MPa and 385 MPa for the 160°C and 200°C activation cases, respectively, indicating that raising
the heating temperature from 160°C to 200°C could increase the recovery stress by approximately
25 MPa. Following the thermal activation, the mechanical performance of the fibers was evaluated
under tensile loading. As shown in Figure 5b, the fibers—after being heated to either 160°C or
200°C—exhibited a nearly identical tensile behavior, sustaining strains up to around 30% and
achieving an ultimate failure stress of approximately 1,150 MPa. This suggests that the mechanical
properties of the Fe-SMA fibers remain largely unaffected by the prior thermal activation.

Figure 6 displays the stress-strain curves of the compressive behavior of plain concrete based on
tests conducted on cubic specimens subjected to various temperatures. The specimens maintained
at room temperature (HPC-A) exhibited the highest compressive strength of 98.35 MPa. When
the plain concrete was exposed to 160°C (HPC-160), its compressive strength decreased to 71.7
MPa. This reduction in strength is consistent with the well-documented behavior of concrete at el-
evated temperatures, as thermal exposure above approximately 100°C often leads to microstructural
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changes, loss of physically bound water, and potential damage to the cement paste and aggregate
interfaces. Such effects are commonly observed to reduce not only compressive strength but also
tensile and flexural properties, reflecting the material’s sensitivity to heat-induced degradation.
However, exposure to 200°C (HPC-200) resulted in an improvement in compressive strength to
95.39 MPa, which, while higher than the HPC-160 specimen, remained below the strength of the
reference specimens kept at ambient temperature. The observed increase in compressive strength
between 160°C and 200°C may be attributed to chemical reactions occurring within these temper-
ature ranges, presenting an interesting phenomenon that suggests further investigation.

Figure 7 illustrates the flexural stress-strain responses of plain concrete specimens subjected
to different temperature ranges. Among the tested specimens, those kept at ambient temperature
(HPC-A) demonstrated the highest flexural strength, measuring 11.5 MPa. Exposure to 160°C
(HPC-160) significantly reduced the flexural strength to 6.82 MPa. In contrast, specimens heated
to 200°C (HPC-200) showed an enhanced flexural strength of 9.88 MPa. Although the HPC-200
specimens exhibited greater strength than the HPC-160 group, their flexural performance was still
inferior to the ambient temperature reference specimens.

This trend, where the concrete subjected to 200°C shows a mechanical performance rebound
compared to that heated to 160°C, is somewhat atypical for ordinary concrete. Generally, exposure
to elevated temperatures above 100°C leads to progressive strength degradation due to factors
such as the loss of physically and chemically bound water, micro-cracking at the aggregate—cement
paste interface, and changes in the crystallinestructure of hydration products. However, certain
HPCs and UHPCs have been reported to exhibit complex behavior under mild-to-moderate thermal
exposure [48, 49, 50, 51]. In some UHPC formulations, sustained temperatures up to about 200°C
may promote additional secondary hydration or microstructural rearrangements that temporarily
enhance matrix densification and reduce porosity before severe microstructural damage sets in
at higher temperatures. For instance, residual moisture within the pores might be released in a
controlled manner, and ongoing pozzolanic reactions could fill previously open pores, leading to a
short-term improvement in strength [52, 53]. It is important to note that this effect is not universally
guaranteed and depends heavily on the specific material composition, the initial curing regime, and
the presence of fine supplementary cementitious materials or reactive fillers. The particular mix
design employed in this study may have facilitated a microstructural environment that allowed for
these beneficial reactions or densification processes to occur at 200°C, temporarily offsetting the
typical degradation seen at elevated temperatures.
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Figure 5: (a) Thermal activation process of pre-strained, and (b) tensile stress—strain (after thermal heating) of
Fe-SMA fiber.
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Figure 6: (a) Compressive stress—strain and (b) compressive strength of plain concrete subjected to different tem-
perature conditions.
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Figure 7: (a) Flexural stress—strain and (b) flexural strength of plain concrete subjected to different temperature
conditions.

Figure 8 illustrates the flexural responses of prism specimens reinforced with Fe-SMA and steel
fibers during a three-point bending test. Examining the behavior of specimens reinforced with steel
fibers revealed a consistent decline in flexural strength as the applied temperature increased from
ambient to 160°C and further to 200°C. Specifically, the flexural strength of the concrete-steel fiber
composite decreased from 22.96 MPa at room temperature to 19.46 MPa at 160°C, and further to
16.67 MPa at 200°C. This reduction in performance can be attributed primarily to the thermal
degradation of the concrete matrix and the resulting microcracking at higher temperatures. Since
steel fibers do not undergo any phase transformation or generate recovery stresses upon heating,
they remain passive reinforcements, much like non-prestrained Fe-SMA fibers would behave under
similar conditions. Consequently, as the concrete’s microstructure deteriorates at elevated temper-
atures, the pull-out resistance and load-carrying capacity of steel fibers diminish, leading to lower
overall mechanical performance compared to the actively prestressed Fe-SMA fibers. Therefore, the
elevated temperatures negatively impact the mechanical properties of the steel fibers and reduce
their pull-out resistance within the concrete matrix [54, 54, 55, 56].

In contrast, specimens with Fe-SMA fibers showed a different response to thermal exposure. At
ambient temperature, these specimens demonstrated a flexural strength of approximately 20.2 MPa.
When heated to 160°C, the flexural strength increased to 26.65 MPa. This improvement is indica-
tive of the phase transformation in Fe-SMA fibers triggered by thermal heating, which generates
prestressing forces that are transferred to the surrounding concrete matrix. However, when the
temperature is raised to 200°C, the flexural strength slightly decreases to 24.39 MPa. Although
this value remains higher than that of the ambient-temperature specimens, it is slightly lower than
the strength measured at 160°C. This response contrasts with the behavior of plain concrete spec-
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imens, where an increase to 200°C resulted in higher flexural strength compared to 160°C. The
observed decrease of flexural strength at 200°C in Fe-SMA-reinforced specimens may be due to a
significant reduction in frictional forces and pull-out resistance between the concrete matrix and
the Fe-SMA fibers. The thermal heating impacts not only the individual components, such as
the concrete matrix and the fibers but also their interface, which plays a major role in the overall
mechanical behavior. Therefore, careful consideration of thermal heating impacts is essential when
utilizing Fe-SMA fibers for prestressing applications in concrete.
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Figure 8: (a) Stress—strain curves and (b) flexural strength of specimens containing Fe-SMA and steel fibers subjected
to different temperature conditions.

Figure 9 shows the crack propagation in specimens reinforced with Fe-SMA fibers during a three-
point bending test. The initial stage captures the moment when the maximum flexural strength is
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reached, at which point the first crack appears in the concrete. Notably, the crack does not form
precisely at the mid-span but rather at a location exhibiting weaker strength. This variability may
also be influenced by the specimen geometry. In this initial feasibility study, prisms with dimensions
of 40 x 40 x 160 mm?> were employed—dimensions commonly used for mortar testing. While
suitable for the preliminary evaluation conducted here, the chosen prism size may not fully reflect
the ideal conditions for random fiber dispersion, given the fiber length (approximately 35mm).
Future investigations involving larger or alternative specimen geometries could provide a more
comprehensive assessment of the fiber distribution and mechanical behavior, further supporting the
findings of this work. As the load increases, fiber pull-out in mid-span was observed, and the crack
extends upward toward the top surface of the specimen, reaching the position of the loading gauge.
Additionally, minor compressive forms of damage are visible at the support locations of the prism.

B )
)

Figure 9: Three-point bending test for specimens reinforced with Fe-SMA fibers at (a) peak flexural stress and (b)
failure.

Figure 10 presents the bottom view and crack opening of specimens reinforced with Fe-SMA
fibers following three-point bending tests, categorized by the temperatures to which they were
subjected. It is noteworthy that all specimens were photographed, and the observations discussed
herein are based on the analysis of these images. For the sake of presentation, only three images
are displayed in this study. An initial observation is the increase in the brightness of the concrete
material with rising temperatures. This color change results from water evaporation and chemical
reactions among the concrete constituents at elevated temperatures. Additionally, the fiber pull-
out mechanism varied with temperature. In unheated concrete, the anchorage provided by the
concrete matrix was sufficient to cause the end-hooks to straighten significantly before the fibers
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were pulled out. At higher temperatures, however, increased microcracking and differential thermal
expansion between the concrete and the fibers weakened this anchorage. As a result, the fibers were
extracted more easily, with less hook straightening and reduced overall pull-out resistance. This
behavior aligns with established knowledge regarding the negative impact of elevated temperatures
on fiber-matrix bonding. In contrast, specimens exposed to 160°C and 200°C exhibited multiple
fibers failing without significant straightening of their end-hooked geometries. This observation
aligns with well-established findings in the literature, which indicate that as temperature increases,
the concrete matrix undergoes microstructural changes that diminish the fiber-matrix bond and
reduce pull-out resistance.

Figure 10: Bottom view and crack opening in specimens with Fe-SMA fibers exposed to (a) ambient (reference), (b)
160°C, and (c¢) 200°C temperature.

4. Computational modeling

4.1. Generation of the random distribution of fibers

It is critical to generate random fiber distributions within three-dimensional specimens to ana-
lyze fiber-reinforced concrete composites [57, 58]. Modeling these distributions allows for a more
precise and reliable investigation of the mechanical characteristics of fiber-reinforced composites [59].
This section provides a brief introduction to a developed Python-based script that integrates with
ABAQUS CAE to make it easier to develop models with randomly distributed short fibers.

Figure 11 depicts the developed script’s process. This algorithm provides a reliable approach for
modeling fiber placement within a composite prism, taking into account important factors such as
settling effects, avoiding fiber overlap, and adhering to predetermined volume fractions over several
layers. The algorithm’s ability to modify parameters such as fiber diameters, tolerances, settling
percentages, and volume fractions makes it suitable for a wide range of materials and applications.
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Figure 11: The procedure used to generate the random distribution of fibers inside a cubic or cylindrical specimen.
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The provided experimental results (Section 3) are based on average results of tests carried out
on multiple specimens (Section 2). Several models were developed and analyzed for computational
investigations, and the average responses are shown in Section 4.4. Each time the script was
executed, it generated a different random distribution of fibers within the prism specimen. As a
result, six models were analyzed: three with no fiber settling and three with 5% fiber settlement.
The settlement was distributed over four layers, with the fiber content increasing by 5% in each
successive layer moving downward toward the bottom of the prism specimens. Figure 12 shows
that the fibers in all six models are straight. To resemble the end-hooked geometry and distinguish
the pull-out behavior between the straight and end-hooked parts, the fibers were divided into
three segments: a middle straight section of 23mm and end sections of 6mm each, totaling 35mm,
consistent with the experimental fibers. The partitioning was utilized to assign unique contact
characteristics to each segment, as explained in Section 4.3.

The justification for classifying the models into those with and without fiber settling originates
from observations made during casting and testing. It was discovered that a small fraction of
fibers settled while the concrete mix was still fresh and not hardened. Mechanical testing of the
prism specimens found that fiber settlement occurred in the mid-span, where cracking was visible,
with settlement percentages ranging from 3% to 8%. Although this range may appear small, the
current study included fiber settling in the modeling to determine its possible influence on the
results. The created models were used to compare the impacts of several temperature ranges
(ambient, 160°C, and 200°C) for a more thorough analysis.

()

Figure 12: Generated models for subsequent numerical analysis (blue sections represent the end-hooked parts, while
red sections denote the straight middle parts of the fibers): (a)—(c) without fiber settlement and (d)—(f) with approx-
imately 5% fiber settlement.

4.2. Constitutive models of materials

For the simulations conducted in ABAQUS CAE, two material components were defined: the
concrete matrix and Fe-SMA. This section provides a detailed overview of the fundamental prop-
erties and mathematical formulations of these materials. To characterize the mechanical behavior
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of the concrete, it was assumed to be isotropic and homogeneous. The Concrete Damage Plas-
ticity (CDP) model, developed by Lubliner [60], Lee, and Fenves [61], was utilized to investigate
the behavior of semi-brittle materials. The uniaxial stress-strain relationships of concrete under
compressive and tensile loads are illustrated in Figure 13.
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Figure 13: CDP modeling approach depicting the uniaxial stress—strain behavior of semi-brittle materials: (a)
compression and (b) tension.

The CDP model’s uniaxial tensile and compressive responses are described by the stress-strain
relationships given below.

o= (1-d))Eo (e —&") M
oo =(1—d.)Eo (ec—?:fl> (2)

The compressive and tensile plastic strains are represented by &’ ! and g’ l, respectively. The
compressive plastic strain, &7 l, is defined as the total compressive strain € minus the elastic strain

of the undamaged material 851 = %g, and further reduced by the product of the compressive stress

[

o, and a factor dependent on the compressive softening coefficient d. and the initial elastic modulus
Ey. Similarly, the tensile plastic strain, &’ Z, is calculated by subtracting the elastic strain of the
undamaged material 8&1 = % from the total tensile strain &, and then subtracting the product of the
tensile stress 0; and a term that depends on the tensile softening coefficient d; and the initial elastic
modulus Ey. The scalar softening coefficients for compression and tension, d. and d;, respectively,
range between 0 < d. <1 and 0 <d, < 1. They are defined as d. = 1 — % and d, =1— % for
stress-strain states on the softening branch. '

Experimental tests revealed that thermal heating significantly affects the properties of concrete.
Consequently, three distinct concrete models were developed for this study: HPC-A, HPC-160, and
HPC-200 for ambient temperature and two ranges of temperature, 160°C and 200°C, respectively.

Using the stress-strain curves obtained from the compressive and flexural behavior of the concrete,
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the material inputs for the CDP model were defined to simulate the behavior of the concrete matrix
in this study. After establishing the initial data inputs for all concrete models in ABAQUS CAE
using the CDP model, cubic and prism specimens were modeled to replicate the experimental setups.
The concrete models were then assigned to these specimens to calibrate and validate the inputs for
the CDP model. Figure 14a shows the cubic specimen under compressive forces, and Figure 14b
depicts a prism model subjected to a three-point bending flexural test. Since no direct tensile tests
were conducted on the specimens, the axial tensile strength values for each concrete model were
calibrated by minimizing the error between the experimental results and numerical analysis for
the prism specimens after validating the compressive strength based on the cubic models. Once
both the compressive and tensile strength inputs for each concrete model were validated using
the CDP model, these values were utilized for further analysis. Figure 14c and 14d present a
comparison between the experimental and numerical results from the investigations. The concrete
model demonstrates accurate definition and calibration, closely simulating the experimental tests
with negligible differences.

For all concrete models, the modulus of elasticity (E.) was assumed to be approximately 47.5
GPa. The compressive strengths (f.) were set at 98 MPa, 71 MPa, and 95 MPa for HPC-A, HPC-
160, and HPC-200, respectively. The tensile strengths of concrete (f;) were assumed to be 8 MPa,
6.5 MPa, and 7.8 MPa for HPC-A, HPC-160, and HPC-200, respectively. A Poisson’s ratio of 0.2
was applied to all concrete models. Additionally, the geometric parameters defining the plasticity
surface for the concrete matrix were assumed as follows: eccentricity (€) = 0.1; dilation angle (y)
= 40°; 0p9/0.0 = 1.16; K. = 0.667; and a viscosity parameter of 1x 10710,
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Figure 14: Modeled cubic and prism specimens used to calibrate and validate the CDP inputs for the concrete model:
(a) compressive damage and (b) tensile damage (results for the concrete model HPC-A).

To accurately represent the SME property of Fe-SMA in ABAQUS simulations, one of three
approaches can be used: using a user material subroutine (UMAT) derived from a robust consti-
tutive model that captures the material’s behavior; directly specifying the prestressing stresses; or
modeling the temperature effects on the Fe-SMA material as a form of thermal shrinkage. To the
authors’ knowledge, no current UMATS effectively characterize the complex behavior of Fe-SMA
materials.

Previous research by Abouali et al. [62] and Dolatabadi et al. [63] has shown that temperature-
dependent models can accurately capture the characteristics of Fe-SMA. Heating Fe-SMA fibers to
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160°C results in roughly 360 MPa of recovery force, whereas heating to 200°C results in around 385
MPa of recovery stress. To attain these results, a negative thermal expansion coefficient was estab-
lished, which allows the material to shrink when heated to the aimed temperature. This thermal
shrinkage effectively replicates the recovery stresses generated by the material’s phase transforma-
tion. Furthermore, the Fe-SMA strips are expected to display isotropic hardening plasticity in their
material behavior. According to the literature [64] and empirical studies, the modulus of elasticity
of Fe-SMA after activation is around 85 GPa, which is utilized to describe material behavior post-
activation. Before activation, the modulus of elasticity is assumed to be 160 GPa. The Poisson’s
ratio and yield stress are defined at 0.275 and 500 MPa, respectively. The ultimate stress and strain
are specified as 1,125 MPa and 22.5%, respectively.

After establishing all input parameters, two Fe-SMA fibers were modeled under configurations
identical to the experimental setup, such as boundary conditions, loading rate, and other key
variables. Figure 15a shows how the Fe-SMA fiber models respond to thermal heating at 160°C
and 200°C. The model accurately predicts recovery stresses at these temperatures. Figure 15b
depicts the mechanical properties of the activated Fe-SMA fiber model. Figures 15¢ and 15d show
the stress distribution in the Fe-SMA fiber model after 160°C and 200°C exposures.
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Figure 15: (a) Thermal behavior under heat exposure, (b) mechanical behavior post-heating as defined for the
modeling of Fe-SMA fibers, (c) and (d) the simulation of the Fe-SMA fiber exposed to 160°C and 200°C thermal
heating, respectively (units are in MPa).

4.3. Contact properties and interactions

Accurate modeling of the pull-out behavior of Fe-SMA fibers embedded in concrete is required
to simulate the mechanical performance of FRC composites. This section describes the procedure
used to translate empirical data to numerical input for the simulation, including the constitutive
relationships and input data to define the contact properties between Fe-SMA fibers and concrete
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matrix. The fibers are represented as straight components in the simulation, with a total length of
35 mm, consisting of a 23 mm central section and two 6 mm end regions (see Figure 16). The end
regions represent the mechanical anchoring effect of the actual end-hooked fibers. The end regions
and the center area have different contact properties to represent the different interactions with
the concrete matrix. The contact properties attributed to the end regions represent the enhanced
bonding caused by the end hooks. The middle section’s contact properties correspond to straight
fibers.

Fully-detailed model

Individual fiber

Figure 16: Partitioned straight fiber with distinct contact properties assigned to each segment: end sections (6 mm)
resembling end-hooked properties and the central section (23 mm) exhibiting straight fiber contact properties.

Tangential behavior determines frictional resistance at the fiber-concrete interface. The equation
is T = up, where 7T is the shear stress, u is the friction coefficient, and p is the contact pressure
(normal stress). In this investigation, a nominal friction coefficient of g =0.1 is employed. The
cohesive behavior specified the bonding and debonding process at the interface using a traction-
separation law. The correlation between traction stresses and separations in both normal and shear
directions is defined as:

1, K, 0 0 O
=10 Ky O Os (3)
I 0 0 Ky O

where t,, I, t; are the traction stresses in the normal and two shear directions, &,, 0, &, are the
separations in the normal and two shear directions, and K,,, K, K are the stiffness coefficients
in the normal and shear directions. The stiffness matrix is uncoupled, which means there is no
interaction between normal and shear behaviors. Due to a lack of particular shear data, shear
stiffnesses are assumed to be proportional to normal stiffness: Ky = Kiy = BsKpun, with B;=0.8.
Damage initiation is determined by the maximum nominal stress threshold. Damage is expected
to initiate when the maximum nominal stress ratio reaches unity:

max( ) & b )1 (4)

) )
O-max Tmax Tmax

where (1,) is the Macaulay bracket indicating that only tensile normal stresses contribute to damage
initiation, Omax and Tmax are the maximum allowable normal and shear stresses, respectively.
Because the fibers are exposed to tensile pull-out without considerable shear, we concentrate on the
normal stress component, and shear components are neglected or assumed to be equivalent to the
normal component as necessary. The progression of damage after initiation is approximated using
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an exponential softening regulation dependent on the displacement (separation):

1 = foexp (—ﬁ(ffj?O) (5)

where 7 is the current traction stress, fy is the traction stress at damage initiation, & is the current
separation, &y is the separation at damage initiation, o is the separation at complete failure, and
B is the exponential softening parameter (assumed as 1.0). Friction coefficient for all models was
assumed as 0.1.

The parameters required for establishing the contact properties were calculated using empirical
force-displacement data provided by Tabrizikahou et al. [42]. Table 3 shows the contact proper-
ties between fibers and concrete matrix, based on empirical data applied to the aforementioned
formulations and relationships.

Table 3: Input values used to define the contact properties for modeling.

End regions Middle Part
Parameter Ambient 160°C  200°C  Ambient 160°C  200°C
Friction Coefficient u 0.1
Normal Stiffness K, (N/mm?) 308.6 154.6 86.3 28.16 17.49 4.98
Shear Stiffness K, Ky (N/mm?) 246.88  123.68 69.04  22.528  13.992  3.984
Maximum  Normal = Stress  Omax g4 g9 23.36  14.65 4.96 315  3.52
(N/mm?)
Displacement at Failure §; (mm) 14.8 14.2 13.4 4.73 4.79 4.49
Exponential Parameter 8 1
Viscosity Coefficient 0.0001

To validate and verify the procedures and inputs used to define the contact properties, com-
putational modeling was conducted to simulate the fiber pull-out tests. Therefore, a model with
identical concrete and Fe-SMA material properties was defined, with a straight fiber embedded
within the concrete matrix. Considering the test’s symmetrical nature, the model was developed
with symmetry boundary conditions to reduce computational time by minimizing the number of el-
ements. Figure 17a shows the meshed model used to numerically analyze the Fe-SMA fiber pull-out.
It can be seen that after the fiber is pulled out, stress concentrations in the concrete mainly occur
in regions with stronger contact properties, representing the end-hooked geometry. In contrast, the
concrete matrix surrounding the straight part of the fiber exhibits lower stress values. Additionally,
the plastic strain distribution in the concrete indicates residual strains in the areas corresponding to
the end-hooked geometry after fiber pull-out. Figure 17b compares the numerical simulation results
with the experimental data. The comparison demonstrates that the model accurately predicts the
maximum fiber pull-out resistance. The results show the reliability of the procedures and contact
property definitions used for modeling the interaction between Fe-SMA fibers and the concrete
matrix.

25


http://mostwiedzy.pl

Downloaded from mostwiedzy.pl

A\ MOST

Meshed model Stresses in concrete Plastic strains in concrete

for fiber pullout after fiber pullout during fiber pullout
S, Mises PEEQ
(Avg: 75%) (Avg;){]soﬂgogo
31.16763 .
28.57033 9.00238
25.97303 0.00195
23.37572 0.00173
20.77842 .| 0.00152
i bk
12.98651 W 0.0008;
10.38921 0.00065
26 B
2.59730 0-00000
0.00000
%
Y zod
z 4—l ‘
|l

(a)
350
300
. 250
Z
F 200
°
*; i
S 150
E
100
50
0
0 2 4 6 8 10 12 14 16
Displacement (mm)
—— FRC-FeSMA-A-Experiment —— FRC-FeSMA-160-Experiment
—— FRC-FeSMA-200-Experiment, - FRC-FeSMA-A-Simulation
--------- FRC-FeSMA-160-Simulation - FRC-FeSMA-200-Simulation

(b)
Figure 17: (a) Simulation of straight Fe-SMA fiber pull-out with different contact properties: 6 mm at the ends to

represent end-hooked geometry and 23 mm for the straight part of the fiber, (b) comparison of Fe-SMA fiber pull-out
results between experiments [42] and the simulations.
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4.4. Validation and mesh sensitivity analysis

After defining, calibrating, and validating all required input data for the computational modeling
of concrete prisms reinforced with short Fe-SMA fibers, a mesh sensitivity analysis was conducted
to evaluate the model’s mesh dependency and determine the optimal mesh size that yields reliable
results compared to experimental data. Four different mesh sizes for both the fiber and prism were
considered for this analysis. The mesh sizes for the prism elements ranged from a coarse mesh of
10 mm to a fine mesh size of 1.25 mm, while for the fibers, mesh sizes ranged from 2 mm to 0.25 mm.
For both the fiber and prism elements, the C3D8R element type (8-node linear brick, reduced
integration) was utilized. Table 4 describes the four distinct groups of mesh sizes used for the prism
and fibers and Figure 18 illustrates the mesh sizes used in this analysis. The computational modeling
was performed on a computer system equipped with an AMD® Ryzen™ 7-4800 CPU 2.90 GHz
and 64 GB RAM. For models subjected to ambient temperature (without thermal heating), the
calculation times were 11 hours, 29 hours, 51 hours, and 127 hours for Case-1, Case-2, Case-3, and
Case-4, respectively. For models with applied heat (160°C and 200°C), the mean analysis times
were approximately 15 hours, 38 hours, 92 hours, and 201 hours for Cases 1 through 4, respectively.

Table 4: Mesh sizes and element numbers for prism and fiber models used in mesh sensitivity analysis and model
validation.

Beam Fiber
Case Mesh size (mm) Elements Mesh size (mm) Elements Total elements
1 10 352 2 53,640 53,992
2 ) 2432 1 104,300 106,732
3 2.5 17,408 0.5 208,600 226,008
4 1.25 131,072 0.25 417,200 548,272
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Figure 18: Models with different mesh sizes used for mesh sensitivity analysis: (a) Case-1, (b) Case-2, (c¢) Case-3,
and (d) Case-4.

Figure 19 compares the experimental results with the numerical analysis results obtained us-
ing the different mesh sizes. Figure 19a related to specimens without thermal heating (ambient
temperature). It can be seen that mesh sizes of 5mm and 10 mm yield unreliable results, whereas
finer mesh sizes of 1.25 mm and 2.5 mm produce more accurate outcomes. Considering the 76-hour
difference in computation time and the identical agreement of results within acceptable ranges, a
mesh size of 2.5 mm is recommended as it provides accurate results within a reasonable time frame.
In Figure 19b and 19c¢, it is also observed that mesh sizes of 5mm and 10 mm provide unreliable
results, particularly for models subjected to 200°C thermal heating, which show considerable dis-
crepancies compared to experimental data. For finer mesh sizes, the results are reasonable, with
only slight differences in predicting the maximum flexural strength of the specimens.

Overall, mesh sizes used in Case-3 (2.5 mm for the prism and 0.5 mm for the fiber) are considered
optimal for this analysis, as they yield reliable results comparable to the finer mesh sizes used in
Case-4 (1.25 mm for the prism and 0.25 mm for the fiber) while reducing computation time by more
than half. It is also important to note, as mentioned previously in Section 4.1, that two groups
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of models were analyzed in the numerical analysis: one without fiber settlement and one with 5%
fiber settlement. The results presented in Figure 19 pertain to the 5% fiber settlement models.
Generally, models without fiber settlement exhibited approximately 12-15% lower flexural strength
compared to models with fiber settlement. This outcome was expected, as experiments indicated
that the bottom part of the prism contains more fibers, placing more fibers in regions subjected
to higher tensile stresses, thereby enhancing resistance to these tensile forces. In contrast, models
with homogenized distribution had fewer fibers in the tensile zones, resulting in weaker performance
compared to models with a slightly higher concentration of fibers settled at the bottom of the prism.
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Figure 19: Comparison of experimental and numerical flexural responses of concrete prisms reinforced with Fe-SMA
fibers under three-point bending tests, utilizing different mesh sizes (as detailed in Table 4 and Figure 18), for
specimens subjected to (a) ambient temperature (reference), (b) 160°C, and (c) 200°C thermal heating.
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Figure 20a and 20b illustrate the compressive stress distribution within the concrete matrix
of the prism specimens reinforced with embedded short Fe-SMA fibers after thermal heating to
160°C and 200°C, respectively. Laboratory tests (Section 3) revealed that heating Fe-SMA fibers
to 200°C in air resulted in approximately 25MPa greater recovery stress than those heated to
160°C. To define the thermal behavior of the Fe-SMA material for the modeling phase, identical
conditions were used for reproducing the experimental results. Concrete specimens with Fe-SMA
fibers activated at 200°C showed about 1.2 MPa greater prestressing stresses than those heated at
160°C. However, it was previously discovered that after heating and undergoing three-point bending
tests, these specimens exhibited lower flexural strength. This reduction in flexural strength may be
related to significantly lower pull-out resistance and weaker adhesion between the concrete matrix
and Fe-SMA fibers in specimens exposed to 200°C compared to those exposed to 160°C.

Figure 21a depicts the stress distribution within the Fe-SMA fibers. It is visible that the
maximum stress values in the fibers, located at the mid-span, remain well below their plasticity
limits. Figure 21b shows the tensile damage distribution in the concrete matrix following a three-
point bending test. The crack patterns are similar to those seen in experimental tests (such as
in Figure 9), exhibiting asymmetry due to the random distribution of fibers and the initiation of
cracks at weaker points within the matrix. Additionally, slight damage occurred near the supports,
based on compressive forces, mirroring observations from the experimental tests.
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Figure 20: Compressive stress distribution in the concrete matrix generated based on the recovery stresses by Fe-SMA
fibers exposed to thermal heating of (a) 160°C, and (b) 200°C.
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Figure 21: (a) Stress distribution in Fe-SMA fibers embedded in the concrete prism under three-point bending (b)
tensile damage concentration in the concrete matrix with Fe-SMA fibers under three-point bending.

5. Conclusions and final remarks

This study conducted an experimental and numerical analysis to investigate the efficiency of
prestressing concrete using short Fe-SMA fibers. Three types of concrete specimens were compared:
those reinforced with Fe-SMA fibers, those reinforced with steel fibers, and unreinforced plain
concrete. Three-point bending tests were conducted on each group of specimens following exposure
to three temperature conditions: ambient (without thermal heating), 160°C, and 200°C. All fiber-
reinforced prisms were designed to have a targeted fiber volume fraction of 2%, using fibers with
end-hooked geometry to improve pull-out resistance. Based on the obtained results, the following
conclusions and remarks can be made:

¢ Unreinforced plain concrete specimens exposed to heating at 160°C exhibited lower compres-
sive and flexural strengths, measuring 71.7 MPa (a decrease of about 27.1%) and 6.82 MPa
(a decrease of about 40.7%), respectively, when compared to those maintained at ambient
temperatures, which had compressive and flexural strengths of 98.35 MPa and 11.5 MPa.
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However, increasing the temperature from 160°C to 200°C resulted in a minimal reduction in
compressive and flexural strengths, reducing them to 95.39 MPa (a decrease of about 3.0%)
and 9.88 MPa (a decrease of about 14.1%), respectively. This observation highlights the need
for further research to fully understand the underlying mechanisms that drive these changes.

In three-point bending tests, unheated concrete specimens reinforced with Fe-SMA fibers
exhibited a decrease in flexural strength of approximately 2.75 MPa (about 12.0%) compared
to those reinforced with steel fibers. However, the thermally activated Fe-SMA-reinforced
specimens demonstrated greater flexural strength than the steel fiber-reinforced specimens, as
the flexural strength of the latter decreased with increasing temperature. Thermal activation
at temperatures ranging from 160°C to 200°C is expected to increase the recovery stress of Fe-
SMA fibers by about 25 MPa (about 6.5%) when activated in air. Nevertheless, this increase
was not observed when the fibers were used in concrete; instead, a slight reduction of 2.26 MPa
(about 4.8%) was measured. Notably, Fe-SMA-reinforced specimens heated to 160°C showed
higher flexural strength with 26.65 MPa than those heated to 200°C with 24.39 MPa. This
discrepancy may be attributed to a reduction in pull-out resistance and the negative impacts
of thermal heating on fiber-matrix interactions as well as concrete material characteristics.
Therefore, an optimal activation temperature of 160°C is recommended to provide adequate
prestressing stresses while minimizing adverse effects.

The reduction in flexural strength at higher activation temperatures (specifically, 160°C and
200°C in this study) is likely due to the negative effects of thermal heating on the pull-out
resistance between the Fe-SMA fibers and the concrete matrix. Enhancing the pull-out resis-
tance between Fe-SMA fibers and the concrete matrix remains an important goal. To achieve
this, future efforts could focus on optimizing the alloy composition or processing conditions of
Fe-SMA fibers to lower their required activation temperature, thereby reducing thermal degra-
dation effects. Additionally, fine-tuning the concrete mix design or employing short-duration,
localized heating methods may help maintain better fiber—concrete bonding during activation,
ultimately improving the overall performance of Fe-SMA-reinforced systems. Future research
should focus on investigating alternative fiber end geometries that improve pull-out resistance,
and consider other viable solutions to address this issue.

An algorithm was developed to randomly distribute Fe-SMA fibers within concrete while pre-
venting their intersections and placement at specimen boundaries. Empirical data defined
the contact properties of fiber-concrete interactions. To simplify the end-hooked geometry,
fibers were modeled as straight elements with modified end-contact characteristics, effectively
reproducing pull-out behavior. Concrete was defined using the CDP model, and a negative
thermal expansion coefficient captured the Fe-SMA phase transformation and associated re-
covery stresses. Although this approach worked well, a more advanced constitutive model is
required to fully understand complex behaviors like early thermal expansion and potential
microcracking. Moreover, the required finite element models are computationally expensive:
small specimens with 750 fibers take days to simulate, making direct modeling of millions
of fibers impractical. Future research should consider homogenization techniques, analytical
formulations, and multiscale/multiphysics methods for improved efficiency [65].

While heating weakened plain concrete, thermally activated Fe-SMA-reinforced specimens
showed improved flexural strength due to the fibers’ shape recovery. Adjusting the concrete
mix design could further enhance these gains. However, fully heating large elements like bridge
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columns may be impractical. Future research should explore selective activation methods or
optimize alloy compositions to lower activation temperatures. Such strategies could main-
tain concrete integrity and offer cost- and time-effective solutions for larger, more complex
structures.

¢ This study shows that short Fe-SMA fibers can effectively prestress concrete, increasing flex-
ural strength by about 24.2% at 160°C and 17.2% at 200°C for a 2.0% fiber volume fraction,
comparing to reference specimens (without heating). Future work could explore using these
fibers to enable fracture closure and self-healing. While NiTi-based systems offer similar
benefits, Fe-SMA fibers are more cost-effective and scalable. By activating the fibers after
cracking, the induced prestress can bring cracked surfaces together, reducing crack widths
and potentially improving durability in large-scale infrastructure applications.
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