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Abstract: Concrete, as one of the most widely applied materials in buildings, has high environmen-
tal impacts. Researchers are continually seeking solutions to mitigate these environmental issues
while enhancing the mechanical strength and durability of concrete. However, there is a lack of
studies on the effect of combining silica fume (SF) as pozzolanic materials and shape memory alloy
(SMA) fibers on the mechanical properties of concrete. Moreover, there is very limited research on
the influence of these materials on concrete mixtures after primary failure cracks using the second-
ary compressive strength test. In this research, 0.1, 0.2, and 0.3% SMA and 5, 7.5, and 10% SF were
applied and then subjected to compressive strength, splitting tensile strength, flexural strength, sec-
ondary compressive strength, and ultrasonic pulse velocity tests. According to the results, 10% SF
is more economical, which increases the compressive, splitting tensile, and flexural strength by 14%,
7%, and 10%, respectively. Also, using 0.3% SMA improves the compressive, splitting tensile, and
flexural strength by 2%, 5%, and 8%, respectively. Furthermore, SMA has the ability to reduce the
secondary compressive strength compared to other samples, indicating the quality of this material
in controlling stress after cracking. Finally, it was indicated that the combined use of these two ma-
terials increases the strength parameters.

Keywords: concrete; shape memory alloy fibers; silica fume; mechanical properties; secondary
compressive strength

1. Introduction

As a fundamental component of sustainable development, concrete’s improved per-
formance and durability under diverse conditions are essential for advancing construc-
tion practices [1-3]. Concrete is a fundamental material in construction, serving as the
backbone for erecting skyscrapers, paving roads, building bridges, and tunnel reinforce-
ment, highlighting its vital role in infrastructure [4-6]. Obtaining sustainable develop-
ment necessitates the optimal utilization of resources and the enhancement of building
security and resilience [7,8]. This enhancement can lead to better performance and in-
creased durability of concrete when subjected to a variety of load conditions, including
seismic disturbances [9-11]. Therefore, it is crucial to furnish policymakers with enhanced
understanding to guide their decision making towards sustainable development and as-
sociated infrastructures [12-14]. Concrete’s role in sustainable development is deeply in-
tertwined with the use of cement, which forms the foundation of the infrastructure that
concrete strengthens and supports.

Cement is the cornerstone of modern construction, being the most extensively uti-
lized material in the industry [15]. Its application in concrete underpins the infrastructure
that shapes our cities and lives. Yet, this widespread use comes at a steep ecological price
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[16,17]. Greenhouse gas emissions and pollutants play a significant role in environmental
degradation [18], and the process of cement production amplifies these issues, such as
releasing COz gas into the air [19,20]. About seven percent of the global CO: emissions are
caused by the industry of Portland cement [21]. People are using more and more cement
every day, and the release of CO2 causes irreparable damage to the environment. It is pos-
sible to reduce part of the environmental pollution by replacing pozzolanic materials such
as silica fume (SF) instead of ordinary Portland cement (OPC) [22-24]. SF is made of silica
that has no definite shape or structure, which comes from the industry that makes ferro-
silicon [25]. This material is a gray-white powder that is formed when industrial silicon
and ferrosilicon alloys are melted [26,27]. Using SF that is recovered is very important for
both the environment and the economy [28]. Also, SF is a key ingredient in high-strength
and repaired concretes and is used for dams and other engineering works [29-31]. Pandey
and Kumar [32] in a study on SF replaced cement at 2.5, 5, 7.5, and 10 percent and exam-
ined the strength parameters in short- and long-term periods. Results showed that the
application of 7.5 percent SF recorded the best performance, and curing has a significant
effect on increasing the strength parameters. Luo et al. [33] have used SF as an additive in
concrete at 2.5, 5, 7.5, and 10 percent. It was revealed that the use of 10% SF caused the
greatest increase in splitting tensile and compressive strength, and this material signifi-
cantly affects the properties of concrete. Wan et al. [34] have also used SF as an additive in
concrete; SF has replaced cement in percentages of 3, 6, and 9, and according to compres-
sive strength tests, they have come to the conclusion that using 9 percent of SF gives more
suitable results.

Fibers in concrete serve to enhance its mechanical properties, control cracking, and
improve durability. They are essential for creating more resilient and robust structures
[35-37]. Shape memory alloy (SMA) is a type of metal alloy that has different mechanical
features that are not found in steel used for construction. SMA can be made by various
metal combinations; nevertheless, the most common SMA for structural uses is the one
made of nickel and titanium metals, as it has higher strength, great corrosion resistance,
excellent fatigue characteristics, and a larger strain that can be recovered [38]. SMA shows
two different crystal phases: Martensite and austenite. Phase change can happen because
of internal stresses or temperature changes [39-41]. Studies have been conducted to ex-
plore the application of nickel-titanium (NiTi)-SMA fibers to enhance the mechanical be-
havior of regular concrete structures [42,43]. Moreover, SMA is common in smart con-
structions because they can go back to their original shapes after the deformation [44,45].
NiTi-SMA is the most common kind of SMA material with two main mechanical features,
superelasticity and shape memory effect (SME), which happen because of the changeable
phase changes between two solid phases known as austenite and martensite [46]. Super-
elasticity is about stress changes that can bring the alloy back to its original shape from
ultra-large non-linear elastic deformations when unloaded. Also, SME is a unique prop-
erty of SMA, which refers to the return of this material to its original shape after applying
heat. This phenomenon occurs due to a reversible phase transformation in the material’s
crystal structure, where heating above a certain transition temperature induces a change
from a deformed martensitic phase to an austenitic phase, thus recovering the original
shape [47-49]. Li et al. [50] examined the recovery force of concrete mixtures with SMA,
which indicated that SMA fiber reduced the recovery speed from deflecting and that hot-
ter temperatures removed the remaining composite changes. The optimal strain range for
civil structures was proposed as 1-3% by Choi et al. [51], who examined the temperature
hysteresis features of SMA composites, such as residual stresses and recovery. Addition-
ally, the relationship between energy change and crack closure was explored by Sherif et
al. [52] and Otsuka and Ren [53] in SMA-reinforced mixtures, suggesting a way to track
crack expansion. According to the studies of Choi et al. [54,55], the ability to repair cracks
was comparable for straight and dog-bone SMA fiber, which also enhanced the flexural
resistance, and the residual stress of SMA fiber had a significant impact on the crack-re-
pairing ability. Wang et al. [55] have used SMA fibers in percentages of 0.5, 0.75, and 1 in
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concrete mixtures and showed that with increasing the content of fibers in concrete, the
number of slumps decreases, and SMA increases the compressive, splitting tensile, flex-
ural strength, and modulus of elasticity. Furthermore, these fibers showed good resistance
to cracking in concrete. Dehghani and Aslani [56] examined the effects of incorporating
pseudoelastic SMA fibers into concrete, focusing on the material’s flexural and compres-
sive characteristics. The study compared the properties of pseudoelastic SMA-reinforced
concrete and SMA-reinforced concrete using different volumes of fibers. Using 2D digital
image correlation, the study methodically assessed crack patterns and widths. It was
found that pseudoelastic SMA-reinforced concrete, while less strong in flexure, displayed
superior toughness and deflection capabilities compared to SMA-reinforced concrete.
Also, compressive strength and elasticity were slightly lower in concrete mixtures con-
taining pseudoelastic SMA, but the stress-strain behavior remained comparable to those
just modified by SMA. A very effective way to enhance the mechanical properties of ma-
terials and increase the remaining life of loaded components is to use composite materials
or additives in different ways [57,58]. The application of SF and SMA can be a highly ef-
fective strategy to augment the mechanical properties of concrete and, thereby, extend the
service life of structural components.

Research Objectives

Due to the extensive advantages of using SMA in concrete structures and the limited
research conducted on it, examining the application of SMA fibers in concrete structures is
one of the primary and fundamental purposes of the current research. On the other hand, a
significant aspect of this research is the concurrent utilization of SMA and SF in concrete
structures, which has not been explored before. Therefore, this research is unique and spe-
cial in this regard. It should also be noted that by using SF in concrete structures, other ob-
jectives of this research are reducing cement consumption and using mineral and waste ma-
terials in concrete, aiming to reduce environmental pollution resulting from cement produc-
tion. In addition, performing the secondary compressive strength test of samples containing
these two additives separately and hybridly is another important goal of this research. This
test aimed to identify the reasons for failure and examine the reliability of the initial test
outcomes. To investigate these aspects, this laboratory-based study involves the use of SMA
and SF at different percentages, both individually and simultaneously, in concrete struc-
tures. Various mechanical tests, including compressive strength, splitting tensile strength,
and flexural strength, were performed over a 28-day period to assess the results.

2. Materials and Methods
2.1. Materials

The Portland cement used is type 2 and conforms to the ASTM C150/C150M-21
standard [59], and Table 1 exhibits its chemical analysis. The water used in this study was
potable and free of any harmful substances based on ASTM C94/C94M-15 standard [60].
The specific weight of coarse aggregate is 2410 kg/m?, and the specific weight of fine ag-
gregate is 2680 kg/m3, and the grading chart of these two materials is presented in Figure
1. Also, the aggregates used are according to the ASTM C637-20 standard [61]. Sampling
in this research was conducted according to the BS1881 standard [62]. After complete mix-
ing, the concrete was poured into the molds, and after 24 h of storage in the laboratory
environment, in accordance with the BS1881 standard, it was removed from the molds
and transferred to the storage tank at a temperature of 23 °C. The chemical analysis of
used SF and SMA is shown in Table 1, and a view of them is represented in Figure 2.
Moreover, Table 2 indicates the characteristics of the SMA used in this research.
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Figure 1. Distribution chart of particle sizes for: (a) sand; (b) gravel. Note: Blue lines: gradation

limits, black line: particle gradation

Table 1. Chemical characteristics of SF, SMA, and cement.

Compounds SF SMA Cement
SiO2 94.38 - -
Fe:0Os 1.22 - 4.19
AlOs 2.75 - 4.95
CaO - - 62.28
SOs - - 2.2
MgO 0.54 - 32
Na0 - - 0.6
K20 - - 0.45
P20s - - 1.18
Ti - 44.25 -
Ni - 55.71 -
C - 0.004 -
(@] - 0.04 -

L.O.I 1.11 0.0001 0.0001
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Figure 2. A view of used additives: (a) SF; (b) SMA.

Table 2. Characteristics of applied SMA.

Characteristics Unit Results
Wire diameter mm 1
Wire length mm 50
Young’'s modulus martensite GPa 28-40
Young’s modulus austenite GPa 70-98
Yield strength martensite MPa 70-140
Yield strength austenite MPa 195-690
Ability to change the length % 10.15
Shape - Straight
Color - Dark

2.2. Experimental Procedure
2.2.1. Mixture Proportioning

In Table 3, the mix design for producing 1 cubic meter of concrete is presented. In all
the mix designs, the water-to-cement (W/C) ratio was 0.4, and the grade of cement was
400 kg/m?. In this research, 8 mix designs were studied, in which SMA with a specific
weight of 6450 kg/m? was used separately in volume percentages of 0.1, 0.2, and 0.3 in
three mix designs. SF with a specific weight of 2250 kg/m? was used in 5, 7.5, and 10 per-
centages and by weight as a substitute for cement. In one mix design, SF and SMA fiber
were used in combination, and another mix design was the control mixture (OPC). In ad-
dition, to improve mechanical properties and slump control, superplasticizers were used
in all the mix designs.
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Table 3. Various mix designs for constructing 1 m? of concrete mixtures.

Mix ID Cement (kg) Sand (kg) Gravel (kg) SF(kg) SMA (kg) W/C

OPC 400 1100 740 - - 0.4
SF5 380 1100 740 20 - 0.4
SF7.5 370 1100 740 30 - 0.4
SF10 360 1100 740 40 - 0.4
SMAO0.1 400 1100 740 - 6.5 0.4
SMAOQ.2 400 1100 740 - 13 0.4
SMAO0.3 400 1100 740 - 19.5 0.4
SF10SMAO0.3 360 1100 740 40 19.5 0.4

2.2.2. Testing of Specimens

After preparing and mixing the concrete in the mixer according to ASTM
C192/C192M-14 standard [63], ASTM C143 standard [64] were applied to perform the
slump test, and then the concrete was transferred into the molds. After 24 h, the samples
were taken out of the mentioned molds and transferred to the holding pond until 28 days
later. They were then tested for compressive strength according to the BS EN 12390-3
standard [65], splitting tensile strength based on the ASTM C496-96 standard [66] and
flexural strength test based on the ASTM C293/C293M-16 standard [67]. It is also worth
mentioning that the secondary compressive strength test was conducted for samples with-
out SMA immediately after the compressive strength test on broken samples. However,
all samples containing SMA were first heated for 24 h to a temperature of 60 °C in the
oven according to ISO 834-14 [68] for preheating, and then they were again placed under
the concrete breaker jack to perform the compressive strength test for the second time. The
technical process was exactly the same as the compressive strength test that was per-
formed on the samples first. The purpose of performing this hot reloading on samples
containing SMA was to stimulate the temperature control property of this material and to
find the effect of applying heat to the resulting samples. The choice of this temperature
was made considering the phase change temperature of SMA derived from its chemical
analysis and also considering the fact that the said temperature causes less damage to the
cement bond matrix and the inner layers of concrete [69].

The UPV test was also performed based on the ASTM C215-14 standard [70]. To calculate
the modulus of elasticity (MOE), the wave speed was first calculated from Equation (1). In this
equation, V is the longitudinal pulse velocity, L is the path length (sample length), and t is
the pulse transmission time. Then, MOE was calculated from Equation (2), where E;is dy-
namic MOE, p is the density of the concrete sample, and p is concrete Poisson’s ratio, which
is considered 0.2 in this test [71].

V=LJt, (1)

E, = pV>2 (1+u)(1—2u)/
Q= pv2 R @)
In Figure 3, the ultrasonic pulse velocity measurement device can be seen. It should be
noted that in order to reduce laboratory errors and increase the accuracy of the results, 5 sam-
ples were produced from each mix design for each test.
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Figure 3. A view of the ultrasonic concrete tester.

3. Results and Discussion
3.1. Slump and Density Test Results

In this research, varying quantities of the superplasticizer were utilized to standard-
ize the slump values across all mix designs. This approach was adopted to minimize the
influence of slump variations on the strength parameters. According to Figure 4, which
shows slump test outcomes, it can be seen that all the mix designs of this research were in
a specific and limited range. The changes in the density of the mix designs of this research
are reported in Figure 5, based on which it can be said that the use of SF and SMA does
not have much effect on the density of the samples, which is because the density of cement
and SF are close to each other and low percentages of SMA were used in the concrete mix.
In the research of Aslani et al. [41], where SMA was used in the concrete mixture, it was
reported that the use of SMA did not have much effect on the slump of the samples.

—
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e T o T e Y = e - Y =
~1
" b
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Figure 4. Results of the slump test.
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3.2. Primary and Secondary Compressive Strength Test Results

In the current research, primary and secondary compressive strength tests were per-
formed for all mix designs in a 28-day period, and Figure 6 displays the results. The results
showed using SF can result in an increment in the compressive strength of concrete, and
the highest increase is nearly 14% compared to OPC and occurs when 10% of this material
is used in the concrete structure. Adding SF to concrete significantly increases the overall
surface area in the concrete matrix, leading to enhanced internal surface forces that, in
turn, boost the concrete’s cohesiveness [72]. Furthermore, by enhancing the properties of
the cement paste, SF improves the bond between the aggregates and the cement paste,
resulting in a more homogeneous mixture and a reduction in the porosity of concrete [73].
It is obvious that SF reduces the pores of concrete due to the very small particles in its
structure and, as a result, reduces the porosity and density of concrete [74]. In addition,
the active content of SiO2 in SF is much higher than that of cement, and this causes more
C-5-H gel to be produced, which increases the compressive strength [75,76]. SF enhances
the strength of OPC-based concrete through a secondary hydration process known as the
pozzolanic reaction. This reaction produces additional C-S-H gel, densifies the microstruc-
ture, reduces pore sizes, and decreases the content of weaker calcium hydroxide, leading
to a more durable and high-performance concrete. Chand et al. [77] reported that by using
15% SF, the compressive strength increased by nearly 15%. Luo et al. [33] have also used
SF as an additive in concrete, and the compressive strength results showed that SF can
increase the compressive strength by 18%. The use of SMA also increased the compressive
strength of concrete in such a way that the use of 0.3% of SMA caused an increase in the
compressive strength of nearly 2% compared to the control sample. When Wang et al. [42]
also used 0.5% of SMA, the compressive strength increased by nearly 6%. The enhance-
ment in compressive strength is attributed to the elevated content of fibers, in such a way
that using more of this material reduces the space around the fibers in concrete’s inner
layers and increases its resistance to the created loading, so elevated fiber content reduces
the stress within the fiber-matrix interface, slowing crack growth and consequently boost-
ing compressive strength [41]. For SFI0SMAQ.3, compressive strength has increased by
more than 11%, and this shows the concurrent application of SF and SMA has a good
effect on the compressive strength. In the secondary compressive strength test, it was also
determined that, due to the special properties of SMA, the drop in compressive strength
in designs containing this material is much less than in other designs. For example, for
SF7.5, the secondary compressive strength has been reduced by 32% in comparison with
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the primary strength, but for SMAQ.2, this value has been recorded at 21%. The reason for
this is the ability of SMA to control the residual stress, Also, this material fills the cracks
created in the sample by changing its shape, and this has increased the secondary com-
pressive strength. In general, using these fibers with regard to secondary compressive
strength in the current research shows SMA fibers have the ability to be used in retrofitting
structures and have many uses. This issue has been mentioned in various sources [78,79].
Figure 7a shows the failure of one of the SMA0.3 samples, and the high strength of the
sample is evident from its failure angle. This image clearly shows that the bond between
cement and other components of concrete is so strong that the aggregates fail when the
specimen breaks under load. In concrete mixtures that have a weak cement matrix bond,
the aggregates do not yield because they have already failed by yielding the cement areas
of the sample. A view of the appearance of the sample containing SMA0.3 under reloading
(secondary compressive strength test) can be seen in Figure 7b. Apart from the rupture of
the inner layers, this image well depicts the cracks on the outer surface of the sample after
reloading. It is worth considering to maintain the apparent integration of the mentioned
sample after re-applying the tension on its surface. This is due to the presence of more
fibers in the inner layers of the sample, which shows that it is the reason for the cohesion
of the concrete body. The little difference in the compressive strength of samples contain-
ing fibers with their secondary compressive strength showed that reinforced samples are
able to recover part of their lost capacity by applying heat due to the presence of SMA and
SME properties of this material. An event that does not occur in concrete containing steel
fibers. Steel fibers that fail after bearing the force no longer have the bearing capacity, but
SMA bends after loading (due to its higher flexibility than steel fibers) and is able to return
to its original state by applying heat. resist the force of the jack and delay the time of failure
despite the concrete cracks around it.

60
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Figure 6. Analysis of primary and secondary compressive strengths.
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Figure 7. (a) Compressive failure mode; (b) secondary compressive failure mode.

3.3. Splitting Tensile and Flexural Strength Test Results

A view of splitting tensile and flexural strength failures is shown in Figure 8, and
Figures 9 and 10 indicate the outcomes of these two tests. The results show that the sub-
stitution of SF instead of cement significantly affects splitting tensile strength and flexural
strength in a way that SF10 has improved these strengths by 7% and 10% in comparison
with the OPC, respectively.

SF is a highly active pozzolan because of its very fine particle sizes and very large
amount of amorphous silica. SF affects concrete in three main ways: (i) By improving the
bonding between aggregates and cement paste, (ii) by reacting with free lime, and (iii) by
reducing the pore size and increasing the density of the matrix [73]. The transition zone’s
properties between aggregates and cement paste particles affect the bonding between ce-
ment and aggregate. The thickness of the transition phase in the mortar and the alignment
of the CH crystals in it are influenced by adding SF. The transition phase becomes thinner
and less oriented with SF than with only OPC. This improves the interfacial or bond
strengths, which leads to better durability and mechanical performance [73]. The splitting
tensile strength was greatly enhanced by substituting the cement paste with SF in this test,
even though W/C was unchanged. A potential explanation was that the cubic compressive
strength was boosted by adding SF, which also increased the splitting tensile strength.
Alternatively, the cement paste became softer and more tensile by adding SF, which low-
ered its stiffness compared to the aggregate particle [80].

In a study, Pandey and Kumar [32] used SF in percentages of 2.5, 5, 7.5, and 10 and per-
formed flexural and splitting tensile strength tests on the samples. The results showed that
this material increases the flexural strength, and the greatest increase was nearly 12%, and the
splitting tensile strength also increased by nearly 8% in the best case. Luo et al. [33] also
showed increasing splitting tensile strengths by replacing SF in such a way that the use of 10%
of this material caused an increment in splitting tensile strength of about 20%.

SMA can also increase concrete’s splitting tensile strength and flexural strength, like
many other types of fibers. In this study, the highest rate of growth of these two charac-
teristics happened in SMAOQ.3, where splitting tensile strength had an increment of more
than 5% and flexural strength had an increment of about 8% compared to OPC. A topic
that Aslani et al. [41] also confirmed in their research. It should also be mentioned that
SF10SMAQ.3 acted as the most successful design in the field of flexural strength and was
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able to improve this parameter by 12.5% compared to OPC. The splitting tensile strength
of this design has also increased by about 7% compared to OPC. It seems that the simul-
taneous use of SF and SMA is effective and has enhanced the mechanical characteristics
of concrete mixtures. The simultaneous use of SF and SMA has resulted in better perfor-
mance in flexural strength compared to the SF10 and SMAO0.3 scenarios, and to some ex-
tent, this holds true for splitting tensile strength as well. This indicates that the incorpora-
tion of these two additives into the concrete structure is suitable. Considering the com-
pressive strength test results conducted in this research, it can be concluded that the me-
chanical characteristics of concrete mixtures improve with the concurrent application of
SF and SMA in the concrete structure, which was one of the primary objectives of this
study. Moreover, by substituting SF for cement in the concrete structure, a significant re-
duction in cement consumption occurs. This leads to a substantial decrease in greenhouse
gas emissions and, additionally, contributes to energy savings.

It should also be noted that in the investigation of flexural strength, the SF10 and
SMAO0.3 combination demonstrated a slight positive effect, representing a complex inter-
play between the materials within the concrete matrix. The marginal difference observed
in the flexural strength between SF10 and SF10SMAO0.3 indicates that while SMA contrib-
utes to the composite’s properties, its efficiency in conjunction with SF requires further
exploration. This could be attributed to potential interactions between the mechanical and
structural properties of the concrete, influenced by the combined effects of SF and SMA.
Such interactions may result in either a synergistic or antagonistic relationship, affecting
the overall performance of the composite material. It is conceivable that the concrete has
reached an optimal level of flexural strength enhancement with the current admixture
proportions. For instance, the presence of SMA in the mix might diminish the positive
effects of SF10, or vice versa. This phenomenon could be due to differences in the mechan-
ical, thermomechanical, or structural properties of the two materials, which may not act
as effectively in combination as anticipated. To maximize the benefits of each material, it
may be necessary to refine the mixing process or consider alternative materials that could
complement each other more effectively. The nuanced interactions between SF and SMA
call for a deeper analysis to optimize the composite’s performance. This study opens ave-
nues for future research to enhance the understanding of material synergies and their
practical applications in concrete technology.

Figure 8. The failure modes for: (a) splitting tensile strength and (b) flexural strength.
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Figure 10. Results of flexural strength test.

3.4. UPV Test Results

In Figure 11, the results of the UPV and MOE of concrete samples are represented
side by side in a comparative manner. The MOE of concrete samples has a direct relation-
ship with two parameters: Concrete density and ultrasonic pulse velocity. This test is ap-
plied to determine the lifespan of concrete because it indicates the quality of the adhesion
of aggregates and cement paste [81,82]. As can be seen from the results, the ultrasonic
pulse velocity in the mixture design containing SF is higher than the fiber samples and
even the control sample. This observation is indicative of SF’s role in enhancing the mate-
rial’s density and microstructure, leading to improved wave transmission. Meanwhile,
SF5 and SF7.5 have recorded a lower MOE than the OPC sample, but SF10 has the highest
UPV and MOE among all designs, which is expected due to the compressive strength of
this design. The use of SF in a paste matrix can lead to improved UPV results by enhancing
the material’s density and microstructure, resulting in more efficient ultrasonic wave trans-
mission. Furthermore, SF can increase the surface transfer area of fibers within the matrix,
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leading to better fiber-matrix interaction and improved mechanical properties of the compo-
site material. Moreover, considering the importance of the interfacial transition zone (ITZ) in
influencing UPV values and the mechanical properties of the concrete samples, it should be
noted that the ITZ is a critical region that significantly influences the overall performance of
reinforced concrete. The improved UPV values in SF-enhanced samples could be partially ex-
plained by a denser and more homogenous ITZ, which results from the pozzolanic reaction
of SF leading to a refined pore structure and reduced microcracking, resulting in a more effi-
cient transmission of ultrasonic waves. This densification of the ITZ likely contributes to the
superior performance of SF samples compared to those blended with SMA.

On the other hand, it can be seen that in samples containing SMA fibers, UPV and
MOE decrease as the use of fibers increases. It is expected that the reason for this is the
non-ribbed SMA fibers used in this research, which can cause more holes in the concrete
sample at connection points than the samples without fibers. The presence of SMA fibers
may introduce discontinuities at ITZ, potentially leading to increased porosity and less
efficient stress transfer. This could explain the lower UPV and MOE observed in SMA-SF
blended samples as opposed to pure SF samples. This test confirms that the addition of SF
to SMA has improved the quality of SF10SMAQ.3 compared to other designs containing
SMA. In addition, considering that the wave speed of all the samples is more than 4000
m/s, the quality of the samples made is evaluated as appropriate according to the standard
[83].
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Figure 11. Comparison of UPV and MOE results.

3.5. Correlation Results

Figure 12 also shows the correlation between the compressive strength test outcomes
of samples comprising SMA and OPC and the rest of the tests. Based on these graphs and
the obtained R?value, it was found that the compressive strength of samples comprising
SMA is closely related to the secondary compressive, splitting tensile, and flexural
strengths of mixtures containing these fibers, but compressive strength is less related to
density. As indicated in Figure 12, the correlation coefficients between compressive
strength and secondary compressive, flexural, and splitting tensile strengths of concrete
samples containing SMA are 0.8419, 0.7663, and 0.7879. Considering the slope of these
correlation plots, it becomes evident that SMA has the capability to consistently enhance
the mechanical characteristics of concrete mixtures. So that this issue corresponds with
the results of the tests. Figure 13 also shows the correlation of the compressive strength of
mixtures containing SF and OPC with secondary compressive strength, density, splitting
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tensile strength, and flexural strength. Considering the obtained R-squared amounts as
represented in Figure 13, which are 0.8135 for secondary compressive, 0.4923 for flexural
strength, and 0.7333 for splitting tensile for concrete samples containing SF, it is evident
that there is a significant correlation between the compressive strength of concrete with
secondary compressive and splitting tensile strength when replacing SF instead of cement,
but this correlation is less between compressive strength results and their flexural
strength, and density.
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Figure 12. Correlation between compressive strength of OPC and samples comprising SMA for: (a)
density, (b) secondary compressive strength, (c) flexural strength, and (d) splitting tensile strength.
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Figure 13. Correlation between compressive strength of OPC and samples comprising SF for: (a)
density, (b) secondary compressive strength, (c) flexural strength, and (d) splitting tensile strength.

4. Conclusions

In order to increase the quality and efficiency of concrete mixtures, various types of

pozzolans and fibers can be used in the concrete structure. In this research, an attempt was
made to improve the mechanical properties of concrete by using industrial SF pozzolan
and SMA fiber. These two additives were studied together and separately in 8 mix de-
signs, and compressive strength, splitting tensile strength and flexural strength tests, sec-
ondary compressive strength, and UPV tests were performed on them over a period of 28
days. The most important results of this study are:

Replacing SF with cement in the concrete structure by strengthening the cement paste
makes the bonding between the aggregates stronger and improves the strength pa-
rameters. The highest of this improvement is related to SF10, which caused a 14%
increment in compressive strength, 7% in splitting tensile strength, and 10% in flex-
ural strength of the samples compared to OPC.

The higher content of SMA indicates the most significant improvements in the me-
chanical properties of concrete mixtures, so that SMA0.3 has improved compressive
strength by 2%, splitting tensile strength by 5.5%, and flexural strength by 8% in com-
parison with OPC.

Another ability that SMA creates in concrete is due to the properties of reversibility
and superelasticity of this material, which show well in the secondary compressive
strength test. The decreased rate of secondary compressive strength compared to the
primary in mixtures containing SMA after heating is much lower than in other sam-
ples. For example, in SMAQ.3, the secondary compressive strength has decreased by
only 16%, but in OPC, this value is equal to 28%.

SF10SMAO.3 positively affects improving the mechanical characteristics of concrete
mixtures. So that the compressive strength has an increment of 11%, the splitting ten-
sile strength by 6.7%, and the flexural strength by 12.5% in comparison with OPC, it
can be said that the concurrent application of these two modifiers in concrete struc-
tures has been successful.

UPV in the mix design containing SF is higher than the fiber samples and even the
control sample, so that SF10, just like the compressive strength test, has registered
the highest UPV and MOE among all designs.

The obtained R2 value indicates that the compressive strength of samples comprising
SMA has a very high correlation with the secondary compressive, splitting tensile,
and flexural strengths of mixtures containing these fibers. In addition, the compres-
sive strength of the mix designs comprising SF has an acceptable correlation with the
secondary compressive and splitting tensile strengths.
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. For future research directions, the long-term influence of SMA and SF on concrete is
recommended to be investigated. A wider array of mix designs incorporating both
SF and SMA can also be explored to fully assess their synergistic effects on the me-
chanical properties of concrete. Moreover, various machine learning methods [84-86]
can be developed to predict the behavior of SMA and SF-reinforced concrete.
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