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Abstract: Concrete possesses remarkable compressive strength and durability, making it a popular choice
for construction. However, it is an inherently brittle material, particularly in the case of high strength concrete.
Furthermore, low tensile strength leads to easy crack formation and rapid propagation under tensile stress,
ultimately reducing the durability of concrete structures. This study aims to enhance ductility of concrete and
examine its crack-closing behaviour by incorporating shape memory alloy (SMA) fibres, with a focus on high
strength mortar and concrete. Mechanical properties, including compressive strength, flexural performance,
and tensile splitting strength at ambient and elevated temperatures, are investigated and compared with
plain concrete and steel fibre reinforced concrete. The crack-closing capacity of SMA fibres is also explored.
The findings show that crack recovery improves with increased fibre content and temperature, achieving up
to 90% crack width recovery, a feature not present in steel fibre reinforced concrete.

Keywords: high strength concrete, shape memory alloy (SMA), smart materials, self-healing, fibre
reinforced concrete.

1. Introduction

Concrete is a widely used construction material, owing to its remarkable compressive strength and
durability. Nonetheless, its brittle nature and susceptibility to cracking due to low tensile and flexural strength
remain challenges [1]. Prior research has shown that steel fibres can enhance post-cracking performance
of concrete and offer improved crack control [2]. However, steel fibres can only deliver passive resistance
against cracking and are incapable of repairing or closing cracks. In light of this, shape memory alloy fibres
have been suggested as a potential solution for providing crack-closing functionality in fibre reinforced
concrete (FRC) while improve ductility of concrete [3].

Shape memory alloy (SMA) is a category of smart materials characterised by the ability to revert to its initial
shape following deformation [4]. Two distinctive properties define SMA: superelasticity and shape memory
effect (SME). Superelasticity enables the material to recover its original shape from the inelastic range when
subjected to stress variations, while SME facilitates the material's return to its initial configuration upon
heating to transformation temperature. Researchers have explored the feasibility of employing SMA fibres
to achieve self-repairing and crack-closing characteristics by harnessing superelasticity and SME.
Moreover, as a metallic fibre, SMA fibres can enhance the ductility of cementitious materials. Consequently,
SMA fibres hold promise as a material for developing advanced cementitious composites featuring excellent
ductility and self-healing or crack-closing capabilities.

Previous studies have shown intriguing findings in the realm of SMA fibre reinforced mortar. Moser et al. [5]
were pioneers in examining the potential of prestressing mortar beams using SMA fibres. Their findings
revealed that SMA fibres could generate significant prestress of approximately 7 MPa in the surrounding
mortar to improve flexural performance. Lee et al. [6] conducted research on the flexural capacity and crack-
closing performance of randomly dispersed SMA fibre reinforced mortar. The results indicated an increase
in residual and post-cracking flexural strength as fibre content increased. Upon heating to 120 °C, the
recovery in crack width ranged from 0.49 to 0.60 mm, corresponding to about 23% for an initial crack width
of 2.15 to 3.04 mm.

However, these studies primarily focused on normal strength mortar, leaving the influence of SMA fibres in
high strength mortar unclear. Additionally, there is a lack of research involving concrete that incorporates
coarse aggregate, which is a crucial aspect of construction. Moreover, the impact of elevated temperatures
on SMA fibre reinforced mortar and concrete has not been explored, despite the fact that temperature is
necessary for activating SME of SMA fibres. Considering these research gaps, this study aims to investigate
the behaviour of high strength mortar and high strength concrete with the addition of SMA fibres, as well as
examine effects of varying temperatures.



2. Experimental programme

2.1 Mix design

The objective of this study is to investigate effect of incorporating SMA fibres on high strength mortar and
high strength concrete. The specific mix designs for both mortar and concrete are presented in Table 1, with
a consistent water-to-binder ratio of 0.315 maintained across all mixtures.

For mortar mix design, two SMA fibre contents were employed: 32.5 kg/m3 and 65 kg/m3, corresponding to
volumetric contents of 0.5% and 1% (density of SMA is around 6500 kg/m?3), respectively. The performance
of SMA fibre reinforced mortar was compared to that of plain mortar and steel fibre-reinforced mortar
containing 78 kg/m? of steel fibres, equivalent to a 1% volumetric content. Given the scarcity of research on
SMA-FRC, this study additionally examined influence of SMA fibres on mechanical properties of high
strength concrete. A dosage of 65 kg/m3 or 1% of SMA fibres was utilised for this purpose. The behaviour
of the SMA-FRC was then contrasted with that of plain concrete and steel-FRC containing 1% steel fibres.

Table 1. Mix design of mortar and concrete

Type | No. Label Mix proportion by mass (kg/m3)

C SF CA FA w SMA ST

1 M-Plain 800 120 - 800 290 - -

g 2 M-SMA-0.5 800 120 - 800 290 325 -

§ 3 M-SMA-1.0 800 120 - 800 290 65 -
4 M-ST-1.0 800 120 - 800 290 - 78

8 5 C-Plain 550 85 800 800 200 - -

g 6 C-SMA-1.0 550 85 800 800 200 65 -
8 7 C-ST-1.0 550 85 800 800 200 - 78

Note: C = cement; SF = silica fume; CA = coarse aggregate; FA = fine aggregate; W = water; SMA = shape
memory alloy fibre; ST = steel fibre.

2.2 Fibre properties

Shape memory alloy (SMA) represents a class of smart materials with the unique ability to return to their
original shape after undergoing deformation. Shape memory effect (SME) enables these materials to revert
to their initial configuration when heated to the transformation temperature 4. In this study, SMA fibres used
primarily composed of nickel and titanium, and were designed to have specific dimensions: 47.2 mm in
length and 0.82 mm in diameter, referred to as the "original shape." The SMA fibres were then subjected to
a 6% prestrain, resulting in a "deformed shape" with dimensions of 50 mm in length and 0.80 mm in
diameter. 4, was designed to be 65 °C. To study SME on mechanical behaviour of mortar and concrete,
SMA fibres in the "deformed shape" were incorporated into the mixtures when casting. Before testing, one
set of samples was heated to 100 °C to activate SME, causing the fibres to attempt to return to their "original
shape." This process could potentially generate prestress and induce cracks in surrounding cement paste,
leading to changes in mechanical properties of mortar and concrete. The SMA fibres used in this study were
straight and exhibited an ultimate tensile strength of 865 MPa. The steel fibres used in this study measured
35 mm in length and 0.54 mm in diameter, featuring single hooked ends and a tensile strength of 1345 MPa.

2.3 Test programme

This study aims to examine the fundamental mechanical properties of mortar and concrete with SMA fibres,
specifically focusing on compressive and tensile strength. For mortar, 50 mm cube specimens were
employed in compression tests at a loading rate of 80 kN/min. Prism specimens measuring 40x40x160 mm?
were utilised to investigate flexural behaviour under a three-point bending test, following ASTM
C1609/C1609M standards [7]. For each type of test, two sets of samples were prepared: one set was not
subjected to heating, while the other was heated to 100 °C to activate SME. To investigate the crack-closing



capacity of SMA fibres, prism specimens containing artificial cracks at mid-span with widths of approximately
200 pym were heated to elevated temperatures of 100 °C, 200 °C, and 300 °C. Crack widths before and after
heat treatment were measured.

Regarding FRC, cylindrical specimens with dimensions of 100 mm in diameter and 200 mm in height were
used in compression tests. The elastic modulus was measured using concrete strain gauges. Tensile
splitting tests were conducted on cylindrical specimens of the same dimensions to evaluate tensile
behaviour. To investigate effects of temperature and the influence of SME, compressive and tensile
behaviour were studied at three temperatures: 30 °C, 200 °C, and 400 °C.

3. Results and discussion

In this section, the behaviour of SMA fibre reinforced high strength mortar will be discussed first, focusing
on compressive, flexural, and crack-closing properties. Subsequently, the performance of SMA fibre
reinforced high strength concrete will be investigated. This comprehensive analysis will provide valuable
insights into potential advantages of incorporating SMA fibres in both high strength mortar and concrete
applications, shedding light on the role of SMA fibres in improving the overall mechanical behaviour and
crack-closing capabilities.

3.1 Mortar behaviour

3.1.1 Compressive strength

Compressive strength of 50 mm cube mortar before (f;.39-c) and after (f..;00c) heating to 100 °C is presented
in Table 2, with the differences illustrating SME on compressive strength. The results indicated negligible
differences for both plain mortar and steel fibre reinforced mortar after heating to 100 °C. In contrast, for
SMA fibre reinforced mortar with dosage of 0.5% and 1%, a degradation of approximately 10% was
observed at 100 °C. Although this reduction was not significant, it suggested that SME may slightly decrease
compressive strength due to formation of microcracks surrounding SMA fibres, a factor that should be taken
into account in design considerations.

Table 2. Compressive strength of mortar

Specimen {ﬁ%ac) {CR/][%(’)S (chOO °C ‘fcjo °C)/f:2730 °C
M-Plain 115.4 113.6 -1.58%
M-SMA-0.5 124.5 113.6 -8.75%
M-SMA-1.0 125.6 109.8 -12.63%
M-ST-1.0 98.9 97.3 -1.65%

3.1.2 Flexural performance

Flexural behaviour of plain mortar, SMA fibre reinforced mortar and steel fibre reinforced mortar before and
after heating to 100 °C is shown in Figure 1. Each load-deflection in the figure represents the average value
obtained from three samples. The load-deflection curve showed linear behaviour up to the point of initial
cracking. Subsequently, fibres began to contribute to flexural strength for post-peak stage. Test results
revealed that plain mortar and steel fibre reinforced mortar displayed similar peak loads and flexural
performance before and after heating, consistent with compressive behaviour.

For SMA fibre reinforced mortar, peak load remained comparable before and after heating for both 0.5%
and 1% dosage (around 4.5 kN); however, the residual load experienced a substantial reduction. M-SMA-
0.5 demonstrated a residual load of 0.65 kN and 0.1 kN before and after heating, respectively,
corresponding to an 84.6% reduction. Similarly, M-SMA-1.0 exhibited a residual load of 2.3 kN and 1.2 kN
before and after heating, respectively, amounting to a 47.8% reduction. These findings suggested that SME
would significantly degrade post-peak load, particularly for lower fibre dosage. This degradation was
attributed to formation of microcracks in cement paste surrounding SMA fibres, which reduced fibre pull-out
strength upon activating SME.



—o— Before heating —o— Before heating
—o— After heating —o— After heating

Load (kN)
Load (kN)

(@ o
T T T T T T T T T T
00 01 02 03 04 05 06 07 08 00 01 02 03 04 05 06 07 08
Deflection (mm) Deflection (mm)

—o— Before heating 74 —o— Before heating
—o— After heating —o— After heating

Load (kN)

(d)
© 0 ——
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Deflection (mm)

O T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Deflection (mm)
Figure 1. Flexural behaviour of fibre reinforced mortar: (a) M-Plain, (b) M-SMA-0.5, (c) M-SMA-1.0
and (d) M-ST-1.0.

To explore the underlying mechanism of residual load reduction, scanning electron microscopy (SEM) was
employed to study the microstructure at fibre-paste interface. Microstructures of both SMA fibre-paste and
steel fibre-paste interfaces are presented in Figure 2. Notably, distinct microcracks formed around SMA
fibres, while no such cracks were observed around steel fibres. This phenomenon was attributed to the
significant expansion of SMA fibre diameter, from 0.80 mm to 0.82 mm, upon activation of SME, resulting
in a mismatch between SMA fibre and the surrounding paste. Conversely, steel fibres and cement paste
exhibited similar thermal expansion at 100 °C, leading to formation of only barely discernible microcracks.

To quantify the impact of these prominent microcracks, single fibre pull-out tests were conducted on both
SMA and steel fibres. The results revealed that fibre pull-out strength for SMA fibres decreased from 1.3
MPa to 0.87 MPa after heating to 100 °C, representing a 33% reduction. However, pull-out strength of steel
fibres changed from 11.0 MPa to 10.2 MPa after heating, with a reduction of only 7%. These findings
elucidate the deterioration of post-peak performance observed in SMA fibre reinforced mortar.
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a SMA fibre and (b) steel fibre.



3.1.3 Crack-closing performance

While SME could result in a decline in post-crack flexural performance, it also exhibits remarkable crack-
closing capabilities. Prior research has typically heated specimens to 4, which is approximately 100 °C.
However, this study investigated the impact of higher temperatures, specifically 200 °C and 300 °C. Figure
3 displays a representative example of changes in crack width of SMA fibre reinforced mortar at elevated
temperatures. It is evident that the crack width decreased from 250 ym to 90 ym when heated to 100 °C.
Intriguingly, upon exposure to higher temperatures such as 200 °C and 300 °C, the crack width was further
reduced to 40 um and 20 ym, respectively. This particular observation has not been reported in any other
studies.

Figure 3. Crack-closing behaviour of mortar at various temperature: (a) 30 °C, (b) 100 °C, (c) 200
°C and (d) 300 °C.

The mean crack width of three samples subjected to various temperatures is presented in Table 3. The data
reveal that at 100 °C, the recovery in crack width rose from 25.4% to 62.8% as SMA fibre dosage increased
from 0.5% to 1.0%, respectively, suggesting that a higher SMA fibre content enhanced crack recovery. As
the temperature was raised to 200 °C and 300 °C, the recovery in crack width further improved to 65.8%
and 90.8% for SMA fibre dosages of 0.5% and 1.0%, respectively. These results surpass those of previous
studies which reported 60-70% crack recovery, indicating that higher temperatures may aid in crack
recovery for SMA fibre reinforced mortar. However, steel fibre reinforced mortar exhibited no crack-closing
behaviour. Instead, the crack width marginally increased by 3.7% at 200 °C and 6.9% at 300 °C due to
thermal expansion.

Table 3. Crack width and crack recovery at different temperatures

Crack width (um) Recovery in crack width
Specimen
30°C 100 °C 200 °C 300 °C 100 °C 200 °C 300 °C
M-SMA-0.5 228 170 93 78 25.4% 59.2% 65.8%
M-SMA-1.0 250 93 43 23 62.8% 82.8% 90.8%
M-ST-1.0 217 215 225 232 0.9% -3.7% -6.9%




3.2 Behaviour of fibre reinforced concrete

Having examined the influence of SME on mortar with respect to mechanical properties and crack recovery,
this study proceeds to investigate SMA-FRC, which incorporates coarse aggregate. The performance of
SMA-FRC is compared to that of plain concrete and steel-FRC, with a particular focus on their behaviour at
elevated temperatures, such as 200 °C and 400 °C where SME is activated.

3.2.1 Compressive strength

Figure 4 presents failure modes of different types of concrete under compression. It is evident that plain
concrete exhibited a highly brittle failure mode, with the concrete breaking into fragments at ambient
temperature. Upon exposure to elevated temperatures, the failure mode shifted toward a more ductile
response. Both SMA- and steel-FRC demonstrated ductile failure modes at ambient and elevated
temperatures. This observation suggests that incorporation of SMA fibres could transform the failure mode
from brittle to ductile.

30°C

400 °C

C-Plain

C-SMA-1.0

C-ST-1.0
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Figure 4. Failure mode of high strength concrete.

Compressive strength and elastic modulus at elevated temperatures are summarised in Table 4 and Table
5, respectively. Generally, SMA-FRC showed a similar reduction in compressive strength and elastic
modulus at elevated temperatures when compared to plain high strength concrete and steel-FRC. The
compressive strength of SMA-FRC decreased by 9.7% and 47.3% at 200 °C and 400 °C, respectively, while
the elastic modulus experienced reductions of 38% and 82.2%.

Table 4. Compressive strength f. at different temperatures

Specimen ]gﬂif’ag fgﬁ%)g)c ]%RZOI?;)C (fe 200°c = fe 30 °c)fe 30°C (fe 400 °c - fe 30°c)Mfe 30°C
C-Plain 88.1 76.4 39.3 -13.3% -55.4%
C-SMA-1.0 91.8 82.9 48.4 -9.7% -47.3%
C-ST-1.0 98.2 84.1 57.3 -14.4% -41.6%




Table 5. Elastic modulus E, at different temperatures

. E o E o E o
Specimen (Ei?a)c (CGZI(;(;)C (cé‘gg)c (Ec 200°c - E¢ 30°c) Ec 30°c | (Ec a00°c - E¢ 30°¢) E¢ 30°C
C-Plain 40.85 27.2 9.54 -33.4% -76.6%
C-SMA-1.0 39.01 24.2 6.95 -38.0% -82.2%
C-ST-1.0 39.6 25.08 8.13 -36.7% -79.5%

3.2.2 Tensile splitting strength

Table 6 presents tensile splitting strength results of different types of concrete. Test results indicated that
steel-FRC had the highest tensile splitting strength at both ambient and elevated temperatures. At ambient
temperatures, SMA-FRC demonstrated higher tensile splitting strength compared to plain concrete.
However, when subjected to elevated temperatures, the strength of SMA-FRC was similar to that of plain
concrete. Notably, at 200 °C, SMA-FRC experienced a significant reduction in tensile splitting strength of
29.8%. This reduction may be attributed to extensive microcracks that formed around SMA fibres when
SME was activated, leading to a substantial decrease in fibre pull-out strength, as previously discussed.

Table 6. Tensile splitting strength 7. at different temperatures

Specimen 7(;0\7[312; ];‘i\_jlglgc ];ﬁ%(;;c (T 200°c - Tt 30°c)/Tc 30°c | (Tt a00°c - Tc 30°c) T 30°c
C-Plain 41 4.2 2.3 1.8% -44.7%
C-SMA-1.0 6.5 4.5 3.0 -29.8% -53.0%
C-ST-1.0 8.2 8.1 5.5 -1.4% -33.2%

3.2.3 Crack-closing performance

The tensile splitting test specimens were subsequently heated to elevated temperatures to examine the
crack-closing capacity of SMA-FRC. The test results are presented in Figure 5. Prior to heating, SMA-FRC
concrete cylinders exhibited cracks of 2 mm and 1 mm. After heating, these cracks were reduced to 1 mm
and 0.5 mm, respectively. This demonstrates that the crack-closing capacity is maintained in high strength
concrete, consistent with the behaviour observed in mortar.
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Figure 5. Crack-closing behaviour of SMA-FRC after heating

4. Conclusions

This study systematically investigated behaviour of SMA fibre reinforced high strength mortar and concrete
at elevated temperatures. Different fibre contents (0.5% and 1%) were adopted, and the performance was
compared with that of plain concrete and steel-FRC. Mechanical properties, including compressive strength,
flexural performance and tensile splitting strength, as well as crack-closing capacity, were thoroughly
examined.

For mortar, a degradation of approximately 10% was observed in SMA fibre reinforced mortar at 100 °C,
while plain mortar and steel fibre reinforced mortar demonstrated no degradation. In terms of flexural
performance, there was no significant reduction in peak load; however, post-peak performance significantly
deteriorated due to reduced SMA fibre pull-out strength, resulting from substantial microcracks. For crack-
closing test, the results indicated that increasing fibre content and temperature led to better crack recovery,
attaining up to 90% reduction in crack width (from 250 um to 20 uym) — a characteristic not present in steel
fibre reinforced mortar.

In the case of high strength concrete, SMA-FRC exhibited a similar reduction in compressive strength and
elastic modulus at elevated temperatures (200 °C and 400 °C) when compared to plain high strength
concrete and steel-FRC. However, the tensile splitting strength was reduced by around 30% at 200 °C due
to decreased fibre pull-out strength. Notably, crack-closing capacity was maintained in SMA-FRC,
consistent with the behaviour observed in mortar.
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