Construction and Building Materials 443 (2024) 137690

Construction
and Building

MATERIALS

Contents lists available at ScienceDirect

Construction and Building Materials

4
L

1 SEVIER

journal homepage: www.elsevier.com/locate/conbuildmat

Check for

Self-prestressing bonded patches using Fe-SMA and CFRP for lifetime e
extension of fatigue-cracked steel details

a,b,c,*

, Qingtian Su”, Xu Jiang™ ", Lingzhen Li>“*, Masoud Motavalli?,
a,b,d,f

Sizhe Wang
Elyas Ghafoori

2 Empa, Swiss Federal Laboratories for Materials Science and Technology, Structural Engineering Research Laboratory, Uberlandstrasse 129, Diibendorf 8600,
Switzerland

b College of Civil Engineering, Tongji University, Shanghai 200092, China

¢ Singapore Centre for 3D Printing, Nanyang Technological University, Singapore

4 Institute of Structural Engineering (IBK), Department of Civil, Environmental and Geomatic Engineering, ETH-Ziirich, Ziirich 8093, Switzerland

€ Department of Civil and Environmental Engineering, The Hong Kong Polytechnic University, Hong Kong, China

f Institute for Steel Construction, Faculty of Civil Engineering and Geodetic Science, Leibniz University Hannover, Hannover 30167, Germany

ARTICLE INFO ABSTRACT

Keywords:

Iron-based shape memory alloy (Fe-SMA)
Memory-steel

Carbon fiber reinforced polymer (CFRP)
Adhesive bonding

Metallic structure

Fatigue

Repair

Self-prestressing bonded patches employing iron-based shape memory alloy (Fe-SMA) and carbon fiber rein-
forced polymer (CFRP) for lifetime extension of cracked steel structures are investigated. The repair patches,
applicable in confined spaces, are bonded over cracks, with prestress generated within Fe-SMA via activation
(heating and cooling) to induce compression on cracks. Experimental tests involve cracked steel plates repaired
with Fe-SMA and Fe-SMA/CFRP bonded patches, with a patch width of 50 mm and varied patch lengths of
100—500 mm. Fe-SMA strips are activated to 180 °C using electric heating, generating prestresses of
154—254 MPa. Fatigue tests (Ac=90 MPa, R=0.2) show fatigue life extensions of > 4.2 and > 5.5 times for Fe-
SMA and Fe-SMA/CFRP repairs. The 100 mm long Fe-SMA/CFRP patch exhibits optimal performance in lifetime
extension, achieving complete crack arrest. As patch lengths decrease, failure modes shift from Fe-SMA (and
CFRP) fracture to patch debonding while all patches remain effective in fatigue life extension. Finite element
analysis with experimental validation quantifies the effects of prestress and load-sharing on reducing stress in-
tensity factors at crack tips, thus retarding crack propagation. Design recommendations are proposed for the
application of self-prestressing patches.

1. Introduction crack propagation once cracks manifest.

Fatigue is one of the major challenges to the long-term service of

steel structures across various industrial sectors, such as bridges, wind
turbines, gantry cranes, automotive, and maritime facilities. Timely
intervention for fatigue cracks is essential in preserving integrity and
functionality of steel structures, prolonging their service lifetime, while
minimizing potential economic and environmental impacts due to
structural failures [1]. Proper design, manufacturing, and maintenance
practices are important to prevent fatigue crack initiation. Meanwhile, it
is significant to implement effective repair solutions to inhibit fatigue

1.1. Fatigue repair techniques

Many techniques were developed to retard fatigue cracks, such as
welding repair, welding cover plates, single peak tensile overloads,
crack-arrest holes, and adhesively bonded carbon fiber reinforced
polymers (CFRP) [2]. Among these techniques, cold-worked crack-arrest
holes filled with steel pins and bonding CFRP patches showed superior
retardation performance [2]. In the past decades, the technique of
bonded CFRP patches has attracted much research attention owing to its
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advantages such as non-destructive repair, light weight, convenient
implementation, applicability on curved surfaces, and excellent static,
fatigue, and corrosion performances [2,3]. Repair of fatigue cracks using
non-prestressed bonded CFRP patches was studied across various sce-
narios, including single-side or double-side repairs, mode I or mixed
mode I/II cracks, and different damage levels [4-10].

The bond performance and environmental durability were critical
issues for the bonded CFRP repair technique [11]. To this end, various
studies were conducted to understand the static and fatigue behaviors of
the CFRP-to-steel bonded joints [12-15]. The effects of environmental
factors such as temperature, moisture, seawater, and ultraviolet radia-
tion were investigated [16-19]. Proper surface treatment demonstrated
effectiveness for enhancing bond durability, and consideration of envi-
ronmental and long-term partial factors in the design process was
necessary to ensure the bond performance [18]. In addition, direct
contact between carbon fiber and steel posed a risk of galvanic corro-
sion, whereas the application of an epoxy layer proved effective in
preventing this corrosion [20-22].

Furthermore, repair solutions using prestressed un-bonded/bonded
CFRP showed promising in fatigue crack repair, enabling crack arrest
through prestress application [23-29]. However, the prestressing pro-
cess of CFRP usually requires hydraulic jacks and reaction facilities,
while its anchorage often needs mechanical clamps. These are generally
too cumbersome for local crack repair, sometimes even impossible
owing to limited space, hindering its practical application [23-29]. In
addition, mechanical anchorages involving drilling holes are usually
undesirable for fatigue-sensitive structures, while non-destructive
bonding technique is preferable.

More recently, shape memory alloys (SMAs) were exploited for
prestressed strengthening. The shape memory effect of SMA enables
prestressing through an activation process (commonly a controlled
heating operation followed by cooling), which is significantly easier
compared to mechanical tensioning, particularly in confined spaces. A
patching system consisting of nickel-titanium-based shape memory alloy
(NiTi-SMA) wires and CFRP sheets was developed, and experimental
tests indicated its effectiveness for fatigue crack repair [30-35]. Cracked
steel plates repaired with the NiTi-SMA/CFRP composite patches, with
only CFRP sheets, and with only NiTi-SMA wires exhibited fatigue lives
that were 26.4, 8.0, and 1.7 times those of the unrepaired specimens,
respectively [31].

In addition to NiTi-SMAs, iron-based shape memory alloys (Fe-
SMAs) [36,37] were utilized for fatigue crack repair. Izadi et al. [38,39]
employed Fe-SMA strips that were anchored through bolted clamps to
repair cracked steel plates and angle connections. Wang et al. [40,41]
studied bonded Fe-SMA strips on cracked steel plates. Crack repairs
using bonded non-prestressed CFRP plates, bonded non-prestressed
Fe-SMA strips, and bonded prestressed Fe-SMA strips were compared,
showing that the fatigue lives were extended by 1.70, 2.61, and 3.51
times, respectively [40]. Different heating methods to activate the
bonded Fe-SMA strips were investigated, such as using a heat gun, hot
bonder, and gas torch [41]. Moreover, complete fatigue crack arrest
could be achieved by adjusting the Fe-SMA strip dimensions and acti-
vation temperature [41,42]. Qiang et al. [43,44] repaired cracks at the
diaphragms in orthotropic steel bridge decks by combining crack-arrest
holes and bonded Fe-SMA strips, and long-term monitoring showed no
subsequent crack propagation after repair.

1.2. Motivation and significance of the current study

Previous studies have demonstrated the effectiveness of self-
prestressing bonded patches employing SMAs for fatigue crack repair.
Compared to NiTi-SMA, Fe-SMA is more cost-effective, more efficient in
prestressing, and easier to implement. This study further explores the
repair technique of self-prestressing bonded patches using Fe-SMA and
delves into the following primary problems.
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(1) Evaluation of prestress. Fig. 1a illustrates the key mechanism for
self-prestressing repair patches employing Fe-SMA [40]. The
shape memory effect of the Fe-SMA is activated through a heating
and cooling process; as the recovery strain of the bonded Fe-SMA
is restrained, it generates a prestress, inducing compression on
cracks. The final prestress within the patch is a critical variable.
Unlike mechanical tensioning, the prestress of a bonded Fe-SMA
strip cannot be directly measured, necessitating extensive
research to establish a reliable prestress estimation approach.
Therefore, one of the emphasis of this study is to carefully control
and monitor the activation process to evaluate the final prestress
and to quantitatively examine the prestress effect on crack
retardation.

(2) Optimal Patch length. A common question in designing the repair
patch is to determine the appropriate patch length. A compact
patch is desirable for material conservation and applicability in
confined spaces (e.g., in orthotropic steel bridge decks, wind
turbines, etc.). While sectional dimensions can be designed based
on crack conditions, geometry, and desired sectional stiffness and
prestress forces [25], the patch length is critical for the success of
the patches from the following aspects: (a) The bond capacity
depends on the bonded length [45]; (b) The Fe-SMA prestress
level is influenced by the activation and anchorage lengths [46];
(c) The stress distribution in the parent structure caused by
Fe-SMA prestress relates to the activation length [40]. Therefore,
the patch length is a vital parameter for repair effect, bond ca-
pacity, and material efficiency.

(3) Combination of Fe-SMA and CFRP. A bonded patch combining
Fe-SMA strips and CFRP sheets provides an alternative that bal-
ances the advantages of both materials: Activated Fe-SMA strips
can provide prestresses and share loads, while CFRP sheets, with
the advantages of flexibility, light weight, and cost-effectiveness,
can accommodate curved geometries, offer additional stiffness,
ensure smooth stress transfer, and protect the bonded Fe-SMA
strips from environmental invasions. Fig. 1b shows a potential
application example of using both Fe-SMA and CFRP for repair.
Therefore, two types of self-prestressing bonded patches,
employing Fe-SMA and Fe-SMA/CFRP, are investigated.

In this study, seven cracked steel plates are tested, one as a reference,
two repaired with bonded Fe-SMA strips, and four repaired with Fe-
SMA/CFRP patches. The Fe-SMA strip lengths of these repair patches
vary in a range of 100-500 mm. The specimens undergo an Fe-SMA
activation process using well-controlled electric heating with meticu-
lous monitoring, and the Fe-SMA prestress is assessed based on experi-
mental measured strains and numerical simulations. The fatigue repair
effectiveness is evaluated through the experimental fatigue life exten-
sions, and crack behavior is analyzed through stress intensity factors
(SIFs) at the crack tips. Ultimately, design recommendations are
proposed.

This study primarily focuses on the repair effectiveness of the patches
in addressing fatigue issues, while the durability of the repair patches,
though being an important aspect, remains beyond the scope of the
current study.

2. Materials
2.1. Fe-SMA

The Fe-SMA strips used in the study were “memory-steel” from re-fer
AG, Switzerland, with a composition of Fe-17Mn-5Si-10Cr-4Ni-1(V,
C). The Fe-SMA strips were 2 % prestrained in the factory and delivered
in 1.5 mm thick strips. Extensive research has examined various prop-
erties of the Fe-SMA, such as transformation temperatures and recovery
stresses [37,47-49], static and fatigue behavior [50-52], and corrosion
and temperature resistances [37,53,54]. The main mechanical
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Fig. 1. Repair of fatigue-cracked steel structural details using self-prestressing bonded patches. (a) Key mechanism: activate Fe-SMA through heating and cooling to
gain prestress, inducing compression on crack. (b) An application example in orthotropic steel bridge decks. Fe-SMA: iron-based shape memory alloy; CFRP: carbon

fiber reinforced polymer; T,,;: ambient temperature.

properties of the Fe-SMA are summarized in Table 1 and its recovery
stresses (or) by different activation temperatures (T,) are shown in
Fig. 2. For more detailed characterizations of the Fe-SMA, readers can
refer to [47,48,50-53].

2.2. Carbon fiber sheet

CFRP consisted of carbon fiber sheets and epoxy resin adhesives. The
carbon fiber sheets used were S&P C-sheet 240 (200 g/mz) [57], which
are unidirectional carbon fiber fabrics with a design thickness of
0.113 mm. Table 1 shows the main mechanical properties of the carbon
fiber sheets.

2.3. Adhesives
2.3.1. SikaPower-1277 for bonding Fe-SMA
A two-component epoxy adhesive SikaPower-1277 (with a pink

color) [58-60] was employed for bonding Fe-SMA strips to steel plates.

Table 1
Materials properties.

Fig. 2.
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Recovery stresses of Fe-SMA by different activation temperatures [48].

Fe-SMA strips (memory-steel)  Carbon fiber sheet (S&P C-sheet

Adhesive (SikaPower-1277) Adhesive (S&P Resin 55 Steel plates

[55, 56] 240) [57] [58-60] HP) [61] [25]
Elastic modulus (GPa) 164 240 2 >3.2 205
Yield strength (MPa) 424" - - - 421
Ultimate strength (MPa) 1042 4400 30 >100" 526
Lap-shear strength (MPa) - - 28¢ >50 -
Ultimate elongation (%) 53 1.8 4 - -
Glass transition temperature - 67 53 -

T, (°C)

Thickness (mm) 1.5 0.113 >0.3 - 10

2 1t refers to the 0.2 % yield stress 0y0.2-

b 1t refers to compressive strength (for the other materials, the ultimate strength refers to tensile strength).

¢ It is provided by the manufacturer, obtained through lap-shear tests of steel bonded joint with dimensions of 25 x 10 mm [58]. Usually, bond capacity increases
with bond length up to the effective bond length and then reaches a plateau, while average shear strength decreases with bond length because of non-uniform stress
distribution. Lap-shear tests of Fe-SMA-to-steel bonded joints indicated an effective bond length of approximately 120 mm with an average shear strength of 10 MPa

[55,62].
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Table 1 shows the main thermomechanical properties of the adhesive.
The adhesive has a glass transition temperature (T,) of approximately 67
°C [58,59]. Additionally, the adhesive exhibits a temperature resistance
up to 180 °C (its shear strength declines after exposure to temperatures
above 180 °C) [55,60], while a study indicated that an activation of
bonded Fe-SMA strips to 180 °C slightly increased the bond capacity of
the adhesive [63]. Therefore, a target activation temperature of 180 °C
was selected for the Fe-SMA activation in this study, as detailed in
Section 3.2.3.

2.3.2. S&P Resin 55 HP for CFRP

A two-component epoxy resin adhesive S&P Resin 55 HP [61]
(having a translucent yellow appearance) that is mating with the S&P
C-sheet 240 was used in the wet lay-up process of CFRP sheets. Table 1
lists the main mechanical properties of the adhesive.

2.4. Steel plates

Steel plates [25] with an elastic modulus, yield strength, and ulti-
mate strength of 205 GPa, 421 MPa, and 526 MPa, respectively, as
shown in Table 1, were used in the tests.

3. Experimental study
3.1. Specimens and test matrix

The experimental program was designed to investigate the repair
effect of adhesively bonded Fe-SMA and Fe-SMA/CFRP patches with
different patch lengths. Fig. 3 illustrates the specimen configurations
and Table 2 summarizes the test matrix. The steel plates had a through-
thickness notch at the plate center (Fig. 3a) and precracks of > 1 mm
(see Section 3.2.1 for the details of precracks). Two categories of repair
patches were involved, i.e., bonded Fe-SMA strips (Fig. 3b) and bonded

LSMA

Section A-A/A’-A’

Notch and precrack

(a) (b)
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Fe-SMA/CFRP patches (Fig. 3c), respectively. For those repaired with
Fe-SMA strips, Fe-SMA strips were symmetrically bonded on both sides
of the steel plates using adhesive SikaPower-1277, covering the notch
and precracks; subsequently, the middle zones of the Fe-SMA strips were
activated to generate prestress (Fig. 3b). For those repaired with Fe-
SMA/CFRP patches, Fe-SMA strips were bonded on both sides and
subsequently activated, and lastly, additional CFRP sheets were bonded
using the mating adhesive (i.e., S&P C-sheet 240 and S&P Resin 55 HP),
covering the Fe-SMA strips (Fig. 3c).

A compact repair patch is desirable for practical application to
minimize material costs and enhance its applicability in limited spaces.
However, patch length affects bond capacity, Fe-SMA prestress level,
and stress distribution in the parent structures. Therefore, as an
important parameter to optimize, patch length was investigated.

In all repaired specimens, Fe-SMA strips had the uniform width of
50 mm and thickness of 1.5 mm (i.e., Wspa=50 mm and tspy;a=1.5 mm),
while the length Lgya varied from 100 mm to 500 mm, as shown in
Table 2. The middle zone, with a half length of the Fe-SMA strip, was
activated (i.e., activation length Ly; = Lsya/2) while the two ends were
working as anchorage during activation (i.e., anchorage length Ly, =
Lsya/4). The CFRP sheets fully covered the Fe-SMA strips, with a margin
of 20 mm in each edge. Consequently, all CFRP sheets had a fixed width
of 90 mm (i.e., Werrp=90 mm), while the CFRP length L¢ggp varied with
the Fe-SMA length (i.e., Lcrrp = Lsya+40 mm).

According to previous lap-shear tests [55,62], the effective bond
length Ley of Fe-SMA-to-steel joints bonded with SikaPower-1277 was
approximately 120 mm. Therefore, the specimen with 500 mm long
Fe-SMA strips represented a sufficient length: the anchorage length was
more than the effective bond length (i.e., Lanc > Leg) and the bond length
from the cracked section to the end of Fe-SMA strip (i.e., Lsya/2) was
more than double the effective bond length (i.e., Lspa/2 > 2Lgy). In
contrast, the specimen with 100 mm long Fe-SMA strips represented an

LSMA
LCFRP
Lsma
LCFRP

S w1

Carbon 20
sheet

T

§t=0‘113 ———————  FeSMA
i Adhesive ~ Adyesiveg
i (S&P) (Sika) |

Section B-B/B’-B’
(©)

Fig. 3. Specimen configuration. (a) Reference steel plate (without repair) showing notch and precrack. (b) Repair using bonded Fe-SMA strips with different lengths.
(c) Repair using bonded Fe-SMA/CFRP patches with different lengths. Lsya: Fe-SMA strip length. La: activation length. Lg,.: anchorage length. Lerrp: CFRP sheet

length. Unit: mm.
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Table 2
Test matrix.
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Specimens” Precrack length"(mm) Repair Lsya (mm) Wspa (mm) Lgee (mm) Lagne (mm) Lcrrp (mm) Werrp (mm)
Reference 1.40 No - - - - -

S—100 1.70 Fe-SMA 100 50 50 25 -

S—300 1.05 Fe-SMA 300 50 150 75 - -

SC—100 1.55 Fe-SMA+CFRP 100 50 50 25 140 920

SC—-200 1.45 Fe-SMA-+CFRP 200 50 100 50 240 90

SC—300 1.65 Fe-SMA+CFRP 300 50 150 75 340 90

SC—500 1.75 Fe-SMA+CFRP 500 50 250 125 540 90

# In the specimen labels, S indicates repair with Fe-SMA strips whereas SC indicates repair with Fe-SMA/CFRP patches, and the subsequent number indicates the Fe-

SMA length (i.e., LSMA)»

b Average value of precrack lengths measured at both notch tips through travelling microscope.

extremely compact configuration: Lsya /2 < Leg/2 and Lape < Legr/4 such
that the bond capacity was a concern whereas the prestress effect was
expected to be localized.

3.2. Experimental procedures

The experimental procedures included precracking steel plates,
bonding Fe-SMA strips, activation of Fe-SMA, bonding CFRP sheets (for
some specimens), and fatigue tests.

3.2.1. Precracking steel plates

For all steel plates, a through-thickness notch was cut using the
electrical discharge machining. Subsequently, they were fatigue loaded
in the computer-controlled servo hydraulic fatigue testing machine
(Walter+bai testing frame, Type LFV 500-HH) to introduce natural
sharp precracks at the notch tips (Fig. 3a and Fig. 4).

The precracking procedure followed the specification ASTM
E647-22 [64] and previous studies [25,38,40]. The beach marking
technique was adopted, which was achieved by a specific loading regime
as shown in Fig. 5. An interval of N; cycles of full-amplitude fatigue
loading was applied, followed by an interval of N cycles of
half-amplitude fatigue loading while the maximum stress was kept
constant, and such intervals (N; + N5) were repeated. The crack prop-
agation rate decreases substantially during the half-amplitude loading
intervals, generating a distinct texture on the fracture surface. Such
textures formed at known cycles can be identified, allowing for tracing
the crack lengths at specific fatigue cycles after specimen fracture.

For precracking, a load with the stress range of Ac=75 MPa, stress
ratio of R=0.2, and loading frequency of f=15 Hz was applied to the

Notch and precrack

(b) Microscope view of the

(a) Fatigue test setup :
notch tip and precrack

Fig. 4. (a) Fatigue test setup. (b) Microscope view of the notch tip
and precrack.

---------------- II----------------I
e M Ny o Repeat !
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Gmﬂx | : :
1
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@ | I
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U
"
Omin |\
:
U
0
Time

Fig. 5. Loading regime in the beach-marking technique.

notched bare steel plates (i.e., the full- and half-amplitude loads corre-
sponded to (6min, Omax)=(18.75, 93.75) MPa and (6min b, Omax)=(56.25,
93.75) MPa, respectively). N; and Ny were 50,000 and 25,000, respec-
tively, and N; +N, were repeated four times (i.e., in total 200,000 full-
amplitude cycles).

According to ASTM E647-22 [64], a minimum precrack length of
1.0 mm is required. A travelling microscope with a resolution of
0.01 mm was used to measure the precrack length (Fig. 4), and the
measured precrack lengths (the average value of those measured from
the surface at both notch tips) are listed in Table 2.

3.2.2. Bonding Fe-SMA strips

Previous studies [55,62,65] investigated surface preparation
methods for Fe-SMA to ensure integrity and durability of bonded joints.
In this study, the surface preparation involved cleaning Fe-SMA strips
and steel plates with acetone, followed by sandblasting. Adhesive
SikaPower-1277, which is viscous and contains 0.3 mm glass beads itself
[58], was applied via a cartridge. The Fe-SMA strips and steel plates
were firmly joined using G-clamps, tightened to remove surplus adhe-
sive, such that the adhesive thicknesses were >0.3 mm. Curing took
place in a climate-controlled room (20 °C, 50 % relative humidity) for
over one week. Fig. 6a shows the specimens with bonded Fe-SMA strips.

3.2.3. Activation of Fe-SMA

The electrical resistive heating technique was selected for the acti-
vation of Fe-SMA, considering its controllability, rapidity, synchronism,
and accuracy [63,66]. Fig. 6b shows the activation setup and Fig. 7a
illustrates the schematic diagram. Specimens were placed on roller
supports. Four customized copper connectors, each having a contact
area of 50 mmx10 mm with the Fe-SMA strips (i.e., the same width as
the Fe-SMA strips), were fixed by the G-clamps with good isolation. The
Fe-SMA strips on both sides were connected as a series circuit (Fig. 7a). A
computer-controlled electric power supply provided a current of 450 A
(i.e., a current density of 6 A/mm?).

The Fe-SMA strips were heated to a target activation temperature of
180 °C. During activation, six thermocouples monitored the
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SikaPower-1277

Timber
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isolation

€Controlling laﬁtop e
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(®)

Fig. 6. (a) Bonding Fe-SMA strip. (b) Activation of Fe-SMA using electrical resistive heating. (c) Bonding CFRP sheet after activation of Fe-SMA. Unit: mm.

temperatures: T1—T2 and T4—T5 for the activation zones of Fe-SMA
Copper connector -7 Current direction strips on both sides, respectively; T3 for the anchorage zone of Fe-
0 Strain gauge (SG) e Thermocouple (T) SMA strip; whereas T6 for the steel plate (Fig. 7a). When the tempera-
ture measured by any of the four thermocouples (i.e., T1, T2, T4, and T5)
reached 180 °C, the power supply switched off automatically. Then the
specimens cooled in air to room temperature. Four strain gauges
(SG1—4 in Fig. 7a) on the steel plate measured strains caused by Fe-SMA
prestress. The strain gauges were deployed along the steel plate width at
the mid-section, two on each lateral side of the central axis; while they
were positioned at different distances to the central axis, specifically at
35, 45, 55, and 65 mm, respectively. Owing to specimen symmetry, the
strains measured on one side were mirrored to the other side.

L Lanc

é fv Two major concerns were to be addressed in the activation test,
~ particularly for the activation of 100 mm long Fe-SMA strips: (1) During
N the activation, the high temperature of the activation zone might

o transfer to the anchorage zones and cause adhesive softening of the

_jv anchorage zones, resulting in anchorage failure [63]; (2) The develop-

ment of prestress might exceed the capacity of anchorage zones with
short bond length, potentially causing premature debonding.

3.2.4. Bonding CFRP sheets
i For the specimens repaired with Fe-SMA/CFRP patches, CFRP sheets
(@) (®) were bonded after the Fe-SMA strips were activated. Fig. 6¢ shows the
process of bonding CFRP. To facilitate CFRP bonding, the steel plate
surfaces underwent sandblasting to eliminate oxidation and enhance
roughness; however, the Fe-SMA strip surfaces were ground using
sandpapers instead of sandblasting to minimize potential impact on
existing Fe-SMA prestress from surface preparation. The carbon fiber

Fig. 7. (a) Instrumentations and diagram for activation of Fe-SMA. (b) Strain
gauge in fatigue test. Unit: mm.



S. Wang et al.

sheet (S&P C-sheet 240) saturated with the epoxy resin adhesive (S&P
Resin 55 HP) was laid upon the Fe-SMA strip. After the wet lay-up
process, the specimens cured in the climate-controlled room for over
one week.

3.2.5. Fatigue test

Fatigue tests were performed on the Walter+bai testing frame
(Fig. 4a) for the reference and repaired specimens. A strain gauge (SG5
in Fig. 7b) was mounted at the center of either Fe-SMA strip (for spec-
imens repaired with Fe-SMA strips) or CFRP sheet (for specimens
repaired with Fe-SMA/CFRP patches) to monitor the crack propagation.
The loading schemes were designed based on the previous studies [25,
38,40] as follows. The beach marking loading regime (Fig. 5) was
employed with N; and N; set as 50,000 and 25,000, respectively. A load
level with the stress range of A6=90 MPa, stress ratio of R=0.2, and
loading frequency of f=15Hz (for N; phase) was applied. If fatigue
cracks propagated, the fatigue load continued until specimen failure. If
crack propagation was not observed over 3 million cycles, as determined
from SG5 measurement, the load level was then increased to the stress
range of A6=105 MPa while maintaining the stress ratio and frequency,
and the specimen was loaded until failure.

Construction and Building Materials 443 (2024) 137690

4. Experimental results
4.1. Activation results

Fig. 8 shows specimen temperature histories during the activation
process (i.e., the heating and cooling process). In approximately
20—60 s, the electricity heated the Fe-SMA activation zone to the target
temperature of 180 °C. For specimens S-100 and SC-100 (Fig. 8a and c),
when the maximum temperature reached 180 °C, some thermocouples
at the activation zones showed temperatures <140 °C (even <100 °C),
indicating non-uniform temperature fields of the activation zones. With
increased Fe-SMA strip length, the temperature fields of the activation
zones appeared to be more uniform. After heating, the specimens were
placed for several hours to completely cool to room temperature.
Throughout activation, steel plates reached maximum temperatures of
32—68 °C across all specimens. The maximum temperatures of Fe-SMA
anchorage zones across all specimens were 36—45 °C, remaining below
the adhesive glass transition temperature T,=67 °C.

Fig. 9a and b show the typical strain histories of steel plates during
activation. To ensure equipment safety, strain gauge connections were
intentionally severed when applying electric current to the Fe-SMA
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Fig. 8. Temperature histories of different thermocouples during the activation process. (a) S-100. (b) S-300. (c) SC-100. (d) SC-200. (e) SC-300. (f) SC-500.
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Fig. 9. Experimentally measured strains of steel plates throughout activation. (a) Strain histories of S-100. (b) Strain histories of SC-500. (c) Final strains at the end of

activation process for all specimens.

strips; consequently, only strain histories during the cooling process
were recorded, omitting the initial strain histories during the heating
process. Meanwhile, as the adopted strain gauges were temperature self-
compensated, their strain readings directly reflected deformation [67,
68]. Initially, tensile strains existed in steel plates, arising from the
thermal deformations. Upon cooling, only compressive strains
remained, indicating the effect of Fe-SMA prestress.

Fig. 9c and Table 3 summarize the final strains after activation and
corresponding stresses for all specimens. The final strains were
compressive for all specimens. In general, an increased strain gradient
along the steel plate width was observed for decreased Fe-SMA strip
length. Section 5 will present a further analysis exploiting the measured
strain data, in conjunction with numerical modelling, to estimate Fe-
SMA prestresses.

The activation results addressed the two concerns outlined in Section
3.2.3 related to activating 100 mm long Fe-SMA strips. The tempera-
tures of anchorage zones remained below T, without additional cooling
measures, and prestresses were successfully generated and sustained in
the bonded Fe-SMA strips, with no occurrence of debonding.

4.2. Fatigue test results
Table 4 summarizes the fatigue test results, wherein the fatigue

Table 3

cycles N only counted the full-amplitude cycles. Fig. 10a shows the
evolution of the maximum strain reading of SG5 on Fe-SMA strip or
CFRP sheet, reflecting crack behavior (i.e., propagation or arrest).
During fatigue loading, an increasing maximum strain indicated crack
propagation, while a constant maximum strain suggested crack arrest.

Specimen SC-100 exhibited minimal strain change (Fig. 10a) after
3.315 x 106 fatigue cycles under the load level of Ac=90 MPa; there-
fore, it was regarded as fatigue crack arrest. Thereafter, SC-100 was
subjected to an increased load level of Aoc=105 MPa, and failure
occurred after 1.167 x 10° cycles. The other specimens all failed under
the load level of A6=90 MPa.

Fig. 11 shows the failure modes and fracture surfaces of the repaired
specimens after fatigue tests. Failure modes varied depending on the
patch length. The failure modes of specimens with Lgya < 200 mm were
featured by debonding, wherein Fe-SMA strips were pulled off the steel
plates (Fig. 11a, ¢, and d). However, specimens with Lgys > 300 mm
experienced Fe-SMA strip fracture accompanied with partial debonding
(Fig. 11b, e, and f). In addition, CFRP fracture with partial debonding
was observed across all specimens repaired with Fe-SMA/CFRP patches.

A postmortem analysis of the specimens was conducted to gain in-
sights into crack growth behavior. Fig. 10b summarizes the a — N curves,
where a is the crack length from notch center to crack tip along the mid-
thickness axis, obtained through the beach marks on the fracture

Final strain readings and corresponding stresses in the steel plates at the end of activation process.

Specimens Strain gauges at different locations

35 mm 45 mm 55 mm 65 mm

Strain (pm/m) Stress (MPa) Strain (pm/m) Stress (MPa) Strain (pm/m) Stress (MPa) Strain (pm/m) Stress (MPa)
S—100 —67.7 -13.9 —33.2 —6.8 —41.1 -8.4 —14.6 -3.0
S—300 —88.7 —18.2 —81.1 —16.6 —82.1 —16.8 —69.2 —14.2
SC-100 —84.4 -17.3 -76.3 —15.6 —-57.4 -11.8 —-52.0 -10.7
SC—200 —100.5 —20.6 —89.4 —-18.3 —83.4 -17.1 -71.6 -14.7
SC—300 —108.5 —22.3 —109.1 —22.4 —97.1 -19.9 —98.8 —20.3
SC—500 —123.5 —25.3 —123.2 —25.3 -123.9 —25.4 -121.6 —24.9
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Table 4
Fatigue test results.
Specimens  Stressrange,  Fatigue cycles, Fatigue life Phenomena
Ac (MPa) N (million) improvement
Reference 90 0.374 - -
S—100 90 1.579 4.2 Failure mode
AR
S—300 90 1.853 5.0 Failure mode
B
SC-100 90 3.315 o Crack arrest*
105 1.167 3.1 Failure mode
o
SC—200 90 2.228 6.0 Failure mode
C
SC—300 90 2.165 5.8 Failure mode
D¢
SC—-500 90 2.041 5.5 Failure mode
D

 Failure mode A: Fe-SMA debonding.

b Failure mode B: Fe-SMA fracture and partial debonding.

¢ Crack arrest: indicated by a stable strain measurement throughout
3.315x10° fatigue cycles.

4 Failure mode C: Fe-SMA debonding + CFRP fracture and partial debonding.

¢ Failure mode D: Fe-SMA fracture and partial debonding + CFRP fracture and
partial debonding.

surfaces (Fig. 11), and N is the fatigue cycles counting the applied full-
amplitude cycles (without counting half-amplitude cycles). Fig. 10c il-
lustrates crack growth rate da/dN versus crack length a. The repaired
specimens exhibited substantially extended fatigue lives and reduced
crack growth rates compared to the reference specimen.

Fig. 10d plots the fatigue lives of all specimens. After repairing with
Fe-SMA strips, the fatigue lives of S-100 and S-300 were improved by 4.2
and 5.0 times, respectively, compared to the reference specimen. SC-100
that was repaired with 100 mm long Fe-SMA/CFRP patches achieved
crack arrest under the load level of A6=90 MPa. The other specimens
repaired with Fe-SMA/CFRP patches showed 5.5-6.0 times improve-
ment in fatigue lives. All repaired specimens had significantly enhanced
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fatigue lives, demonstrating the effectiveness of the repair solutions.
Specimens with Fe-SMA/CFRP repair exhibited further increases in fa-
tigue lives than those with Fe-SMA repair, substantiating the contribu-
tion of CFRP overlay in retarding fatigue crack growth.

Moreover, no decreasing trend of repair effectiveness was observed
when the Fe-SMA strip length decreased from 500 mm to 100 mm
(Fig. 10d), despite the transition of failure modes (Fig. 11). In contrast,
SC-100, with the most compact Fe-SMA/CFRP repair patch, showed the
best performance. Therefore, we can conclude that the Fe-SMA strip
length can be as short as 100 mm and the repair patch can still work
effectively. The mechanism will be further discussed in Section 5.

5. Analysis

Finite element (FE) models were established, alongside experimental
measurements, to interpret outcomes that were not directly measurable,
such as Fe-SMA prestress and stress intensity factor (SIF) at crack tip.
This approach enabled a comprehensive analysis of the experimental
results.

5.1. Finite element (FE) modeling

Fig. 12 shows the FE model of specimen SC-100, developed in Aba-
qus/CAE 6.16 (the other specimens were modelled similarly). Based on
structural symmetry, only one-eighth of the structure was established.
The steel plate was modeled using hexahedral C3D20R element, with
refined mesh at the crack zone, wherein elements around the crack tip
subtended an angle of 10° as recommended in Abaqus Analysis User’s
Guide [69]. The crack was modeled using the “Interaction — Special —
Crack” command in Abaqus. The crack tip was 1 mm from the notch tip.
The crack tip and its extension direction were designated as shown in
Fig. 12, and the feature of half-crack model on the symmetry plane was
selected. The SIFs of the crack were requested as history outputs.

The Fe-SMA strip was modeled using hexahedral C3D20R element,
while the adhesive layer for bonding Fe-SMA (adhesive layer-1 in
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Fig. 10. Fatigue behavior. (a) Evolution of the maximum strain reading of SG5 on Fe-SMA strip or CFRP sheet. (b) Fatigue crack growth behavior. (c) Crack growth

rate. (d) Fatigue lives of all specimens.
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Fig. 11. Failure modes and fracture surfaces of specimens after fatigue tests. (a) S-100. (b) S-300. (c) SC-100. (d) SC-200. (e) SC-300. (f) SC-500.
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Fig. 12. Finite element (FE) model of SC-100.

Fig. 12) was modeled using cohesive element COH3D8. The thickness of
Fe-SMA strip was 1.5 mm (Table 1) and was meshed as two layers of
elements. The adhesive layer-1 was assumed to be 0.5 mm thick and was
meshed as a single layer of element as required for cohesive elements

10

[70]. Similarly, the bonded CFRP sheet was modeled separately,
comprising an adhesive layer (adhesive layer-2 in Fig. 12) and a carbon
fiber sheet layer. The thickness of adhesive layer-2 was assumed to be
0.8 mm according to an estimated adhesive consumption of
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600—800 g/m? [57], and it was also modeled as a single layer of
cohesive element COH3D8. The carbon fiber sheet with a thickness of
0.113 mm (Table 1) was modeled as a layer of hexahedral C3D20R
element. Mesh sizes of Fe-SMA, carbon fiber sheet, and two adhesive
layers along both length and width (x and y directions) were set at
2.5 mm, based on a mesh sensitivity analysis.

To facilitate deriving prestress and applying linear elastic fracture
mechanics, all materials were defined as linear elastic, with their elastic
moduli shown in Table 1. A previous study [55] compared FE simulation
results of Fe-SMA-to-steel bonded joints with experimental results,
validating that a linear elastic FE model was adequately accurate when
the stress level of the Fe-SMA strip was <500 MPa; in this study, the
stress level was also within this range. Furthermore, all materials, except
carbon fiber sheet, were defined as isotropic. In contrast, the carbon
fiber sheet was modeled as anisotropic, employing following engineer-
ing constants: E;=240 GPa, Ex=E3=15 GPa, 112=0.2, v13=v23=0.25,
G12=9.75 GPa, G13=G»3=5.25 GPa, where direction-1 indicated the
fiber longitudinal direction. The engineering constants were calculated
referring to the properties of a carbon fiber fabric with a similar elastic
modulus (230 GPa) reported in [71], adjusted by a factor of 240/230 for
Eg, Eg, Glz, G13, and G23.

The corresponding surfaces between adjacent components were tied.
Additionally, the lower surface of adhesive layer-2 was divided into two
zones, tied to the upper surfaces of Fe-SMA strip and steel plate,
respectively. Symmetric boundary conditions in the x, y, and z directions
were applied to the respective planes as shown in Fig. 12. Notably, the
region between the notch tip and crack tip remained unconstrained
whereas the symmetric-y boundary condition was applied to the other
regions on the plane.

5.2. Fe-SMA prestress

The Fe-SMA strip prestresses in the specimens were estimated based
on the experimentally measured steel plate strains and FE models
through following steps. (1) A predefined stress field of unit (1 MPa
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here) was assigned to the activation zone of Fe-SMA strip. (2) The
compressive strain distribution of steel plate was consequently obtained,
and it was assumed that the strain distribution had a constant shape but
only the strain magnitude was variable; (3) A magnitude factor ¢ was
determined, which enabled the numerically obtained strain distribution
after multiplying the factor to best match the experimentally measured
strain data along the steel plate width; (4) Thereafter, a predefined stress
field 64 = { o (1 MPa) was applied to the activation zone of Fe-SMA
strip, and after stress re-distribution, the retained stress in the Fe-SMA
strip was derived as the prestress op.

Fig. 13a shows the final strain distributions of steel plates from FE
models, aligning with the experimental strain data (strains near the
crack tip with numerical singularity are excluded). Table 5 lists the
designated predefined stress field o4 and obtained Fe-SMA prestress o,
for each specimen. The difference between 64 and o, indicated the
prestress loss due to structural compliance. The decreased Fe-SMA
length exacerbated the prestress loss, evident by o,/04 in Table 5,
consistent with the analytical estimations in [46]. Ultimately, the

Table 5
Summary of numerical results of Fe-SMA prestress and stress intensity factor
(SIF).

Specimens g (MPa) o, (MPa)  0,/04 (%)  AKjey (N/mm®?)
Ac=90 MPa  As=105 MPa

Reference - - 453.4

$-100 215.4 153.6 71.3 286.3

$-300 200.7 179.8 89.6 360.1 -

SC-100 331.6 236.5 71.3 193.2 269.7
SC-200 253.1 215.9 85.3 295.3 -

SC-300 257.1 230.4 89.6 324.7

SC—500 276.1 253.9 92.0 340.8

og: designated predefined stress field. o,: Fe-SMA prestress. AKq: effective
mode I SIF range. Aoc: stress range of fatigue load.
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Fig. 13. Analysis of steel plate strain and Fe-SMA prestress. (a) Strain distribution of steel plate from numerical analysis along with experimental strain mea-

surements. (b) Fe-SMA prestress distribution from numerical analysis.
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Fe-SMA prestresses were estimated to range from 153.6 to 253.9 MPa,
wherein S-100 and SC-500 exhibited the lowest and highest Fe-SMA
prestresses, respectively. Notably, although SC-100 was applied with
the highest predefined stress field oy, its final prestress ¢, was not the
highest because of relatively high prestress loss.

Fig. 13b illustrates Fe-SMA prestress distributions along their lon-
gitudinal half-lengths. Ideally, specimens having the same Fe-SMA
lengths (i.e., S-100 and SC-100, S-300 and SC-300) were nominally
identical in the activation process (no CFRP at that time). However,
differences in their estimated prestresses were observed (compare
curves with the same colors in Fig. 13b). Such difference in the prestress
was attributed to two major factors, aside from inherent test random-
ness. (1) The electric current in the Fe-SMA strip was not uniformly
distributed, as reflected by the non-uniform temperatures measured
during activation (Fig. 8). (2) Potential bending effects due to actual
structural asymmetry were neglected by the analysis based on nominal
symmetry.

5.3. Stress intensity factor (SIF) at crack tip

The SIF was calculated based on the FE models to analyze the crack
behavior. Fig. 14 illustrates the evolution of mode I SIF (K;) with
externally applied stress o. Note that K; at the crack tip varied slightly
along the steel plate thickness, and the value presented in Fig. 14 was
derived from points located at a distance of 3/8 thickness from the free
surface. All curves in Fig. 14 are linear because of the linear elastic
assumption for all materials in the FE models. The curves have different
origins (Ki,—o) and slopes (%), as listed in Fig. 14, indicating the effects
of prestress and load sharing from the repair patches, as elaborated
below.

For the reference specimen (i.e., bare steel plate with central crack),
its SIF at the crack tip can be estimated analytically through Eq. 1 — Eq.
2 [25,64].

KI :f(a7 W)G (1)

fla,w) =4 /fzasec%a

where a is the crack length (here, a=8.5 mm, the initial crack length
from crack tip to the Symmetric-x plane in Fig. 12) and w is the width of
steel plate (w=150 mm). When the externally applied stress ¢ was
112.5 MPa, the analytically calculated K; was 586.0 N/mm®'2. In the FE
model of reference specimen, the SIFs Kj at the crack tip along the steel
plate thickness ranged from 548.1 to 629.7 N/mm®>/2 at the same stress
level of 112.5 MPa. The analytical and numerical results showed good
agreement.

The origins (Ki,—o) of the curves in Fig. 14 indicated the effect of Fe-
SMA prestress on the SIF at crack tip. The reference specimen had
Ki,—0=0, whereas all repaired specimens had negative values of Kj ;—o.

®))
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In specimens SC-100 to SC-500, similar Fe-SMA prestress levels were
obtained (Table 5), but K ,—o increased (having smaller absolute values)
with the patch length, with SC-100 having the lowest K;,_o (Fig. 14).
This was because a shorter patch length led to a more concentrated
compression, as shown by the compressive strain distribution in
Fig. 13a.

The slopes (%) of the curves in Fig. 14 indicated the effect of bonded
Fe-SMA strips and CFRP sheets in load sharing. In general, bonding Fe-
SMA strips reduced the slope, and bonding Fe-SMA/CFRP patches
further reduced it (e.g., S-100 and SC-100 reduced the slope from 5.60 to
4.38 and 4.31, respectively). Meanwhile, shorter patches exhibited a
slightly greater reduction in the slope (e.g., the slope decreased from
4.58 to 4.31 for specimens from SC-500 to SC-100).

The crack behavior (i.e., whether the crack arrests or propagates) can
be predicted through Eq. 3 — Eq. 4 [25].

Crack arrest, if AKj o < AKy 3)
Crack propagate,if AK . > AKys
AK; o = UAK; (©)]
AI<I = KI.max - Kl‘mirn ifI<I.rnin >0 (5)
AI<I = KI.maX - 0; ifI<I.min <0

where AKj . is the effective mode I SIF range considering crack closure
effect as per Eq. 4; AKyy is the threshold mode I SIF range, being a
characteristic value of the material; U accounts for crack closure effect
and U=0.9 was experimentally obtained by Hosseni et al. [25] for the
steel plates same as those used in this study, through measuring crack
opening force; AKj is the mode I SIF range which can be calculated
through Eq. 5 based on the numerical K; results shown in Fig. 14; Kj max
and K min are the maximum and minimum mode I SIFs corresponding to
the applied stress range Ao, respectively.

Table 5 lists the calculated results of effective mode I SIF ranges
AK; o of the specimens. Hosseini et al. [25] and Li et al. [42] examined
crack propagation behavior of the steel plates (same as those used in this
study) under different fatigue loading levels, wherein they estimated the
threshold mode I SIF range AKj g of the steel plates to fall between 200
and 285 N/mm®2, Therefore, a prediction of crack propagation can be
made when AK; 4 is larger than or close to 285 N/mm®2, while crack
arrest is expected when AKj . is less than 200 N/mm?*?, Fig. 15 shows
the AKj s of the specimens compared with the two boundary values of
AKj . According to Fig. 15, the AKjqy of SC-100 at Ac=90 MPa was
193.2 N/mm®/ 2, suggesting crack arrest; while its AKj s increased to
269.7 N/mm>? at As=105 MPa, suggesting crack propagation. In
contrast, for all other specimens, their AK; 4 at Ac=90 MPa suggested
crack propagation.

The crack behavior deduced through the FE simulation and SIF
analysis was consistent with the fatigue test results. This mutual con-
sistency confirms the accuracy of experimentally measured strains, the
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Fig. 14. Numerical results of mode I stress intensity factor K; versus externally applied stress o.
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Fig. 15. Analysis of crack behavior through effective mode I stress intensity
factor range AKp.s. SC-100 experienced two load levels of Ac=90 and
105 MPa, respectively; the other specimens were tested at A6=90 MPa.

validity of estimated Fe-SMA prestress results, and the reliability of the
fatigue tests. The analysis in this subsection further substantiates and
quantifies the beneficial effects from the Fe-SMA prestress and the load
sharing of Fe-SMA strips and CFRP sheets in mitigating SIF at crack tips,
thus retarding crack propagation. Moreover, it validates that repair
patches with decreased patch lengths, despite experiencing higher
prestress loss, were effective in reducing SIF at crack tips and thus
retarding crack propagation.

6. Design recommendations

Repair solutions for fatigue cracks should be tailored based on
practical conditions, considering factors such as crack conditions
(location, size, orientation, severity), parent structure details (material,
geometry, accessibility, current condition), actions and environmental
conditions (load, temperature, moisture, sunlight, corrosive chemicals),
and design criteria (performance demand, design working life). Various
techniques, such as welding repair, drilling crack-arrest holes, unbon-
ded/bonded CFRP, and unbonded/bonded Fe-SMA strips, can be
considered individually or in combination.

This study investigated using Fe-SMA and Fe-SMA/CFRP bonded
patches, showcasing the effectiveness of these self-prestressing patches
in extending fatigue lives of cracked steel structural details, with
applicability for repair in confined spaces. In most cases, using only
bonded Fe-SMA can be adequate to achieve desired repair effect through
adjusting Fe-SMA dimensions, prestraining levels, and activation tem-
peratures. The Fe-SMA/CFRP bonded patch provides an alternative with
flexible CFRP sheets offering additional load-sharing and protection for
Fe-SMA. Nevertheless, utilizing Fe-SMA/CFRP bonded patches involves
more operational processes than using Fe-SMA or CFRP alone.

In repair solutions using Fe-SMA or Fe-SMA/CFRP bonded patches,
the activation of Fe-SMA is a critical step, and several activation
methods can be used, such as electric heating, handheld torches, heating
air guns. Electric heating is adopted in this study, as it can be well
controlled and monitored, while it requires specific equipment. In
contrast, a handheld small torch is a convenient option for field appli-
cations, but its temperature control accuracy is relatively low [41,67].
The activation temperature can be determined considering required
prestress level, Fe-SMA prestraining level, temperature control accu-
racy, and adhesive temperature resistance [67,72].

In designing repair patches, the sectional dimensions of Fe-SMA
strip, length of Fe-SMA strip (i.e., activation length L, + anchorage
length Lg,), and dimensions of CFRP sheet can be adjusted through an
iterative analysis process to optimize repair effect and material effi-
ciency. This study explored extremely short Fe-SMA lengths (100 mm)
and validated its feasibility and effectiveness. However, for practical
application, a more conservative approach is recommended. Eq. 6 is
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proposed to facilitate the design of Fe-SMA lengths (partial factors are
excluded).

t.
Lawe > (0o ¥ Otmas) © Lo ®)

Tadh

where tgyy is the Fe-SMA thickness; o, is the Fe-SMA prestress; 6] may is
the maximum stress of Fe-SMA caused by external load; 7,4y, is the shear
strength design value of adhesive; activation length L, can be designed
based on repair effect.

As an example, the patches in this study can be designed as follows.
The L, is set at 50 mm, as the optimal crack closure effect was observed
(the optimal activation length may vary under different conditions, and
a FE or analytical analysis is recommended). The shear strength of ad-
hesive SikaPower-1277 is 7,4,=10 MPa, corresponding to the average
shear stress along the effective bond length at bond capacity, measured
through lap-shear tests of Fe-SMA-to-steel bonded joints (Table 1) [55,
62]. The Fe-SMA prestress is assumed as 250 MPa, with the Fe-SMA
thickness of 1.5 mm. The maximum stress of Fe-SMA caused by
external load (corresponding to the fatigue load Ac=90 MPa) is
112.5 MPa. Therefore, Lg,. should be >54.4 mm according to Eq. 6.

Furthermore, it is imperative to consider the long-term behavior,
including prestress loss due to creep and relaxation, as well as capacity
degradation due to corrosion and aging [50,72]. One approach to
consider the long-term behavior is to incorporate a long-term coefficient
in the design, while further investigations on the durability of Fe-SMA or
Fe-SMA/CFRP bonded patches are needed. Additionally, a reasonable
inspection, monitoring, and maintenance plan is essential to ensure
continuous structural functionality and integrity.

7. Conclusions

This study explores repair strategies for lifetime extension of cracked
steel structures employing adhesively bonded Fe-SMA and Fe-SMA/
CFRP patches, wherein prestrained Fe-SMA strips, bonded over cracks,
are activated through heating and cooling to generate prestress. Acti-
vation behavior and fatigue performances are tested and analyzed. The
following conclusions are drawn:

1. Bonded Fe-SMA strips, 50 mm wide and 1.5 mm thick, with varied
lengths from 100 to 500 mm, are activated to 180 °C using electric
resistive heating technique. Fe-SMA prestresses at
153.6—253.9 MPa, estimated through experimentally measured
strains and finite element (FE) simulations, are successfully gener-
ated and sustained without causing debonding issue during the
activation process.

2. Repairing cracked steel plates using bonded Fe-SMA strips substan-
tially improves the fatigue lives by 4.2—5.0 times, owing to the Fe-
SMA prestresses and their load sharing. Using Fe-SMA/CFRP
patches further enhances the fatigue lives, achieving extension ra-
tios exceeding 5.5 or even achieving complete crack arrest.

3. With patch length decreasing, the failure modes transition from Fe-
SMA (and CFRP) fracture for long (> 300 mm) patches to debond-
ing for short (< 200 mm) patches, while all patches remain effective
in fatigue life extension. The 100 mm long Fe-SMA/CFRP patch ex-
hibits an optimal performance for lifetime extension, completely
arresting cracks under a fatigue load with a stress range of
A6=90 MPa and a stress ratio of 0.2.

4. The repair mechanism is investigated based on FE models. Numerical
analysis quantifies the effect of prestress and load sharing from the
repair patches on reducing the stress intensity factors (SIFs) at crack
tips. Compact repair patches, despite experiencing relatively high
prestress loss, induce concentrated compression at crack tips,
resulting in a significant reduction in SIF and enhanced repair
effectiveness. Analysis of crack arrest/propagation behavior through
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SIFs exhibits good consistency with fatigue test results, confirming
the validity of results obtained in this study.

5. Repair patches should be tailored according to practical conditions.
Design recommendations are proposed to aid decision-making and
facilitate the formulation of repair solutions for cracked steel details,
including activation approaches, patch configurations, and di-
mensions. Similar repair solutions can also be applied to concrete
structures, while further studies are required to investigate the repair
effectiveness of the self-prestressing patches on cracked concrete.
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