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Double-angle connections are prone to fatigue cracking in old steel bridges; however, owing to their complexity,
there are not many retrofitting solutions for these details. This study proposes a retrofitting system for doubleangle connections using iron-based shape memory alloys (Fe-SMAs). An innovative connection test setup
equipped with an optical 3D digital image correlation (DIC) measurement system was developed. The retrofitting
system included two end-anchorages set on either side of the connection. Fe-SMA strips were inserted inside the
anchorages, and then were thermally activated (pre-stressed) to a temperature of 260 ◦ C. Numerical finite
element studies were performed to investigate the static behavior of the system. It was found that the activated/
prestressed Fe-SMA strips not only apply a reverse positive moment on the connection (versus an undesirable
negative fixity moment), but also “absorb” a portion of the negative moment, owing to the added axial stiffness.
The proposed SMA-based system offers a versatile and cost-effective technique (with quick and easy installation)
for bridge connections, and can significantly reduce the effects from undesirable sources of fatigue cracking.

1. Introduction
The fatigue cracking of in-service steel bridges is a major problem
regarding the serviceability of aged highways and railway bridges. In
recent surveys [1,2] on the fatigue performances of different details of
existing steel bridges, critical fatigue-prone details have been recognized
and categorized. Most of the reported details susceptible to fatigue
cracking concern the overlooked interactions between different mem
bers. Among the categorized fatigue-prone details, the connections be
tween the longitudinal and transversal beams (so-called stringers and
crossbeams, respectively) are reported as the most prevalent. Therefore,
with reference to studies [1–5] on the identification of fatiguevulnerable details, the stringer-to-floor beam connections were
selected for developing an efficient strengthening solution.
The connections in stringer-to-floor beam framing consist of four
angles connecting the web of the stringer from both ends to the webs of
the crossbeams with rivets or bolts. As discussed in several studies
regarding fatigue evaluations of stringer-to-floor beam double-angle
connections [1,4,6,7], a restraining moment is induced on the stringer

end from the connection. This unpredicted semi-rigidity of the doubleangle connection explains the secondary effect of this type of fatigueprone detail. There are a large number of reported fatigue damages,
including rivet/bolt failures and cracking of the angle connection, as
found in [3,8–12]. Al-Emrani [3,4,13,14] determined that the flexural
stiffness of the outstanding leg (the angle leg connected to the web of the
crossbeam) mainly affects the flexural stiffness of the connection. This
resulted in the formula proposed by Wilson [14,15] for guaranteeing the
sufficient flexibility of the outstanding leg, so as to reduce the rigidity of
the connection.
So far, extensive studies have been conducted on the use of carbonfiber reinforced polymers (CFRPs) for strengthening various steel details
and details [16–19]. It is worth to note that the current study has been
part of a PhD study of the first author; thus, a comprehensive review of
CFRP-strengthening of steel structures have been done and cited in
several research papers that are similar to the current paper topic
[20–22]. To tackle the retrofit of such a complex detail in terms of the
accessibility and retrofit system installation, a new material has been
found superior to CFRP composites. Recently, iron-based SMAs (or FeSMAs) have been introduced in the pre-stressed strengthening of steel

* Corresponding authors at: Centre for Infrastructure and Safety (CIES), School of Civil & Environmental Engineeing, UNSW, Sydney, Australia (M. Izadi).
Structural Engineering Research Laboratory, Swiss Federal Laboratories for Materials Science and Technology (Empa), Duebendorf, Switzerland (E. Ghafoori).
E-mail addresses: m.izadi@unsw.edu.au, mohammadr.izadi@gmail.com (M. Izadi), elyas.ghafoori@empa.ch (E. Ghafoori).
https://doi.org/10.1016/j.engstruct.2021.112827
Available online 27 July 2021
0141-0296/© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

M. Izadi et al.

Engineering Structures 245 (2021) 112827

Nomenclature
Lc
Lst
g
t
d

α
Est
Ist
ESMA
ASMA
s
M

θb
θa
e

length of crossbeam
length of stringer
gauge distance
thickness of angle thickness
depth of angle depth
degree of continuity
elastic modulus of utilized steel in the stringer
stringer moment of inertia
elastic modulus of the utilized Fe-SMA
cross-sectional area of the utilized Fe-SMA strip
half-length of the strengthening system
generated moment owing to the pre-stressing

σr
δbot
δtop
M−
Δmid

σ amax
σ smid
Krot
Kbrot
Karot

structures. Different steel tensile and flexural members (steel plates and
beams, respectively) have been strengthened using activated (prestressed) Fe-SMA strips [20,22,23]. In contrast to conventional retro
fitting approaches with pre-stressed carbon fiber reinforced polymers
[24–30], the use of Fe-SMAs suggests an easy pre-stressing procedure, as
it eliminates the need for heavy pre-stressing tools. Fe-SMAs are easily
thermally activated (pre-stressed), and can therefore provide an alter
native in retrofitting complex geometries such as bridge connections,
where access to the details can be difficult or impossible. To this end, the

rotation of connection before strengthening
rotation of connection after strengthening
eccentricity
recovery stress
bottom out-of-plane deformation of the connection
top out-of-plane deformation of the connection
negative moment on the connection
mid-deflection of the stringer
maximum bending stress in the connection angle
stress in bottom flange of the stringer at mid-span
rotational stiffness of the connection
rotational stiffness of the connection before strengthening
rotational stiffness of the connection after strengthening

authors have already addressed the challenges of using pre-stressed FeSMA strips [31] and CFRP rods [32,33] to strengthen the double-angle
connections. The SMA-strengthening of steel structures involves
designing friction-based end grips, assembling different components,
and activating the Fe-SMAs. A SMA strengthening procedure for steel
structures was comprehensively explained and experimentally tested in
[22,23].
In a similar process, Fe-SMAs are utilized in this study for the
strengthening of double-angle connections. Initially, a flat pre-stressed

Stringer-to-Floor beam
Double Angle Connection Test Setup

250-kN actuator

a

Cross beam
(2-meter INP300)

Stringer
(3-meter INP 240)

Right side

DIC measuring system

LED light

Left side

a

a
Speckle pattern
for DIC measuring
LVDTs

Strain gauges
on the beam and
on the connection

(Right side of the test setup)

(Left side of the test setup)

Fig. 1. Stringer-to-floor beam double-angle connection test setup with different components, including 3D digital image correlation (DIC) measuring system and
other measuring sensors.
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un-bonded retrofit (FPUR) system [22,24] is used for the end-clamping
of the pre-strained Fe-SMA strips. The system is assembled on a specially
designed stringer-to-floor beam framing (similar to what is seen in the
typical decks of old steel railway bridges). The Fe-SMA strips are then
heated to a temperature of 260 ◦ C. The SMA-strengthened connection is
then statically loaded, and the results are compared with those from a
non-strengthened connection. Furthermore, numerical simulations are
performed to assess the local and global effects of the strengthening
system on the entire assembly.

strength bolts (with grade 12.9). The bolts were tightened with a
maximum torque of 180 Nm; this induced nominal clamping stresses of
approximately 400 MPa (an equivalent force of 80 kN). After fastening
the bolts, the entire assembly of the stringer-to-floor beam was picked up
and positioned on the end-supports within the loading frame (see Fig. 1).
Two static tests were conducted: one before strengthening, and one after
strengthening. The stringers were loaded to Pmax = 75 kN per actuator.
This load was equivalent to a maximum fatigue load for inducing a stress
range and ratio of Δσ = 120 MPa and R = 0.1 in the stringer mid-span,
respectively (assuming a simple supported stringer; see also [31]).
Hereafter, the static test before strengthening is labeled as C1_S_B,
whereas the label C2_S_A designates the test after strengthening. In the
name designations, C, S, B, and A stand for connection, static, before,
and after, respectively.

2. Test setup
The test setup was arranged to examine the performance and effec
tiveness of the SMA-strengthened double-angle connections. Fig. 1 dis
plays the designed test setup. As shown in Fig. 1, the test setup was
longitudinally and transversally symmetric. Two hydraulic actuators
were positioned at the mid-length of each stringer. The maximum static
capacity of each actuator was 250 kN. The stringers and crossbeam were
also simply supported at their ends. The two 3-m INP 240 stringers were
connected to the 2-m INP 300 crossbeam from each side. The connection
also included four angles (180-mm in depth and 10-mm in thickness).
Steel types S235JR (nominal yield strength of 235 MPa) and S355JR
(nominal yield strength of 355 MPa) were used for the beams and angles,
respectively. The elastic moduli of each steel type were 205.3 and 209.3
GPa, respectively. To strengthen the connection, two Fe-SMA strips with
a width × thickness of 50 × 1.5 mm were used within the associated
FPUR structure. Fig. 2 displays the FPUR system, as mounted on the
stringer-to-floor beam framing. The utilized Fe-SMA strips had an initial
elastic modulus of 160 GPa and recovery stress of 435 MPa for an acti
vation temperature of 260 ◦ C. Additional details regarding the material
characterization, design of the arranged test setup (detailing of the
different geometries), and SMA-based FPUR system can be found in
[31].

3.1. Measurements and instrumentations
To measure the strain/stress response of the stringer, crossbeam,
angle, and Fe-SMA strips, various strain gauges with an electrical
resistance of 120 ± 0.30% and different gauge factors were employed
(provided by HBM GmbH, Germany). In addition to the mounted strain
gauges, linear differential variable transformers (LVDTs) and laser
displacement sensors (LDSs) were used to monitor the displacements.
The LVDTs were placed on the top and bottom of the connection,
whereas the LDSs were located in the mid-length of the stringers and
crossbeam. Additionally, four type-K thermocouples were temporarily
attached to the Fe-SMAs to monitor the evolution of the temperature
during the activation process.
3.2. Optical digital image correlation (DIC) measurements
In addition to the installed strain gauges and LVDTs on/near the
connection, an optical three-dimensional deformation measuring system
(or so-called digital image correlation (DIC) system) was used to analyze
the full-field displacements in the area of the connection during static
loading. The DIC measurement system, also recognized as the “ARAMIS”
system [34] (provided by GOM GmbH, Braunschweig, Germany) used

3. Experimental procedure
The two stringers and crossbeam were assembled with M16 high-

SMA-based FPUR System
Test Setup

Fe-SMA strips

Hydraulic
cylinder

View A-close view

Amsler pulsator
machine

Stringer

Roller
bearing

View A

Cross beam

End-mechanical
anchorage

Double angle
connection

Laser displacement
sensor (LDS)
Fe-SMA strips

Electrical
power supply
Friction-based
anchorage

View A-side view
Fig. 2. Shape memory alloy (SMA)-based flat pre-stressed un-bonded retrofit (FPUR) system for reinforcing double-angle connections with different components,
including the electrical power supply, activated Fe-SMA strips, and end-mechanical anchorages; for details on the SMA-based FPUR system, refer to [22,24].
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two digital cameras positioned on a stand with respect to the measure
ment object (see Fig. 1). Prior to running the ARAMIS system, the sur
face structure of the measuring area was also prepared using a stochastic
black and white spray pattern. The pretreatment of the surface structure
was used to ensure successful image processing [34,35]. The ARAMIS
system then recorded images of the surface of the measurement object
with the digital cameras during the experiment. The first image repre
sented the un-deformed state of the object. The recorded successive
images were then compared and analyzed using ARAMIS software [34]
and the results for the 3D displacement field of the object were calcu
lated and graphically presented.

loading. To model the un-bonded SMA-based FPUR system, a surface-tosurface tie constraint was used to couple the regions where the me
chanical clamp connected the Fe-SMA strip to the beam. The prestressing level for the activated Fe-SMA strips was pre-defined in an
initial step of the ABAQUS software. In a subsequent step, the redistri
bution of the pre-defined stress reached equilibrium in the model.
6. Discussion of FE and experimental results
6.1. Static test results of the un-strengthened connection (Test C1_S_B)
The numerical and experimental static tests on the un-strengthened
connection were conducted to study the fatigue behavior of the
double-angle connections, and to gain a complete picture of the
connection behavior. The connection behavior involves the rotational
stiffness of the connection, as well as the stresses generated in the
connection owing to its stiffness. The amount of deflection applied by
the stringer-end rotation mainly depends on the outstanding leg flexi
bility, which is dependent on the gauge distance and bolt clamping.
Table 1 shows a summary of the parametric study layout. As described
above, three different bolt clamping (labeled P1_G50_C130,
P2_G50_C260, and P3_G50_C400) were introduced, so as to study their
effects on the rigidity of the connection and bending stresses in the angle
of the connection (here, experimental static tests were conducted).
Additionally, two different gauge distances of 50 and 70 mm were
selected in the study (here, numerical simulations were performed); the
maximum rivet clamping was used for the two gauge distances (labeled
P3_G50_C400 and P4_G70_C400).
Fig. 3a shows the development of the flexural stiffness and bending
stresses in the angle fillet for all three clamping. As shown, the bolts have
negligible effects on the bending stresses, whereas the rotational stiff
ness of the connection is reduced with a decrease in clamping. The
outstanding leg along the gauge distance behaves as a beam with a depth
equal to the thickness of the angle (t) and a length equal to the gauge
distance (g). The beam is assumed to be fixed near the bolt head to some
degree (the fixity increases with higher clamping), and transitionally
free in the angle filet. With increased clamping of the bolts, as explained
comprehensively in the study of Wilson and Coombe [15], the beam
model behaves as fully fixed near the bolt center line, leading to stiffer
behavior in the connection. This explains the stiffer behavior observed
for the connections by the increase in bolt clamping, as shown in Fig. 3a.
As presented in Table 1, values of Krot = 1883, 3009, and6305 kNm
are obtained for bolt clampings of 130, 260, and 400 MPa, respectively.
In contrast, the increase in the clamping of the bolts does not influence
the flexural stresses in the angle filet. The approximate equal bending
stresses in the angle filet, even with the change in the bending stiffness,
can be understood using the assumed analytical beam model. In fact, the
effective length of the beam (i.e., the distance from the bolt center line to
the angle filet) is reduced for higher bending stiffness values. As a result,
although
the
angle
“attracts”
higher
forces/moments
(M− = 7.9, 11.2, and15.5 kNm for clampings of 130, 160, 400 MPa,
respectively, see Table 1) for higher bending clamping values, the
resulted bending stress remains unchanged in the outstanding leg. This
implies that the fatigue strength of the connection angle is not influ
enced by the rivet clamping, which agrees with previous studies
[11,37–39]; however, the higher clamping keeps the rivets themselves
in a safe zone in terms of the fatigue failure.
In contrast to the rivet clamping, the gauge distance has remarkable
effects on the connection flexural behavior, as shown in Fig. 3b. Fig. 3b
displays the moment–rotationmoment-rotation curves of the connection
with two different gauge distance of 50 and 70 mm. Indeed, as clearly
observed from the figure, in the parametric test of P4_G70_C400, the
bending stiffness of the connection is reduced substantially that is
caused owing to the reduction of the outstanding leg flexibility
(fromKrot = 6305to2981 kNm Table 1). Therefore, with respect to the
reduced rigidity of the connection, the stringer end is easily rotated, as a

4. Large-scale static connection tests (Tests C1_S_B and C2_S_A)
In the first step of the test program, the un-strengthened connection
was quasi-statically loaded (in approximately three minutes) to Pmax =
75 kN. The maximum load induced approximately 0.6 Fy of the yield
strength of the steel utilized in the stringer. This step was also intended
to recognize the effects of the two main factors (gauge distance and bolt
clamping) on the fatigue mechanism of the double-angle connections.
To this end, two different gauge distances of 50 and 70 mm and three
2
different bolt clamping of 130 (≈ 400
3 ), 260 (≈ 3 400), and 400 MPa were
introduced within the framework of the parametric study. Accordingly,
the bolts were fastened with three different bolt clamping, and the
connection was statically loaded for each bolt clamping. In view of time
and cost required for large-scale laboratory tests, the effects of the gauge
distances were studied numerically (see Section 5). Notably, the gauge
distance of the connection in the experimental test was g = 50 mm for all
of the static tests.
In the second step and after the static tests on the un-strengthened
connection (Test C1_S_B), the aforementioned SMA-based FPUR sys
tem was assembled on the setup. The Fe-SMA strips were then embedded
in the system and connected with copper clamps from one end. This
accelerated the time required for the activation procedure. As shown in
Fig. 2, an electrical power supply was used to activate the strips. The
activation was initiated with an electric current of 200 A; however, the
activation temperature of 260 ◦ C was not reached. As a result, the cur
rent was increased to 300 A; after nearly 1 min, the target temperature
was achieved. After the activation was completed, the SMAstrengthened connection was tested statically to a load of 75 kN (the
same load level used before strengthening).
5. Finite element (FE) modeling
Finite element (FE) simulations of both the un-strengthened and
strengthened connection tests were conducted with ABAQUS/CAE 6.123 [36]. The configurations of the tests described above in Section 2 were
used to create the FE models. Two different material types of steel (with
different grades) and the Fe-SMA, each acting as an isotropic linear
elastic material, were included in the models. It is worth to note that the
proposed system has been used to strengthen the connection against
high cycle fatigue regime, where the stress ranges are within the elastic
region. Therefore, elastic constitutive modeling was deemed sufficient
for material simulation. Additional elements, such as the anchorage
system, were modeled as rigid elements by assigning a relatively high
elastic modulus. The Young’s modulus of the steel was 205 GPa, whereas
the strip had an elastic modulus of 160 GPa (each with a Poisson’s ratio
of 0.3; see also Section 2). Given the symmetry of the assembly, only a
quarter of each test was modeled, and the corresponding boundary
conditions were assigned to the symmetric planes. All of the geometries,
including those of the Fe-SMA strip, steel beams, and connections (angle
and bolts), were partitioned and meshed using the structured meshing
features of the software. Eight-node solid brick elements were used to
mesh the different parts. A homogeneously distributed pressure at the
actuator location was applied on the stringer to simulate the external
4
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Table 1
Double-angle connection behavior results of the parametric study (both numerical and experimental outputs).
Parameter Label

Gauge Distance
(mm)

Rivet Clamping
(MPa)

Krot (kNm/rad)

M− (kNm)

σamax (MPa)

δtop (mm)

P1_G50_C130
P2_G50_C260
P3_G50_C400
P4_G70_C4001

50
50
50
70

130
260
400
400

1883
3009
6305
2981

7.9
11.2
15.5
9.5

226
228
230
180

0.44
0.38
0.33
0.47

All of the static tests were performed to a maximum static load of 75 kN per actuator.
1
Numerical modeling was performed for this parameter (much effort and cost would be caused in terms of large-scale experimental testing for this parameter).

16

75
Distance from the center (mm)

14

Moment (kNm)

12
10
8

45
15
a

-15

6

P1_G50_C130-exp
P2_G50_C260-exp
P3_G50_C400-exp
P3_G50_C130-FE
P2_G50_C260-FE
P3_G50_C400-FE

4
2
0
0

0.001

0.002
0.003
Rotation (rad), Ө

0

100
Stress,

150
(MPa)

200

250

75
Distance from the center (mm)

10
8
6
4
2
0
0.001
0.002
Rotation, Ө (rad)

50

(a)

P4_G70_C400

0

P1_G50_C130
P2_G50_C260
P3_G50_C400
FE modeling

-75

0.004

P3_G50_C400

12

Outstanding leg

-45

14

Moment (kNm)

a

a

45
15
-15

a
Outstanding leg

-45

P3_G50_C400
P4_G70_C400

-75

0.003

0

50

Stress,

100

(MPa)

150

200

(b)
Fig. 3. Moment-rotation curves and distribution of bending stresses along the depth of the angle (path a-a) of the connection for (a) three different rivet clamping of
130, 260, and 400 MPa (from experiments-constant gauge distance) and (b) two different gauge distances of 50 and 70 mm (from finite element, constant
rivet clamping).

higher out-of-plane deformation can be accommodated by the connec
tion. This causes lower bending stresses to be generated in the angle filet
(see Fig. 3b). Importantly, the rotational behavior of the connection in
both parametric tests (P3_G50_C400 and P4_G70_C400) is approxi
mately linear. The absence of gaps between the different contact areas
and tolerances in the assigned pre-loadings and geometries in the nu
merical modeling of both parameters explain the linearity of the
connection, as contrasted with the slight non-linearity observed in the
practical testing of the connection (see Fig. 3). Moreover, careful scru
tiny of the FE models shows that no plasticity occurs in the locally
stressed zone, as compared with the measured strains in the experi
mental tests.

6.1.1. Validation of FE modeling
As noted above, FE modeling was incorporated in the parametric
study. To properly benefit from the results of the FE modeling, the
model’s capability to produce the bending stiffness and response of the
load stress at the mid-span of the stringer and crossbeam were verified,
as shown in Fig. 4. As shown, the FE results agree with the experimental
results in terms of the local and global behavior of the connection. The
top and bottom displacements of the connection are compared with the
FE modeling results in Fig. 4a. As indicated by the measured de
formations, although the magnitudes are approximately very small
(approximately 0.3 mm at the top of the connection); this leads to sig
nificant tensile stresses at the top of the connection, as previously shown
5
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Bottom LVDT
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Load per cylinder (kN)
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60
50
40
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20

-0.2
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0
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60

70
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Load per cylinder (kN)

Stringer
Cross beam
FE modeling

0

20

40

60

80

100

120

Mid-span bending stress (MPa)

(a)

(b)

Fig. 4. (a) Out-of-plane deformation of the connection for different load levels. (b) External static load against the mid-span bending stress of the stringer.

in Fig. 3. The registered flexural stresses near the angle filet are
compared with the corresponding FE values in Fig. 3a. Nevertheless, as
the values measured by strain gauges were sensitive to their position
(owing to the high variability of the stresses in the filet of the angle), the
experimental results were assumed as a “general reference” for

Stringer

evaluating the FE model’s capability to reflect the bending character
istics of the connection.
6.1.2. Results of DIC measurements
Fig. 5a displays the longitudinal displacement field of the connection
Cross beam

Stringer web

Stringer

a

+
0.0

-

Angle leg to
stringer web

a
Angle leg to
stringer web

Cross beam

90

F=0 kN

Distance from the center (mm)

(a)

50
10
-30
-70

-110
-0.10

DIC measurement
FE modeling

-0.05
0.00
0.05
0.10
0.15
Out of plane deformation (mm)

0.20

(b)
Fig. 5. (a) Comparison of obtained 3D DIC measurement and FE modeling results: (a) out-of-plane deformation contours from FE modeling (left) and DIC mea
surement (right) for the maximum static load of 75 kN, (b) longitudinal displacement profile along the depth of the connection (Section a-a) for different load levels.
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Fig. 6. Temperature history until complete cooling to room temperature of the Fe-SMA strips during the activation of the SMA-based FPUR retrofitting system.

(out-of-plane deformation along the x-axis), as obtained from the
ARAMIS measuring system for a maximum static load of 75 kN. As
shown, the displacement contours resulting from the DIC measurements
agree well with the FE modeling results. In fact, the DIC results reveal
the high variability of the strains/stresses on the connection surface;
however, the obtained results fit well with those of the FE model, and
confirm the values measured by the strain gauges and LVDTs. In addi
tion, Fig. 5b illustrates the out-of-plane deformation of the connection
along the depth of the stringer (Section a-a) for different load levels.
Fig. 5b shows that the center of rotation of the connection remains un
changed during the static loading, and is located under the mid-depth of
the connection (approximately 30 mm under the mid-depth). The
resulting longitudinal displacement profile from the DIC measurement
also exhibits some fluctuations; these are attributed to the calibration of
the ARAMIS system. The preparation of suitable lightning conditions
and calibration of the ARAMIS system are influenced by the very rough
measurement area of the connection. For example, in the area around
the bolts, the analysis, calculation, and documentation procedures of the
deformations were not completely fulfilled by the ARAMIS system,
revealing no results at the end (see Fig. 5).

Afterwards, a maximum static load of 75 kN was applied on the SMAstrengthened connection (see also Fig. 2). The Fe-SMA strips were prestressed (activated) by thermal heating, and the temperature evolu
tions in the strips during activation were measured. Fig. 6 shows the
average temperatures measured by the installed thermocouples during
heating and a subsequent cooling process. Upon completion of activa
tion, the pre-stressed strips induce a positive moment equivalent to 9.4
kNm on the connection, thus reducing the out-of-plane deflection of the
connection. The reduced deformation of the connection causes a
decrease in the bending stresses of the upper part of the connection.
Fig. 7 shows the moment near the connection against the static load
applied before and after strengthening.
Table 2 summarizes the results of the static tests on the connection
before and after strengthening. As presented in the table, the prestressing of the Fe-SMA strips causes a reduction in the applied defor
mation at the top of the connection from δtop = 0.33 to 0.18 mm for the
maximum static load. This reduction causes the maximum bending
stresses, that are the main sources of fatigue cracking, to decline from
σ amax = 225 to 94 MPa. Fig. 8a and b show the states of the connection
before and after retrofitting in terms of the out-of-plane deformation and
bending stresses of the connection angle, respectively. As seen in Fig. 8a,
the axial stiffness of the added reinforcements (i.e., the Fe-SMA strips),
in addition to the pre-stressing effects, are influential in reducing the
distortion and negative moment of the connection. The added strips
“absorb” a portion of the applied negative moment of the connection;

6.2. Static test results of the strengthened connection (Test C2_S_A)
After the static tests on the un-strengthened connection, the SMAbased system was assembled on the stringer-to-floor beam frame.

70

Load per cylinder (kN)

60
50

40
30
20

After activation

10

Before strengthening
After strengthening

0
-10

-5

0

5

10

15

20

Moment near connection (kNm)
Fig. 7. Load-moment response of the connection before and after strengthening.
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Table 2
Results of static examination of the connection behavior before and after strengthening with shape memory alloy (SMA)-based flat pre-stressed un-bonded retrofit
(FPUR) retrofitting system for maximum static load of 75 kN.
Before strengthening

σsmid
Experiment
FE modeling

After strengthening

Δmid

σamax

M−

MPa

mm

MPa

kNm

115
114

2.85
2.93

225
207

15.5
15.4

δtop

δbot

Δmid

σamax

M−

Karot

δtop

δbot

kNm/rad

mm

mm

MPa

mm

MPa

kNm

kNm/rad

mm

mm

6305
5040

0.33
0.35

− 0.26
− 0.20

102
101

2.39
2.42

94
82

5.9
5.8

13,657
14,769

0.18
0.19

− 0.24
− 0.20

Kbrot

σsmid

a

a

Strengthening

a

Distance from the center (mm)

70
Load per cylinder (kN)

a

75

60
50

40
30

After activation

20

After activation

Before strengthening-Top LVDT
Before strengthening-Bottom LVDT
After strengthening-Top LVDT
After strengthening-Bottom LVDT

10

0
-0.3

-0.2

-0.1

0

0.1

0.2

Out of plane deformation (mm)

0.3

45
15
-15

-45

Before strengthening

After strengthening

-75
0

0.4

(a)

50

100

Stress,

150

(MPa)

200

250

(b)

Fig. 8. (a) Out-of-plane deformation of the connection and (b) bending stresses along the depth of the connection angle before and after strengthening for maximum
static load of 75 kN.

(a) After activation

(b) After static load
Fig. 9. Longitudinal stress contours for test C2_S_A: (a) after activation and (b) after static loading for maximum load of 75 kN (stresses are in MPa).

this is also shown by the different slopes of the load versus deformation
or load versus moment plots for the connection (an increase of the slope,
see Figs. 7 and 8a). The measured values, including the mid-span
deflection of the stringers (Δmid ) and moment near the connection
(M− ), are summarized in Table 2. Table 2 also includes the flexural
stresses in the middle of the longitudinal beam (stringer), i.e., σ smid . These
indicate the effects of the retrofitting system on the other components of
the double-angle framing.
The activated Fe-SMA strips do not change the flexural stiffness of
the stringers; however, compressive strains/stresses are generated in the
bottom flanges of the stringers, indicating the positive effects of the

retrofitting system on the portion of the stringer-to-floor beam frame.
Fig. 9 illustrates the longitudinal stress contour of the beam immediately
after activation and with a static load of 75 kN. The upward deflection of
the beam demonstrates the positive effects of the retrofitting system on
the stringer. Fig. 10 also shows the average strain behavior of the two FeSMA strips against external loading. As seen from the strain develop
ment of the Fe-SMA strips during static loading, the end-mechanical
anchorage systems experience no failures involving the rupture and/or
slippage of the Fe-SMA strips.
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half of the strengthening length (500 mm).
After solving the equation for the tested connection, a cross-section
of approximately 181 mm2 is obtained, that is 30 mm2 more than that
of the Fe-SMA strips used in this study (100 × 1.5 = 150 mm2 ). How
ever, the estimated cross-section is determined such that the connection
behaves completely restrained that is, in fact, a conservative engineering
assumption. As discussed in another study on the SMA strengthening of a
cracked connection against fatigue loading [31], a cross-sectional area
of 150 mm2 in the Fe-SMA strips can prevent fatigue crack growth, as the
stresses are reduced to less than the threshold value of the utilized steel;
this implies that it does not necessarily require to remove the bending
stresses completely.
It is worth noting that with respect to the complex and diverse
configurations of bridge double-angle connections, an extensive para
metric study is required to generalize the application of the proposed
system and improvement of the engineering formulation. This study,
however, is a basis step for further research on examination of other
involved geometric, material, and loading parameters.

Load per cylinder (kN)

70
60
50
40

30
20
10
0
12400

12600

12800

13000

13200

13400

Strain in the Fe-SMA strips ( m/m)
Fig. 10. Development of average strain in the Fe-SMA strips during
static loading.

8. Summary and conclusions

7. Engineering design formulation

This study investigates the structural behavior of an SMA-based
retrofitting system used for strengthening a steel connection. The
SMA-based retrofitting system includes two end friction-based anchor
ages installed on a bridge girder on either side of the connection. The
pre-strained Fe-SMA strips are placed inside the mechanical anchorages,
and are activated to a maximum temperature of 260 ◦ C. Electrical
heating is performed to activate (pre-stress) the strips. The retrofitting
system offers a cost-effective and easily installable solution, while pre
serving the parent structure (with no applied architectural and struc
tural negative changes). The conclusions of this study are as follows.

A structural beam model of the strengthened stringer-to-floor beam
connection with the pre-stressed Fe-SMA strips is shown in Fig. 11. The
pre-stressing force creates a moment near the anchorage system of the
retrofitting system, M = σr × ASMA × e, where σr is the recovery stress of
the Fe-SMA strip, ASMA is the total cross-section of the strips, and e is the
eccentricity of the stringer mid-depth to strip mid-thickness. The rota
tion of the connection can be determined by solving the equilibrium and
compatibility equations of the analytical beam model for the external
load of P and pre-stressing moment of M. Assuming a fully fixed
behavior in the connection after strengthening (or an equal rotation of
the connection before and after strengthening, θa = θb ), the required FeSMA cross-section is determined, so as to eliminate secondary effects on
the connection and prevent fatigue crack propagation. Notably, while
solving the analytical equations, the axial stiffness of the strips was also
considered (by adding the term of ESMA × ASMA × e to the stiffness of the
connection), as shown in Fig. 11. Eq. (1) gives the final formulation for
determining the required cross-sectional area of the Fe-SMA strip for
preventing fatigue cracking and/or eliminating the out-of-plane distor
tion of the connection.

αMFBA
Karot

−

((lSTs − 1)2 −
Kbrot

1
)(
3

αM)

=

αMFBA

1. The effects of the gauge distance and bolt clamping on the connec
tion behavior were studied. The connection rotational stiffness
decreased from Krot = 6305to2981 kNm with an increase in the
gauge distance from g = 50 to 70 mm. Furthermore, the bolt
clamping was shown to have a negligible effect on the maximum
bending stresses of the angle of the connection, whereas the rota
tional stiffness of the connection was reduced with a decrease in
clamping. This was in agreement with previous studies, and with the
better fatigue performance of the connection while keeping the bolts
clamping at the highest level.
2. The pre-stressed strips applied a reverse positive moment on the
connection (compared with the externally applied negative moment)
and “attracted” a portion of the negative moment, owing to the
added axial stiffness from the Fe-SMA strips. Therefore, the out-ofplane distortion of the connection at the top was reduced from δtop =
0.33 to 0.18 mm, causing a reduction in the maximum bending stress
in the connection angle from σamax = 225 to 94 MPa.
3. An engineering formulation was proposed to estimate the required
cross-sectional area of the activated Fe-SMA strips to prevent fatigue
cracking in the angle of the connection. The analytical equation was
determined such that the connection behaved as a fully fixed
connection; thus, the out-of-plane distortion was eliminated after the
strengthening.

(1)

Kbrot

In the above, α is the degree of continuity (ratio of the moment near
the connection to the moment, assuming the fully fixed behavior of the
connection), MFBA is the negative moment near the connection while the
connection is assumed to be fully fixed, Karot is the stiffness of the
connection after strengthening, Kbrot is the stiffness of the connection
before strengthening, M is the resultant moment owing to the prestressing of the Fe-SMA strips, lST is the length of the stringer, and s is

Stringer
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