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This study focuses on the large-scale application of a Fe-Mn-Si shape memory alloy (Fe-SMA) for strengthening a
historic roadway bridge in Petrov nad Desnou (113-years), Czech Republic. To the best of the authors’ knowl-
edge, this is the first application of an iron-based SMA (Fe-SMA) for prestressed strengthening of a bridge. In this
study, the shape memory effect (SME) of the Fe-SMA was used for the prestressed strengthening of bridge girders.

Brid,

Rrelc (;g;ery stress A mechanical anchorage system was developed to apply multiple Fe-SMA strips to the steel girders of the bridge
Repair subjected to daily passengers and heavy trucks. The SME of the Fe-SMA was activated by heating to approxi-
Strengthening mately 260 °C using ceramic heating pads. The test results showed that the recovery stress of the Fe-SMA strips

resulted in a compressive stress of approximately -33 MPa in the lower flange of the bridge girder. This
compressive stress significantly increased the yield and fatigue capacity of the strengthened girder. Before and
after the strengthening, the bridge was loaded with a 45-ton crane to assess the efficiency and performance of the
system. Laboratory experiments were performed to optimize the mechanical anchors and examine the feasibility
of the proposed strengthening method prior to application to the bridge. Finally, long-term monitoring of the
prestressed Fe-SMA plates after installation on the bridge was conducted. The results showed that the main loss
of the prestressing force caused by relaxation occurred within the first 30 days after activation and was
approximately 20% of the original prestress.

1. Introduction

The aging of historic steel bridges is a global problem. Approximately
70% of steel bridges in Europe are older than 50 years, with 30% being
in service for more than 100 years [1]. There are many bridges in the
Czech Republic that have reached the end of their design life or have
already exceeded 100 years of service [2]. Bridge authorities often seek
repair solutions to combat this problem. Repairing existing bridges is
often cheaper than replacing the entire structure and helps achieve
sustainability by extending the service life [3]. Carbon fiber-reinforced
polymer (CFRP) has been used in civil engineering in the past few de-
cades. CFRP materials are effective for repairing existing bridges and
buildings [4], and prestressed CFRP can significantly improve the effi-
ciency of CFRP repairs [5,6]. Nevertheless, prestressed members typi-
cally require large and complex anchorage systems to transfer forces to
the parent member. The placement of hydraulic actuators is also
complicated because of the limited space near anchorage devices [7].

* Corresponding authors.

1.1. Shape memory alloys (SMAs)

SMAs are smart metallic materials with a beneficial property known
as the so-called shape memory effect (SME). The SME enables a material
to recover its initial shape after permanent deformation when subjected
to a predefined temperature. The first materials with a significant SME
were Ni-Ti SMAs, which were developed in the 1960 s. Applications of
Ni-Ti alloys were initially reserved for the aviation industry and
healthcare. Ternary Ni-Ti-Nb alloys are used in civil engineering, and
the addition of Nb increases the yield strength [8], thermal hysteresis,
and damping capacity [9] of the Ni-Ti alloy. The applications of Ni-Ti
and Ni-Ti-Nb in civil engineering have been focused on the confine-
ment of cracked concrete members [10].

Iron-based shape memory alloys (Fe-SMAs) are suitable for civil
engineering applications, mainly because their material characteristics
are similar to those of structural steel. Fe-SMAs suitable for civil engi-
neering applications were developed in the 1980s in Japan, and in 1982,
a paper [11] on these first Japanese-produced iron-based SMAs was
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Fig. 1. Fe-SMA strengthening principle.

published. It should be noted that the overall production cost of Fe-SMA
is significantly lower than that of Ni-Ti SMA [12].

As the most promising material for prestressing steel bridge mem-
bers, Fe-SMAs developed at the Swiss Federal Laboratories for Materials
Science and Technology (Empa) [13] were used to strengthen the Petrov
bridge. Empa’s Fe-SMA has been developed in recent years and has
shown potential for efficient applications in civil engineering. The me-
chanical properties and production procedure of the latest alloy
composition (used in this study) are described in [14]. Empa’s Fe-SMA is
currently manufactured in the shape of @18 bars and 120 mm x 1.5 mm
plates. Thus far, their use was mainly focused on reinforcing concrete
“building structures,” as presented in [15]. Empa’s Fe-SMA was first
used for strengthening a bridge in July 2019 in the Czech Republic.

1.2. Strengthening principle

The proposed strengthening method focuses on using the SME of
prestrained Fe-SMA for the post-tensioning of critical members. The
main principle of Fe-SMA strengthening (Fig. 1) is described in the
following section.

After production, the received Fe-SMA is prestrained to a permanent

strain of 2.5%. The deformed Fe-SMA is then anchored to the parent
structure, thus preventing it from returning to its original length. The Fe-
SMA is heated to an activation temperature and subsequently allowed to
cool to the ambient temperature. During the entire activation procedure
(heating and subsequent cooling), Fe-SMA develops a prestressing force
that returns the material to its original shape. Izadi et al. [16] measured
the resulting stress in Fe-SMA at 406 MPa upon activation to 260 °C.
Until now, Fe-SMA strips have been developed and used for the fatigue
strengthening of steel plates [17,18], girders [19,20], and bridge con-
nections [21].

1.3. Fe-Mn-Si SMA for prestressed strengthening

Many applications of this cost-effective Fe-SMA [22-24] demonstrate
its potential for use as an effective prestressing element without the need
for heavy and complex prestressing equipment [25]. Since then, Fe-
SMAs have been used for strengthening steel [17,18,26,27] and con-
crete [28] structures. Several studies on the mechanical properties of Fe-
SMA, including its fatigue [24], cyclic [29], fire [30], and recovery stress
[8] behavior, have been conducted.

Studies on the application of Fe-SMA to strengthening steel

Fig. 2. Historic steel road bridge in Petrov nad Desnou, Czech Republic.
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Fig. 3. a) Lower chord joint and b) lower flange of cross-beam.

structures are in the pioneering stage, as only the findings of a few
related studies have been published in the literature. Izadi et al. [26,31]
developed a Fe-SMA system for strengthening steel plates using a new
friction-based clamping system (a mechanical anchor). Thermal acti-
vation with a maximum temperature of 260 °C was achieved through
electrical resistive heating. This process resulted in recovery stresses of
350-400 MPa. The activated (prestressed) Fe-SMA yielded a maximum
compression of —74 MPa in the steel member. This Fe-SMA strength-
ening technique has also been applied to the fatigue strengthening of
cracked steel plates, significantly improving the fatigue life and pre-
venting fatigue crack propagation in some cases [17].

In addition to and in conjunction with studies on the SMA
strengthening of steel plates, Izadi et al. [18] adapted a specially
designed flat prestressed unbonded reinforcement system for the flex-
ural strengthening of a steel girder with activated Fe-SMA strips. The Fe-
SMA strips were activated to maximum temperatures of 100, 160, and
260 °C, resulting in recovery stresses of 161, 328, and 431 MPa, and
compressive stresses of —10.7, —21.9, and —28.8 MPa, respectively, in
the bottom flange of the girder. The retrofitted steel beam was then
subjected to static and fatigue four-point bending tests. The test results
indicated a significant increase in the static and fatigue performance of
the steel girders [18]. Adhesively bonded joints have recently been used
to connect Fe-SMA strips to steel substrates [32]. It has been shown that
small Fe-SMA patches adhesively bonded to steel details can arrest fa-
tigue cracks [15,33]. A comparative study on the mechanical and
structural performance of Fe-SMA has been conducted [7].
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1.4. Outline of study

An application of a Fe-SMA for strengthening the historic steel bridge
in Petrov nad Desnou, Czech Republic (Fig. 2) is proposed in this paper.
To the best of the author’s knowledge, this study is the first-ever
application of SMA strengthening to a bridge structure. Petrov Bridge
was constructed in 1906 on an arterial road of the Czech Republic and
has still been in service (after 113 years) during the proposed Fe-SMA
strengthening. Two main factors were considered during the strength-
ening design: first, the capacity of the member and its influence on the
global capacity of the bridge and, second, how widely the member is
used in various historic steel bridges. One of the cross girders of the
bridge was selected for the strengthening application because it is an
ideal representative of a riveted I-beam and a critical member. The Fe-
SMA was applied to minimize the effects of traffic loads.

2. Case study structure

The investigated bridge was a steel truss bridge with a span of 19.50
m. The bridged obstacle was river Desna, and the superstructure was
skewed at 52° and rested on two monolithic concrete supports. Similar
to other steel structures built before the second half of the 20th century,
the joints were connected through riveting.

Riveted structures are typically prone to corrosion degradation
because of inappropriate details, dirt, and water; this was also the case
for the Petrov bridge. Bridge inspections showed that the main weakness
of the structure was the reduction of the cross-sections, owing to

Fig. 4. a) Tensile test and b) metallography of the reference steel sample extracted from the bridge.
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Table 1 inspection and systematic restoration of anticorrosion coating.
Characteristic values of structural yield stress of plate and angle samples. The characteristics of the structural steel were defined from the
Yield stress of angles (MPa) Yield stress of plates (MPa) material samples, that is, plates and angles, of the parent structure. The
280 233 characteristics were analyzed through metallography, spectroscopy, and
tensile testing. When the samples were removed, we aimed to minimize
the intervention in the parent structure and its static function. The
corrosion. The worst situations were observed for the joints of the lower typical characteristics of the plate sample are shown in Fig. 4. Its
chord of both main truss girders and the lower flange of the cross-beams metallography shows a ferritic structure with cementite particles at the
(Fig. 3). edges of the grains. The structure contained slight plastic inclusions of
Because of its relevance to the overall capacity factor, one of the sulfide and phosphide.
cross-beams was selected for strengthening. The selected beam is an The characteristic value of the yield stress of the structural steel was
ideal representative sample of a riveted I-beam found in many bridges. determined according to ISO 13822: Bases for the design of structures -
The global corrosion of a structure is usually the leading cause of Assessment of existing structures. Table 1 lists the yield stress values of the
subsequently defected and weakened members. The best approach to plates and angles.

prevent the need for strengthening in similar cases is through the regular
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Fig. 6. Details of the anchorage system used to attach prestressed Fe-SMA strips to the bridge girder.
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Table 2
Mechanical properties of Fe-SMA strips.

Engineering Structures 248 (2021) 113231

Elastic modulus Poisson’s ratio Yield stress Ultimate strength

Activation temperature SME prestress Substitute thermal expansion

(GPa) ) (MPa) (MPa) Q) (MPa) ratio
®H*
173 0.3 546 1015 260 406 9.03E-06

Strengthened
cross beam

Anchors of
shell elements

Mesh refinement
in contact areas

\

\

FeSMA strips as
beam element

Fig. 7. Numerical simulation of Petrov bridge with shell elements used for the cross-beam.

3. Design of retrofit strengthening system

It is challenging to connect the strengthening member to the historic
structure. Ideally, the connection should be completely reversible and
should not cause any permanent intervention in the historical parent
structure [22].

The Fe-SMA was installed at the bottom flange of the cross beam, as
shown in Fig. 5. Several unbonded Fe-SMA plates were used for
strengthening because of the limited range of profiles in the market. Fe-
SMA plates with a 120 mm x 1.5 mm cross-section were placed between
two steel angles of L150 mm x 80 mm x 10 mm dimensions and were
bolted with high-strength friction grip (HSFG) bolts M20 12.9 of the
high-resistance calibrated (HRC) system, as shown in Fig. 6. Instead of
drilling new holes into the cross-beam, holes from several old loose
rivets were used for the new bolts. Round-headed HRC bolts were used
to ensure visual continuity with the riveted connections on the other
parts of the bridge. Thus, the impact of the intervention on the parent
structure was reduced to the minimum.

In this case, strengthening was designed to resist traffic loads and
increase the fatigue capacity of the strengthened member. The targeted
strengthening effect of this experimental application was to achieve
permanent compression in the bottom flange of the cross-beam to
improve its fatigue resistance. Based on this criterion, six Fe-SMA plates
were connected and used. The number of plates required for the targeted
strengthening effect was established through preliminary calculations
and verified using a numerical model of the entire bridge.

3.1. Activation process

As mentioned in Section 1.2, the activation of the SME involves
heating and cooling the material. Various heating methods can be used
for this purpose. Electrical resistive heating (ERH) [18] and infrared
heating (IR) techniques [16] have been used in previous studies. The
main feature of the ERH method is the rapid and uniform heat distri-
bution along the Fe-SMA member. However, its use has been mainly
limited to laboratory testing because of the potential risk of leaking
electricity to the rest of the steel structure.

For field activation, a new method using ceramic heating pads with a
resistance wire was designed. Activation was achieved by heating the
Fe-SMA with closely fitted ceramic pads and insulation material.
Compared to the ERH and IR techniques, the advantage of this method is
that it is energy-efficient, and thus, favorable for field applications.
Unlike for ERH, the electrical insolation of the parent steel structure is
not required. Heating using ceramic pads and insulation coating was

adopted because it is the most suitable technique for activating Fe-SMAs
under field conditions.

3.2. Numerical model and material properties

The Fe-SMA properties were provided by the manufacturer, re-fer
AG. The substitute thermal expansion ratio of the Fe-SMA was deter-
mined based on the expected magnitude of the SME for an activation
temperature of 260 °C using Eq. (1). The mechanical properties used for
the numerical analysis are listed in Table 2.

Osma 406

= 1
Equn-AT  173000-260 M

* —
Asma =

A numerical model of the Petrov bridge (Fig. 7) was used to determine
the effects of strengthening on the structure. The model was established
using Dlubal RFEM version 5.20 software.

The bridge model comprised beam and shell members with elastic
material properties. Four-node S4 shell elements, each with a maximum
finite length of 25 mm, were used to simulate the strengthened cross-
beam to obtain precise results. The anchoring angles were also
modeled using four-node shell elements. The Fe-SMA was represented
by a beam member with assigned dimensions and variable width,
depending on the number of Fe-SMA plates used. Prestressing was
simulated using a uniform temperature load of the Fe-SMA. The dead
load, including the self-weight of the steel structure and the upper es-
timate of the weight of the deck, generated + 32 MPa tensile stress in the
bottom flange at the midspan of the cross-girder.

The first simplified estimate of the required number of Fe-SMA plates
on a simply supported beam was calculated, and five Fe-SMA plates
were required. In this case, the simplification was not precise because of
the interaction between the bridge deck and the stringers, as well as the
boundary conditions. The actual number of Fe-SMA plates required in
the numerical model was verified, considering the interaction and
boundary conditions.

The results showed that the designed Fe-SMA strengthening using six
120 mm x 1.5 mm plates was sufficient to resist the dead load with a
compressive stress of approximately 35 MPa in the lower flange. Nu-
merical simulations indicated that the activation of the Fe-SMA plates to
260 °C ensured permanent compressive stress in the bottom flange of the
cross-girder under dead loads.

4. Experimental program

Before onsite application, laboratory analysis of the designed retrofit



J. Viijtech et al.

I

Displacement
sensors

. becam

Engineering Structures 248 (2021) 113231

FeSMA strips

Displacement
sensors

P -
it o
Examination

Fig. 8. Experimental setup.

Anchors with
bolt holes

FeSMA strips
shell element

Examination beam

Pinned joints

Fig. 9. FE model of the laboratory setup.

strengthening system was conducted in the experimental facility of
Czech Technical University in Prague. The aim of the preliminary testing
was to verify the reliability of the designed anchorage and activation
procedure. The test setup, as shown in Fig. 8, consisted of an examina-
tion beam laid on a couple of roller supports and an upper flange
mounted with the designed strengthening setup. The strengthening on
the upper flange was installed to achieve enhanced accessibility under
laboratory conditions.

The same retrofit system designed for the bridge application was
used for laboratory testing. The only difference with the bridge appli-
cation was the number of Fe-SMA plates used. Only two prestrained Fe-
SMA plates ready for activation were used for the experimental tests.

4.1. Finite element (FE) simulations

Dlubal RFEM was used to generate a model of the laboratory test
beam. The numerical model was composed of only shell elements
(Fig. 9). An activation temperature of 260 °C was not achieved during
laboratory testing; therefore, the activation temperature in the numer-
ical model of the test beam decreased from 260 to 200 °C.

The model consisted of a laboratory beam with anchors and Fe-SMA
plates. The Fe-SMA was modeled using a beam element. The roller
bearings were represented by a linear pinned support. The SME was
modeled using the substitute thermal expansion ratio as a negative
temperature variation of —200 °C. The stress obtained from simulated

activation of Fe-SMA to 200 °C in the numerical model in the upper
flange was compression of —11.63 MPa.

4.2. Test procedure

The first activation of Fe-SMA was achieved at approximately 200 °C
instead of 260 °C. Heating was stopped because of the rapid increase in
temperature measured on two thermocouples (more than 350 °C).
Therefore, the test was stopped to prevent a possible irreversible change
in the material, and an average value of 200 °C was recorded by the
other thermocouples.

The following parameters were determined during the experiment
(using a sampling frequency of 10 Hz):

The deflection in the midspan of the experimental beam;

The slippage of the Fe-SMA plates and anchorage angles;

The strain on the edges of the upper and lower flanges of the beam;
The temperature of the Fe-SMA plates.

The experimental setup was mounted using potentiometers, strain
gauges, and thermocouples (Fig. 10).

Activation was continued until the Fe-SMA cooled to the ambient
temperature. The entire activation process took approximately 2 h from
the beginning of the heating. During the cooling phase, a visible dif-
ference between the prestrained and non-prestrained plates was
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Fig. 11. (a) Laboratory setup during heating and (b) cooling processes.

observed, as shown in Fig. 11.

4.3. Test results

The change in the Fe-SMA temperature and the stress generated
during and after activating the experimental beam were evaluated. The
measured values of slippage were at the border of the sensitivity of the

potentiometers (0.01 mm), and the measurement conditions for the
deflection of the beam were the same. Fig. 12 shows the Fe-SMA tem-
perature during the activation process. The heating was stopped after
approximately 20 min, and the cooling of the Fe-SMA occurred for
another 100 min. The temperatures recorded by thermocouples TP1 and
TP5 increased more rapidly than those by the others because these
thermocouples did not attach properly to the Fe-SMA strips but touched



J. Viijtech et al.

Engineering Structures 248 (2021) 113231

350 L
300 0,

250 - . i

5%

=

(=
T

Temperature (°C)

—THI
—TH2 -
—TH3
—TH4
—THS
--"TPI1

A e e e e

100 120

Time (min) min

Fig. 12. Temperature-history of the Fe-SMA strips during laboratory activation test (see Fig. 10 for the locations of different thermocouples, Ty).

—Upper flange - S1

<
E 2 —Upper flange - S2 _
7 —Lower flange - S3
g af -
5} —Lower flange - S4
-6+
8+
-10F
_12 1 1 1 1 1
0 20 40 60 80 100 120
Time (min) min

Fig. 13. Stress-history in the midspan of the beam during the laboratory activation test (see Fig. 10 for the locations of different strain gauges, S).

Table 3
Results of the laboratory beam test.

Stress values of laboratory beam with activated Fe-SMA

Location Strain gauge Before activation Experimental test: Numerical model: Direction [-1
After activation After activation
Upper flange S1 0 —11,55 —11,63 Pressure MPa
S2 0 -9,93 MPa
Lower flange S3 0 4,62 2,54 Tension MPa
S4 0 4,62 MPa

the heating pads. This occurrence was observed when the insulation was
removed from the strengthening. The stress values were calculated using
the stress equation Eq. (2):

O mid—span = gdam‘Exzeel (2)

Young’s modulus of steel Egee] Was assumed to be 210 000 MPa. Fig. 13
shows the stress at the midspan of the experimental beam induced
during activation. The first sign of the SME was observed after 6 min of
heating, with the temperature of the FeSMA plates at approximately
100 °C.

A comparison between the stress values of the cross-beam obtained
before and after experimental Fe-SMA activation and the simulation

values obtained using the numerical model is presented in Table 3.

The experimental analysis demonstrated the reliability of the retrofit
system for application to an actual bridge. The activation method using
ceramic heating pads was evaluated and proved to be effective under
laboratory conditions. The Fe-SMA was heated to 200 °C for approxi-
mately 9 min. The entire activation procedure from the beginning of
heating to the complete cooling of the Fe-SMA to the ambient temper-
ature took 1 h 20 min.

5. Fe-SMA strengthening of Petrov bridge

The Fe-SMA was applied to Petrov Bridge in June 2019 without any
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Fig. 14. Installation of the Fe-SMA plates on the lower flange of the bridge girder.
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Fig. 16. a) Power supply inverters and b) the ceramic heating pads with the insulation coating.

interference in the traffic on the bridge. The Fe-SMA plates were
installed from a small temporary scaffold erected under the bridge for
this application. The rivets in the location of the anchors were removed
and replaced with HSFG bolts of the HRC system connecting the Fe-SMA
plates to the bottom flange of the cross-girder. The activation of the Fe-
SMA plates occurred subsequently.

Old loose rivets in the lower flange of the cross-beam located in place
of the anchors were hammered out first. Fe-SMA plates bolted at each
end between the two angles were placed on the lower flange, as shown in
Fig. 14. Holes matching the hammered rivets were drilled into the an-
chor angles and bolted together. The anchorage system is simple with
minimal intervention into the parent structure and offers complete

reversibility.

5.1. Activation

The activation process was performed in two steps. Half of the Fe-
SMA plates were activated in each step (Fig. 15) because of the
limited number of ceramic heating pads available for activation. The
power supply was generated using two inverters, as shown in Fig. 16.
The inverters controlled the temperature gradient.

In each step, the Fe-SMA plates were sandwiched between ceramic
heating pads and wrapped in insulation coating. After installing the
ceramic pads and coating, the Fe-SMA plates were heated to a maximum
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Fig. 18. Layout of the strain gauges on the strengthened bridge girder.

Fig. 19. Final configuration of SMA-strengthened girder in Petrov Bridge.

activation temperature of 260 °C. The temperature was determined
using a preliminary numerical model. The temperature of the Fe-SMA
and the strain values across the cross-girder were monitored during
both activation steps.

5.2. Monitoring

The temperature and its development along the Fe-SMA plates were

10

monitored using ten thermocouples during each activation step, as
shown in Fig. 17. The thermocouples were placed along the plates to
ensure heating uniformity. During the strengthening of the Petrov
bridge, the same layout used in the laboratory tests was applied.

The effect of the Fe-SMA strengthening on the cross-girder was
determined using strain gauges placed at three cross-beam sections — at
the thirds from both ends of the beam and the midspan of the beam. For
each measured cross-section, two strain gauges were placed on each side
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Temperature (°C)

Time (min) min
Fig. 20. Temperature-history curves of the Fe-SMA strips (used for bridge
strengthening) during the first activation step (see Fig. 17 for the locations of
thermocouples, Tp).
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of the bottom flange, and one gauge was placed on the web, as shown in
Fig. 18.

The Fe-SMA was activated at 260 °C. The final state of the activated
Fe-SMA plates on the bridge is shown in Fig. 19. Monitoring was per-
formed during both activation steps.

5.3. Field activation results

The temperature of the Fe-SMA and the strains of the cross-beam
were monitored during both activation steps.

Figs. 20 and 21 show the Fe-SMA temperatures during heating and
subsequent cooling. Thermocouple Tps was eliminated during the
evaluation of both activation steps because it malfunctioned.

The temperatures recorded by the two thermocouples increased
more rapidly than temperatures obtained by the other thermocouples, as
was observed during the laboratory activation (in this case, thermo-
couples TP1 and TL3). The heating was stopped after approximately 40
min. During the cooling process of the Fe-SMA, the heating pads and
thermocouples were transferred to the position for the second activation
step.

The next phase involved activating the second half of the Fe-SMA.
The heating of the second part of the Fe-SMA started approximately 4

>
3

Temperature (°C)

=4
(=]

50

—THI

Time (min)

100 120 160

Fig. 21. Temperature-history curves of Fe-SMA strips (used for bridge strengthening) during second activation step (see Fig. 17 for the locations of thermocou-

ples, Tp).
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Fig. 22. Stress-history curves at the midspan of the strengthened cross-beam of the bridge during both activation steps (see Fig. 18 for the locations of strain

gauges, C).
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Table 4
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Strengthening effects on cross-girder of Petrov Bridge: experimental and numerical results.

Cross-girder Strain gauge

Strengthening effect

Numerical model Units

Section Part 1st activation

2nd activation Total

€222
€223

—24.78
—25.20

Lower flange

-7.77
—8.62

-32.55
-33.82

—35.273
—35.273

[MPa]
[MPa]

18 e T

Small peaks |

Stress (MPa)

'36 1 1 1

1 1 1 1

—Lower flange - C222
—Lower flange - C223 |

Jun 14 Jun 21

Jun 28

Jul 05 Jul 12 Jul 19

Time 2019

(2)

35I T T

(9%
(=}
T

o]
W
T

Ambient temperature (°C)
3]
o

W
T

1
Jun 07 Jun 14 Jun 21

1
Jun 28
Time

(b)

1
Jul 05 Jul 12 Jul 19

2019

Fig. 23. (a) Long-term monitoring of the stress-history at the midspan of strengthened cross-beam after strengthening (see Fig. 18 for the locations of strain gauges,
C). (b) Long-term monitoring of ambient temperature-history at the midspan of the strengthened cross-beam after strengthening.

h after starting the first activation step. The experience gained from the
previous activations and the proper installation of the thermocouples,
heating pads, and coating guided the experimental precision. In the
second activation step, the heating was significantly more uniformly
distributed than during both previous activations (the laboratory
experiment and the first activation step). The second activation occurred
for approximately 3 h, that is, 1 h of heating and 2 h of cooling.

A sign of SME reactivation was observed 30 min after activation
commenced. All measured locations showed similar temperature in-
crements. The second activation step was stopped when the average
value of all the thermocouples was approximately 260 °C.

In terms of the strengthening effect, the critical values were obtained
from the strain gauges in the midspan of the cross-girder. Strain gauges
C222 and C223 were placed on the bottom flange of the cross-girder.

This section presents a summary of the achieved strengthening effect
and a comparison of the results with the numerical model results of
Petrov Bridge. Fig. 22 shows the stress state of the midspan during the
first and second activation steps. It should be noted that the stress values
were reset to zero. Appendix A provides additional information on the
stress-history at different locations of the strengthened cross-beam of the
bridge during both activation steps.

The strengthening effect of the cross-girder from each activation step
and the overall effect are presented in Table 4. A comparison between
the overall strengthening effect and the numerical model results of
Petrov Bridge is also presented in Table 4.

It was observed that the strengthening effect of the first activation of
the SME was significantly higher than that of the second activation. The
strengthening effect magnitude of the second activation was

12
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Table 5
Relaxation of the prestressing during the first 42 days after activation of the Fe-SMA plates.
Strain gauge After strengthening Elapsed time Units
1 day 7 days 14 days 30 days 42 days
C222 -32.55 —31.94 —27.78 —26.80 —25.13 —25.35 [MPa]
0.0% 1.9% 14.7% 17.7% 22.8% 22.1% [-]
C223 -33.82 -32.92 —30.54 —29.00 —27.67 —27.34 [MPa]
0.0% 2.7% 9.7% 14.3% 18.2% 19.2% [-]

approximately one-third of that of the first activation, owing to the
significant prestress loss during the secondary heating. The results ob-
tained using the numerical model were verified to be accurate compared

to the actual stress on the strengthened structure.
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5.4. Long-term relaxation of Fe-SMA prestressing

The activated Fe-SMA was monitored until the end of July 2019. The
prestress loss of activated Fe-SMA caused by relaxation under laboratory
conditions is approximately 10% [34]. The relaxation of the Petrov
Bridge strengthening was evaluated based on the stress state of the lower
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Fig. Al. Stress-history curves of the strengthened cross-beam of the bridge during both activation steps at different locations for (a) Web-C211, (b) Web-C221, (c)
Web-C231, (d) Lower flanges — C212 and C213, (c) Lower flanges — C232 and C233, and (f) comparison between all strain gauges (see Fig. 18 for the locations of

strain gauges).
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flange of the strengthened cross-girder. The stress history of the cross-
girder during the first two months after strengthening is depicted in
Fig. 23. The stress values were consistent with the final strengthening
effect, as described in the previous section.

The slight peaks of the stress values represent the heavy vehicles
crossing the bridge. The fluctuation of the stress was consistent with the
ambient temperature variations during the day and night. The prestress
loss caused by SME relaxation was evaluated based on the average
values of the stresses calculated for each day. The day average stress
values and the overall prestress loss attributed to relaxation are listed in
Table 5.

The results indicated that the main loss of the prestressing force
induced by relaxation occurred within the first 30 days after activation
and was approximately 20% of the original prestress achieved after
activation. Additional factors that could have decreased the prestress
level were the live loads from the heavy traffic and the slip of the Fe-SMA
strips in the anchor area.

6. Conclusion and remarks

A new type of strengthening with prestressing Fe-SMAs was suc-
cessfully developed and applied to a 113-year historic steel road bridge
in the Czech Republic. Laboratory experiments verified the functionality
of the proposed method for strengthening steel bridges. A new activation
method was developed using ceramic heating pads and successfully
applied to activate the strengthening of an actual bridge. Prestressing
using ceramic heating pads was shown to be a reliable technique for
activating Fe-SMA. Through Fe-SMA strengthening, a permanent
compression in the bottom flange of the cross-beam was achieved,
counterbalancing the dead load on the structure. The values obtained
using the numerical model were consistent with the measured stress
values. The long-term monitoring results showed that the main loss of
prestressing force generated by relaxation occurred within the first 30
days after activation and was limited to approximately 20% of the
original prestress. The relaxation values obtained under laboratory
conditions were significantly lower than those monitored in the Petrov
Bridge, possibly owing to the cyclic loads generated by live traffic and
temperature fluctuations.
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Appendix A. . Stress-histories of the bridge girder after
strengthening

This appendix provides additional information on the stress-history
at different locations of the strengthened cross-beam of the bridge dur-
ing both activation steps, see Fig. Al.
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