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This paper presents an application of prestressed carbon ﬁber-reinforced polymer (CFRP) plates for the
strengthening of metallic girders of a roadway bridge in Melbourne, Australia. The study also describes the
application of a wireless sensor network (WSN) system for long-term structural monitoring of the retroﬁtted
bridge girders. A ﬂat prestressed unbonded retroﬁt (FPUR) system was developed to apply prestressed CFRP
plates to the steel girders of the Diamond Creek Bridge (122 years old), which is subjected to daily passenger and
heavy vehicles. The ﬁrst section explains the results of sets of static and fatigue tests performed in the laboratory
to examine the eﬃciency of the proposed FPUR system prior to its installation on the bridge. The second section
presents details of diﬀerent aspects of the CFRP strengthening of the bridge girders, fatigue design criteria, and
layouts for short- and long-term monitoring. For the short-term measurements, the bridge was loaded with a
42.5-ton semi-trailer before and after strengthening. The CFRP plates were prestressed up to approximately
980 MPa (≈38% of the CFRP ultimate tensile strength), which resulted in about 50% reduction in the maximum
tensile stress in the bridge girders. The third section discusses the development, installation, and preliminary
results of the WSN system used to monitor the pre-stress level in the CFRP plates. The results of the short- and
long-term measurements in this study show that the FPUR system is very eﬀective for ﬂexural and fatigue
strengthening of bridge girders. Finally, a set of recommendations for long-term structural monitoring is provided.

1. Introduction
Metallic members are used in diﬀerent types of structures and
various engineering domains. In the civil engineering domain, they are
used in oﬀshore structures, communication towers, and railway and
roadway bridges; in the mechanical engineering domain, they are used
in shafts, mining equipment, pipelines, trams, and trains; and in the
aerospace engineering domain, in aircraft, ships, and helicopters.
Although these metallic structures belong to diﬀerent engineering disciplines, aging degradation and fatigue cracking are common problems
for all of them. It is known that fatigue is responsible for the failure of
the majority of metallic structures.
In the civil engineering domain in Europe, nearly 30% of the metallic bridges are older than 100 years and nearly 70% of them are more
than 50 years old [1]. A similar picture has been reported for the state
of the bridge infrastructure in the USA [2], Australia [3], and Japan [4].
Aging of metallic bridges is a worldwide problem, which needs more
⁎

attention. Therefore, there is a need for the development of diﬀerent
and versatile retroﬁtting systems.
Carbon ﬁber-reinforced polymer (CFRP), a light material with a
wide range of strengths and Young’s moduli, has been used for
strengthening concrete and steel members. CFRP materials have high
corrosion and fatigue resistance [5]. Several studies have proven the
eﬀectiveness of using CFRP materials for ﬂexural (e.g., [6,7]) and fatigue (e.g., [8–10]) strengthening of steel members.
Most existing studies on this topic have used a bonded retroﬁt (BR)
system to attach the CFRP material to steel substrates (e.g., [11–16]).
Despite extensive laboratory studies of BR systems, in practice, the
CFRP strengthening of metallic bridges has not advanced by much. The
main two reasons for the limited use of bonded CFRP reinforcement in
practice can be attributed to [17]:
(I) concerns related to the long-term performance of CFRP-to-steel
bonded joints under special environmental conditions (e.g.,
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year-old riveted railway bridge in Switzerland [29,30]. Each bridge
girder was strengthened with three CFRP plates (each of them 50 mm
wide and 1.4 mm thick), which were attached to the bridge girders
using a pair of friction clamps. The concept of the constant life diagram
(CLD) approach [31,32] was used for the determination of the CFRP
prestressing level. The CLD approach is a methodology that foresees the
lifetime of metals subjected to high cycle fatigue loading regimes [31].
According to the proposed fatigue design criteria [29], the CFRP plates
were prestressed to nearly 35% of their ultimate strength, equivalent to
approximately 950 MPa. This pre-stress level provided a total prestressing force of nearly 170 kN in the three CFRP plates applied to the
bridge girders. Furthermore, a structural health monitoring (SHM)
system was used to monitor the CFRP prestressing level for about one
year after installation of the retroﬁt system. The results showed a very
stable prestressing level in the CFRP plates, conﬁrming the eﬀectiveness
and reliability of the applied retroﬁt system.

elevated or sub-zero temperatures, humidity, ultraviolet light, etc.),
(II) as the strengthening of metallic structures using non-prestressed
CFRP does not greatly increase the stiﬀness of members, the beneﬁts of using non-prestressed CFRP to increase the serviceability
limits of metallic structures are very limited [17].
In order to cope with the above two limitations, a prestressed unbonded retroﬁt (PUR) concept has been developed by some of the authors of the present study [17,18]. In this approach, prestressed CFRP
plates are ﬁxed to metallic girders using friction clamps (rather than
adhesive bonding). Therefore, concerns related to the inﬂuence of environmental eﬀects on bonded joints are no longer relevant. Furthermore, CFRP plates can be initially stressed up to high prestressing levels, which results in the eﬃcient use of the high strength of this
material. Therefore, the main two limiting parameters for BR systems
are not relevant for the proposed PUR system, which results in an efﬁcient and reliable technique for the strengthening of metallic bridge
girders.

1.2. Structure of the study
The current study aims to present the results of the prestressed CFRP
strengthening and long-term monitoring of an old metallic roadway
bridge, the Diamond Creek Bridge in Melbourne, Victoria, Australia.
The paper has three diﬀerent sections. The ﬁrst section describes the
laboratory tests on a new type of PUR system, the FPUR system. The
laboratory tests included pull-oﬀ tests on the developed mechanical
clamping system, and static and fatigue tests on 6.4-m long steel Ibeams under four-point bending conditions. After the successful development and testing of the FPUR system, the second section of this
study explains the procedure for the CFRP strengthening of the
Diamond Creek Bridge. Details of diﬀerent aspects of the bridge
strengthening, fatigue design criteria, and the most important results of
short-term measurements are provided. Finally, the third part of this
study focuses on the application of a wireless sensor network (WSN)
system for long-term monitoring of the behavior of the bridge after
strengthening. The results of laboratory tests on strain-gauge measurements of the CFRP plates inside a climate chamber with and
without dummy samples are explained. Furthermore, a series of recommendations for the application of dummy samples for long-term
structural monitoring is provided. Finally, preliminary results of the
long-term wireless monitoring of the bridge after strengthening are
discussed and interpreted.

1.1. PUR concept
Ghafoori [17] performed the ﬁrst systematic study to compare the
behavior of steel members strengthened by bonded and unbonded CFRP
retroﬁt systems. The results of extensive laboratory experiments have
shown that when metallic members are retroﬁtted by prestressed CFRP
plates, the performance of the CFRP-retroﬁtted metallic element is
more sensitive to the pre-stress level than to the presence of the bond
[19].
PUR systems are versatile and can have diﬀerent conﬁgurations to
cope with the geometrical complexities of metallic bridges.
Furthermore, they have advantages compared with BR systems, as they
can be applied to rough/corroded or obstructed/riveted surfaces and do
not need any curing time. PUR systems also have a fast installation
procedure, as they do not require surface preparation prior to the CFRP
application. PUR systems are mainly advantageous for the strengthening of heritage structures, as the reversibility of the strengthened
member (to the original unstrengthened form) is of great importance,
and the retroﬁtted system can be removed from the original structure
simply by disassembling the mechanical clamps.
Kianmofrad et al. [20] have presented four diﬀerent variants of PUR
systems for the strengthening of metallic beams: trapezoidal PUR
(TPUR), triangular PUR (TriPUR), ﬂat PUR (FPUR), and contact PUR
(CPUR). An overview of the advantages, limitations, and performance
of each system is provided in [20]. It has been found that all of the
presented PUR systems result in almost similar improvements compared with the (reference) unstrengthened girders, and that any of them
can be used for strengthening of the girders of bridges considering the
existing room under the bridge, geometrical complexities of the elements, and ease of application [20].
Hosseini et al. [21] have developed and tested an FPUR system for
strengthening metallic I-girders subjected to static and fatigue loading.
The FPUR system can be used as an alternative when, owing to traﬃc,
the space under the bridge is insuﬃcient to install the TPUR system
[20]. The details of this system are provided in the present work.
Furthermore, Hosseini et al. have developed the concept of PUR systems for fatigue strengthening of tensile steel members [22,23]. More
recently, some studies (e.g., [15,24–26]) on the application of shape
memory alloys (SMAs) for the prestressed strengthening of steel plates
have shown a promising future for this material. The SMA retroﬁt
elements can be prestressed by thermal activation of the alloy [26].
SMAs are intelligent materials that can return to their original shape
after they have been pre-strained and subjected to a characteristic
temperature [25].
A trapezoidal PUR (TPUR) system for the strengthening of metallic
beams was developed and tested under static [27] and fatigue loading
[28]. The system has been used for the fatigue strengthening of a 120-

2. Development of the FPUR system
2.1. Overall view and pull-oﬀ tests
An FPUR system was designed, manufactured, and tested at the
Structural Engineering Research Laboratory of the Swiss Federal
Laboratories for Materials Science and Technology (Empa). As shown in
Fig. 1, the FPUR system relies on two sets of mechanical clamps, which
transfer the prestressing force of the CFRP plates to the lower ﬂange of
the steel girders via friction. Each set of mechanical clamps holds two
prestressed normal-modulus (NM) CFRP plates with cross-sectional dimensions of 50 × 1.4 mm (width × thickness). The strengthening procedure using the proposed FPUR system (see Fig. 1) is as follows:
(1) the non-stressed CFRP plates are anchored on one side of the beam
using a so-called ﬁxed clamp with the help of eight M20 highstrength (grade 12.9) bolts, which are tightened with a torque of
605 N·m, to generate a prestressing force of 223 kN per bolt.
(2) On the other side, the non-stressed CFRP plates are gripped in a socalled movable clamp, and the clamp set is free to move horizontally
along the beam axis.
(3) Two 120-kN hollow plunger cylinders are then installed adjacent to
the movable clamp using a cylinder housing.
(4) With the help of two prestressing M16 rods, the movable clamp is
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Fig. 1. Diﬀerent components of the proposed FPUR system.

was performed at the Structural Engineering Research Laboratory of
Empa on 6.4-m long steel I-beams under four-point bending. Figure 4
shows diﬀerent elements of the test setup and the FPUR system. The
center-to-center distance of the supports was 5.3 m, while the center-tocenter distance of the 250 kN hydraulic actuators was 1.8 m. First, the
steel I-beam (INP 300) was loaded within the linear elastic regime up to
75 kN per cylinder (corresponding to a maximum bending stress of
0.6σy) as the reference unstrengthened case. Afterwards, the proposed
unbonded CFRP strengthening solution was applied to the steel I-beam
as a ﬂat unbonded retroﬁt (FUR), without any prestressing force (0%
prestressing level), and the beam was reloaded up to 75 kN per cylinder.
Finally, the CFRP plates were prestressed up to 20 and 40% of their
tensile strength (σf,u = 2595 MPa), and each time the beam was subjected to the four-point bending up to the same loading level.
As Fig. 5(a) and (b) show, the application of the non-prestressed
unbonded CFRP plates, i.e., FUR (0%), very slightly increased the
stiﬀness of the steel beam; however, the deﬂection/strain reduction in
the member is not signiﬁcant. It can be seen from Fig. 5(a) and (b) that
application of the FPUR system with 20% or 40% prestressing level
could signiﬁcantly decrease the deﬂection and strain/stress level in the
strengthened steel I-beam under service loads.
It is noted that the steel I-beams utilized in the four-point bending
laboratory tests were of type S275JR with a measured elastic modulus
of 203.3 GPa, and yield and ultimate strength of 328 and 465 MPa,
respectively.
In addition to the four-point static tests, the performance of the
FPUR system was also evaluated under four-point fatigue loading for 20
million fatigue cycles while the CFRP plates were prestressed up to 40%
of their ultimate tensile capacity. The four-point fatigue test was performed under load-control conditions with a load ratio (R = Pmin/Pmax)
of 0.2 and a loading frequency of 4.35 Hz. The maximum load level
during the fatigue test on the INP 300 steel I-beam was equal to
Pmax = 40.2 kN per cylinder, corresponding to 0.33fy in the top and
bottom ﬂanges of the unstrengthened beam.
Fig. 5c illustrates the evolution of the maximum and minimum
stress levels in the FPUR system and the bottom ﬂange of the INP300
with respect to the elapsed fatigue cycles. It can be seen from the ﬁgure

pulled using the hollow plunger cylinders, which are actuated using
a manual hydraulic pump, and subsequently, the CFRP plates are
prestressed.
(5) Upon reaching the desired pre-stress level in the CFRP plates, all the
eight M20 bolts of the movable clamps are tightened.
(6) Finally, the hydraulic pressure is released and the prestressing
system consisting of the two hollow plunger cylinders and the cylinder housing can be removed.
In order to optimize the geometry of the mechanical clamping
system and estimate the number and diameter of the prestressed bolts
(for generating the required friction force between the clamps and the
tensile ﬂange of the beam), a ﬁnite element (FE) simulation was performed using the ABAQUS FE package. More details regarding the FE
simulation of the FPUR system can be found in [21]. All the required
mechanical components, with the optimized geometry, were manufactured from high-strength steel M200 with a nominal yield strength of
1000 MPa.
In order to determine the ultimate capacity of the developed mechanical clamping system before slippage, a pull-oﬀ test setup was
designed and a set of pull-oﬀ tests was performed on the optimized
conﬁguration of the system. Diﬀerent components of the test setup are
shown in Fig. 2. Figure 3 shows the strain level generated in each of the
CFRP plates versus the applied load per hydraulic cylinder. It can be
seen in Fig. 3 that CFRP rupture was the governing failure mode of the
system, while no slippage of the clamp was observed prior to the rupture.
The NM CFRP plates of type S&P 150/2000-50/1.4 were used in this
study for all the laboratory tests (in Sections 2 and 4) and for the ﬁeld
application reported in Section 3. The tensile strength and elastic
modulus of the applied CFRP plates were 2595 MPa and 161 GPa, respectively.
2.2. Static and fatigue four-point bending tests
In order to evaluate the performance of the proposed FPUR system
for the strengthening of steel I-beams, a set of static and fatigue tests
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Fig. 2. Test setup for the pull-oﬀ tests on the friction mechanical clamp.

12000

regarding the design, laboratory static and fatigue tests on the FPUR
system can be found in [21]. After successful laboratory testing of the
proposed system under static and fatigue loading, the system was
shipped to Australia to be installed on the Diamond Creek Bridge.
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3. Strengthening of Diamond Creek Bridge
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The SN6091 Bridge over Diamond Creek along the HeidelbergKinglake Road, which was constructed in 1896, is a double-span metallic roadway bridge in Melbourne, Victoria, Australia. The bridge
belongs to VicRoads, which is the road and traﬃc authority in the state
of Victoria [33].
Fig. 6 shows the bridge elevation along with the details and dimensions of diﬀerent elements of the bridges. The total length of the
bridge is approximately 33 m, and it has a width of 6.4 m and a height
of 2.3 m. The bridge was constructed approximately 6.4 m above the
river water level. The bridge is subjected daily to the passage of passenger and heavy vehicles. It consists of two longitudinal wrought iron
trusses (i.e., bottom chords) connected by several steel cross-girders, as
shown in Fig. 7(a) and (b). As two diﬀerent metals (i.e., steel and
wrought iron) were used for the construction of this bridge, the term
‘metallic’ bridge is selected to better represent the bridge type in this
study.
As shown in Fig. 6, two girders of the bridge (i.e., girders G1 and
G2) were strengthened by the FPUR system. Furthermore, one girder
was strengthened with a non-prestressed bonded CFRP plate. For the
sake of brevity, this paper discusses only the part of the work related to
the CFRP strengthening of girders G1 and G2.
Based on the available bridge documents, the steel cross-girders
were of type B.S.B. 25 from the Dorman, Long & Co. Limited Company
in the UK with the dimensions given in Fig. 6. Nominal Young’s modulus, yield, and ultimate strengths of 210 GPa, 250, and 320 MPa, respectively, were assumed for the mechanical properties of the steel
girders. NM CFRP plates of type S&P 150/2000-50/1.4 were used for
this ﬁeld application, with identical material properties as those used
for the laboratory tests reported in Section 2.1.
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Load per CFRP plate (kN)
Fig. 3. CFRP strain versus load in the pull-oﬀ tests.

that during the four-point fatigue test, the maximum stress in the prestressed CFRP plates remained constant for the 20 million loading cycles. This proves that the proposed FPUR system experienced no slippage during the fatigue loading, as no reduction in the pre-stress level
was observed. Furthermore, Fig. 5(c) shows that by applying the FPUR
on the steel I-INP 300 beam, the bottom ﬂange of the beam remains in
compression for almost half of the loading range. This means that the
fatigue performance of the steel I-girder can be signiﬁcantly improved
when strengthened using the proposed FPUR system with relatively
high prestressing levels.
Note that the mechanical clamps sit at the two ends of the girder
near the supports, where the bending stresses in the beam bottom
ﬂange are very low. On the other hand, the mechanical clamps were
designed in a way to minimize the stress concentration. Therefore, the
installation of the proposed mechanical clamps does not introduce any
potential damage to the existing metallic girder [21]. This conclusion
has been also proved through performing extensive laboratory fatigue
tests on girders strengthened with diﬀerent PUR systems, i.e., CPUR,
TPUR and FPUR systems in [18,21,27,28,31]. Further information

3.1. Strengthening and truck loading
After the successful accomplishment of the laboratory tests, presented in Section 2, the FPUR system was applied on two cross-girders
of the Diamond Creek Bridge. For short-term on-site measurements, the
bridge was subjected to a 42.5-ton semi-trailer just before and after
588
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Fig. 4. Four-point bending test setup used for the laboratory static and fatigue testing of the FPUR system.

In order to prevent deliberate actions that may cause destruction or
damage (i.e., vandalism) to the prestressed CFRP plates and WSN
nodes, a protective box made out of galvanized steel was designed and
attached using screws to the timber deck of the bridge, as shown in
Fig. 10(a) and (b). The main goal of such protective box is to avoid any
intentional or unintentional damage to the prestressed CFRP plates. In
case of ﬁre beneath the bridge, the protective box can also decelerate
the process of heat transfer and damage to the prestressed CFRP plates.
In order to examine the eﬃciency of the proposed retroﬁt system,
short- and long-term monitoring schemes were planned, as shown in
Fig. 11. For the short-term monitoring scheme, a total of four strain
gauges were applied on the four CFRP plates, while a total of six strain
gauges were applied on the two cross-girders.
For the long-term monitoring, a total of four strain gauges were
applied onto the four CFRP plates (one strain gauge per CFRP plate).
Furthermore, the long-term monitoring scheme included one humidity
and one temperature sensor.
The exact positions of the strain gauges on the CFRP plates and on
the metallic cross-girders can be seen in Fig. 11. In this ﬁgure, the strain
gauges used for short and long-term monitoring are shown in brown
and yellow1, respectively.
Fig. 12 shows the state of the stresses in the CFRP plates and on the
top and bottom ﬂanges of the steel girders during the prestressing
process. The CFRP plates were gradually prestressed up to about
980 MPa, which is approximately equal to 38% of the CFRP ultimate
strength, using a set of hydraulic actuators, as explained in Section 2.
This high CFRP pre-stress level provided a total prestressing force of
about 137.2 kN for the two CFRP plates, which resulted in a substantial
compressive stress in the bridge girders. In Fig. 12, it can be seen that
an increase in the CFRP pre-stress level results in an increase in the
magnitude of the compressive stress at the beam bottom ﬂange. After
the end of the prestressing process, a compressive stress of about
30 MPa was imposed on the beam bottom ﬂange.
The strengthening was performed on a scaﬀolding platform under
the bridge, without closing the bridge or causing any interruption to
traﬃc over the bridge. In Fig. 12, the sudden (small and large) jumps of
the stresses are attributed to the passage of vehicles (regular daily

strengthening, as depicted in Fig. 7(c). The 42.5-ton semi-trailer is the
heaviest vehicle allowed to cross the bridge according to the Victorian
Road Authority [33]. Details of the dimensions and axle weight of the
42.5-ton semi-trailer are shown in Fig. 7(d). Based on Fig. 7(d), the ﬁrst
axle weighs 6 t, the second axle is a group of two individual axles and it
weighs 16.5 t, and ﬁnally, the third axle is a group of three individual
axles, and it weighs 20 t.
Fig. 8 depicts the strengthening procedure. It is worth mentioning
that, there is no need for a proper surface treatment of the existing
metallic girder for the proposed FPUR system prior to its installation, as
it is the case for any bonded systems. However, prior to place the mechanical clamps on the metallic girders, the ﬁrst layer of paint was
removed from the area where the friction clamps sit (i.e., only a length
of ≈25 cm for each clamp). Because of the following two reasons, the
lead paint, which was originally used as an anti-corrosion layer, was not
removed from the girders: (1) in order to prevent future corrosion of the
metallic substrate where the clamps sit, (2) the lead paint is toxic and
its removal process is complex, restricted, and time and cost consuming.
Diﬀerent components of the FPUR system are shown in Fig. 8(a),
including the cylinder housing with two hydraulic hollow plungers,
manual hydraulic pump, hydraulic T-joint, hoses, movable clamp, and
M16 connection rods. A wrench was used to tighten the bolts of the
clamps, as shown in Fig. 8(b). Note that a similar strengthening procedure to that described in Section 2 was implemented. Finally, Tectyl™
506 was sprayed on the mechanical clamps as an anti-corrosion coating
(see Fig. 8(c)). In order to monitor the long-term behavior of the proposed FPUR system, one strain gauge was mounted onto the mid-length
and mid-width of each CFRP plate using the Z70 single-component
adhesive (HBM AG, Germany). Furthermore, the strain gauges were
protected against humidity using the AK22 strain gauge covering material produced by HBM AG, as shown in Fig. 8(d).
Finally, the CFRP plates were prestressed and all the eight M20 bolts
of the movable clamp were fastened with the allowable torque. The
prestressing system consisting of the cylinder housing and two hollow
plunger cylinders was then removed to obtain the ﬁnal strengthened
member, as shown in Fig. 9(a) and (b). The CFRP plates had the same
geometrical and mechanical properties as those used in the laboratory
tests and explained in Section 2.1. Figure 9(c) depicts the steel crossgirders strengthened with prestressed CFRP plates, along with the
wireless sensor nodes connected to the strain gauges attached to the
CFRP plates.

1
For interpretation of color in Figs. 11, 14 and 15, readers are referred to the
online version of this article.
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Fig. 5. Experimental results of the four-point bending tests: (a) static load-deﬂection response; (b) static load-strain response of the beam bottom ﬂange; (c) evolution
of the minimum and maximum stress in the beam bottom ﬂange and prestressed CFRP plates in response to elapsed fatigue cycles.

CFRP strengthening.
Furthermore, in Fig. 13(a), three stress peaks can be observed for
each stress curve. The ﬁrst, second, and third stress peaks are related to
the ﬁrst, second, and third axle group of the truck, respectively. The
third stress peak, which is associated with the highest stress level in
Fig. 13(a), is attributed to the last (i.e., third) axle load of the truck,
which includes a group of three individual axles with a total weight of
20 t (see Fig. 7(d)).
Furthermore, Fig. 13(b) indicates that the magnitude of the compressive stress in the top ﬂange of the cross-girder slightly decreased
after strengthening. Figure 13(c) shows the stress history in the CFRP
plate owing to the passage of the 42.5-ton semi-trailer. The stress in the
CFRP plate increased by about 62 MPa (i.e., about 2% of the CFRP’s
ultimate strength) owing to the passage of the truck. Note that if the
CFRP plates had not been prestressed, only a negligible portion of the

traﬃc) over the bridge during the prestressing process. Furthermore,
the prestressing process was performed quickly, and it took about 200 s
(see Fig. 12). Truck loading tests were performed for the short-term
measurements before and immediately after strengthening of the bridge
girder using the 42.5-ton semi-trailer shown in Fig. 7(d).
Fig. 13(a) shows the stresses at the bottom ﬂanges of the mid-span
of girder G2 owing to the passage of the 42.5-ton semi-trailer at a slow
speed, of about 5 km/h, before and after strengthening. In this ﬁgure, it
can be seen that the maximum tensile stress in the beam bottom ﬂange
before strengthening was about 80 MPa, which was then reduced to
about 40 MPa after strengthening with the FPUR system. This shows a
reduction of about 50% (i.e., ≈−40 MPa) of the maximum tensile
stress in the bridge cross-girder. Note that 30 MPa (out of 40 MPa decrease) were due to the application of prestressing (see Fig. 12) and
only 10 MPa were because of the increased stiﬀness of the girders after
590
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Fig. 6. Schematic view of the Diamond Creek Bridge and bridge cross-girders (ﬁgures not in the same scale).

Fig. 14 shows the concept of the CLD approach [32]. In this ﬁgure,
the horizontal axis is the mean stress, σm , and the vertical axis is the
alternating stress, σa . Diﬀerent fatigue failure criteria along with their
mathematic formulations can be also seen in this ﬁgure. The fatigue
failure criteria include the Gerber, Goodman, and Johnson criteria [34].
It has been shown by Ghafoori [29] that the Goodman fatigue failure
criterion can be used as a fatigue design criterion for the determination
of the safe service stresses of old metallic bridge members. In Fig. 14,
the area shaded with blue inside the Goodman criterion presents a “safe
zone”, which implies a theoretically inﬁnite fatigue life domain. Although the Goodman fatigue failure criterion presents safe service
stresses accurately, it requires the calculation of diﬀerent Marin’s
parameters [28]. However, the Johnson fatigue failure criterion is
simple and conservative. The Johnson criterion is shown in Fig. 14 in
the ﬁrst quadrant and is written as [29]

high tensile capacity of the CFRP material would have been utilized.
Nevertheless, because the CFRP plates were prestressed up to 38%, the
maximum stress in the CFRP plates reached about 1042 MPa during the
truck loading, which is more than 40% of the CFRP’s ultimate strength.
This result shows that the high tensile capacity of the CFRP materials
has been eﬀectively utilized in this strengthening work. Note that the
results of prestressed strengthening and testing of the G3 girder were
very similar to those for the G2 girder, and are therefore not presented
here for the sake of brevity.
3.2. Fatigue strengthening criterion
It has been shown by some of the present authors in [32] that the
application of prestressed CFRP can increase the fatigue life of steel
girders substantially. Ghafoori and Motavalli [31] have suggested a
CLD approach to estimate the required prestressing level that results in
the complete prevention of fatigue crack initiation in old metallic girders. The CLD approach is often used to establish the combined eﬀect of
mean stress level, stress range, and material properties. CLDs can predict the fatigue life of materials at various stress levels. For a given
minimum stress (σmin ) and maximum stress (σmax ), the stress amplitude
(σa ) and the mean stress (σm ) are, respectively,

σa =

σmax−σmin
2

(1)

σm =

σmax + σmin
2

(2)

3σa + σm = Sut / n

where σm and σa are the mean and alternating stresses, respectively, at
the critical location of the metallic detail. Furthermore, n and Sut are
the safety factor and the ultimate tensile strength of the material, respectively. Note that Eq. (4) was derived from the average values of the
test results. However, as the results of fatigue tests show often a great
scatter, a reliability coeﬃcient is considered in this approach to take
into account the scatter of the fatigue test data (see Appendix A). The
lower reliability factor, the higher safety in term of scatter of the fatigue
data (based on the probabilistic analysis). On the other hand, the safety
factor, n, in Eq. (4) indicates how much stronger the retroﬁtted metallic
member is in terms of fatigue strength than it needs to be under a given
load condition. More information about the concept of the reliability
coeﬃcient, the safety factor, the CLD approach and diﬀerent fatigue

Furthermore, the stress ratio, R, is expressed as

R=

σmin
σmax

(4)

(3)
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Fig. 7. (a) Diamond Creek Bridge, Melbourne, Australia, (b) ﬂooring system of the bridge, (c) loading of the bridge using a 42.5-ton semi-trailer before and after
strengthening, (d) details of the dimensions and axle weight of the truck.

level of about 12 MPa was assumed in the bottom ﬂange owing to the
deadweight of the structure. A safety factor of n = 1.04 was considered
in the design [29].
The Johnson line intersects the vertical axis (i.e., alternating stress)
at a stress level of 106.7 = 102.6 MPa. Note that the value of 106.7 MPa
n
refers to the endurance limit based on the Johnson criterion, which is
one third of the steel ultimate strength [29], i.e., 320 = 106.7 MPa.
3
The magnitudes of the diﬀerent Marin’s coeﬃcients required to
calculate the fatigue endurance limit according to the Goodman criterion are determined in Appendix B. Finally, an endurance limit of
Se = 100.8 MPa was determined (see Appendix B), which is very close
to that predicted by the Johnson criterion (i.e., 106.7). This shows that
although the Goodman criterion needs much information about the
state of the metallic girders, it results in an almost identical fatigue
assessment to that provided by the Johnson criterion [29]. More information regarding the determination of Marin’s coeﬃcients can be
found in Appendices A and B.
According to Fig. 13(a), σmin and σmax on the bottom ﬂange of the
bridge cross-girder owing to the passage of the semi-trailer (before
strengthening) were −4.5 and 82.3 MPa, respectively. By considering
12 MPa tensile stress owing to the deadweight of the structure, σm and
σa were determined as 50.9 and 43.4 MPa, respectively, as depicted by
point A in Fig. 15.
After strengthening with the prestressed CFRP, σmin and σmax owing

failure criteria can be found in [28,29,31,32].
In this study, the Johnson criterion was used to check the fatigue
performance of the cross-girders of the Diamond Creek Bridge before
and after strengthening. This is because the Johnson fatigue failure
criterion is simple, works with minimum prior knowledge about the
existing steel members, and requires only the tensile strength of the
steel, as shown in Eq. (4). While the Goodman criterion is generally
more accurate for the prediction of fatigue failure, it requires much
information for the calculation of diﬀerent Marin’s coeﬃcients for the
evaluation of the fatigue endurance limit, Se [29]. Additional information regarding Marin’s coeﬃcients to calculate the fatigue endurance limit for the Goodman criterion can be found in Appendix A.
Note that this study aims to only use the proposed fatigue criterion,
described in this section, to evaluate the fatigue performance of the
girders before and after strengthening. The validity of the proposed
fatigue retroﬁt design criterion has been extensively studied in the
earlier works of the authors (e.g., [28,32]).
3.3. Fatigue strengthening parameters and results
Fig. 15 shows a CLD diagram depicting the design approach used for
the fatigue strengthening of the bridge girders. Stress points A and B in
Fig. 15 refer to the state of the service stresses in the beam bottom
ﬂange before and after strengthening, respectively. An initial stress
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Fig. 8. Strengthening procedure: (a) assembling diﬀerent components of the FPUR system, (b) tightening of the clamp bolts using a torque wrench, (c) application of
anti-corrosion spray, (d) application of AK22 covering material to protect the strain gauges against humidity.

to the passage of the same semi-trailer were −35 and 42 MPa, respectively. These stresses (after considering the deadweight) result in
σm = 15.5 MPa and σa = 38.5 MPa, as shown by point B in Fig. 15.
The blue arrow connecting the stress points A to B represents the
eﬀect of prestressed-CFRP strengthening within the CLD approach. In
Fig. 15, it is observed that application of the FPUR system decreases the
mean, σm , and alternating stresses, σa , by about −35.4 and −4.9 MPa,
respectively. Note that the reduction in the mean stress, σm , after
strengthening is seven times greater than that for the alternating stress,
σm . The reduction in the mean stress level is attributed to CFRP prestressing, while the change in the alternating stress is a result of the
increased stiﬀness of the girder owing to the stiﬀness of the CFRP
material.
As Fig. 15 shows, point A, which refers to the stress state in the
girder prior to strengthening, is already inside the safe region

determined by the Johnson criterion. This is because the cross-girders
are simple hot-rolled members without any rivets. Nevertheless, riveted
built-up girders are often used in such old metallic bridges. In such
cases, the rivet holes introduce stress concentrations and increase the
stress levels two to three times, which then result in service stresses
outside the safe zone. An example of such a case is the Münchenstein
metallic railway bridge (120 years old) in Switzerland [29].
Based on Fig. 15, the stresses prior to the strengthening (i.e., point
A) are inside the safe zone, and, therefore, there is no risk of crack
initiation in the cross-girders. Nevertheless, the girders were still
strengthened in order to enhance their ﬂexural behavior. It is also
worth mentioning that one of the main intentions of this pilot
strengthening project was to demonstrate the great capability of the
proposed prestressed-strengthening solution for enhancing the fatigue
and ﬂexural performance of such old fatigue-prone metallic members.
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Fig. 9. (a) Bridge cross-girders after strengthening, (b) mechanical clamps and prestressed CFRP laminates, (c) diﬀerent elements of the strengthening and monitoring system installed on the bridge girders. The strain gauges were protected against humidity for the long-term outdoor applications.

4. Long-term wireless sensor monitoring system

After strengthening through the FPUR system, the service stress in
the girder bottom ﬂange was shifted to point B. According to Fig. 15,
the stress before strengthening (i.e., point A) was inside the safe fatigue
region. Nevertheless, the main aim of strengthening the girders, as
explained earlier, was to demonstrate the feasibility and eﬀectiveness of
using the FPUR system to decrease the service stresses in the girders.
This point can be clearly observed in Fig. 15.
Based on these results, it is understood that the application of prestressed CFRP plates can substantially decrease the component of the
mean stress in the steel girder, while it decreases the stress amplitude
only negligibly.

SHM of various kinds of civil infrastructures has recently been
performed using WSN technology [35]. Wireless monitoring systems
have several advantages, including the simple and cable-free deployment of sensors, which minimize the cost and time of installation of
monitoring projects [36]. Continuous long-term monitoring of structures provides a vast amount of data, which is diﬃcult to sort out.
Therefore, an event-based triggering WSN monitoring system was developed at the Structural Engineering Research Laboratory of Empa and
used for the long-term monitoring of the Münchenstein Bridge in
Switzerland in 2015 [37]. In this system, in order to reduce battery
consumption, all WSN sensor nodes remain idle. A software triggering
mechanism has been designed such that it activates the WSN system
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Fig. 10. (a) In order to prevent any damage to the prestressed CFRP laminates owing to vandalism, a simple protective box made out of galvanized steel was installed;
(b) the protective box was hanged from the timber deck (using screws).

Short-term monitoring:
• Four strain gauges were applied on four CFRP plates.
• Six strain gauges were applied to the two cross-girders.

Long-term monitoring:
• Four strain gauges were applied to four CFRP plates.
• A sensor to measure the air temperature.
• A sensor to measure the air humidity.
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30

Cross Girders G1 and G2

30

50

50

Un-bonded CFRP plate

Short-term Monitoring SG
Long-term Monitoring SG
4440

50

25
200

2100

Fig. 11. Layouts of sensor placements for the short- and long-term monitoring schemes on the steel cross-girders of the Diamond Creek Bridge and the unbonded
prestressed CFRP plates.

temperature sensor, and one humidity sensor). Each sensor node includes two batteries, an electronic board, an antenna, and a terminal, as
shown in Fig. 17(a). The sensor nodes are attached to the steel girders
of the bridge. The housings of all the WSN nodes (i.e., the strain gauges
and the temperature and humidity sensors) were equipped with four
magnetic footings, which allow simple and fast mounting of the nodes,
as shown in Fig. 17(b).
The sensor nodes read the data every 10 min and send them to a
gateway using radio waves (see Fig. 16). The gateway is connected to
an electrical power supply and can be placed within 1 km from the
bridge. The gateway sends the data to a data server in Switzerland (see
Fig. 16) using a 3G mobile data sim. The gateway works in a similar
way to a modem, receiving the data from the sensor nodes and sending
them to the server via an internet connection. The data are then backedup in a data server and are available online and accessible to diﬀerent
users worldwide. Users can see online results of the measurements from
the four strain gauges and the temperature and humidity sensors (see

when a train/truck approaches the bridge. Consequently, the WSN
nodes start to record the data with high frequency and then go to the
idle mode (i.e., sleeping mode) until the next train/truck approaches
the bridge. More information about the event-based WSN triggering
systems can be found in [37].
In the present study, the WSN system was used for the long-term
monitoring of the prestressing level in the CFRP plates after installation
on the Diamond Creek Bridge. Note that as the main aim of using the
WSN system was to monitor a possible change of the prestressing in the
CFRP plates, there was no need to use the WSN triggering system. The
sensor nodes were programmed to send the measurement data every
10 min, whether there was traﬃc on the bridge or not.
As shown in Fig. 11, one strain gauge was glued onto each CFRP
plate and protected against humidity using AK22 covering material (see
Fig. 8(d)). Figure 16 shows a scheme of the architecture of the WSN
system used for the long-term monitoring of the Diamond Creek Bridge.
The system includes six sensor nodes (i.e., four strain gauges, one
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Fig. 12. Prestressing procedure: an increase in the CFRP pre-stress level results in an increase in the magnitude of the compressive stress at the beam bottom ﬂange.

coldest night (on July 2) and the hottest day (on Dec. 19) were −5.3 °C
and 39.1 °C, respectively. Hence, the lower and upper temperatures
selected in the Zwick climate-controlled chamber cover Melbourne’s
extreme temperatures.
Fig. 18(a) shows the air temperature inside the chamber versus
time. Note that the active and dummy CFRP samples were not loaded in
the chamber (i.e., free stress state). A heating and cooling rate of 0.2 °C/
min was adopted. The measurement of the air temperature inside the
chamber was performed using the wireless temperature sensor node, as
shown in Fig. 17(c). Figure 18(b) shows the measurements obtained by
wireless sensor nodes 1 and 2 (see Fig. 17(c)), with and without a
dummy sample. It can be seen that the measurements with a dummy
sample show an almost zero stress level along the active CFRP plate.
However, the measurements without a dummy sample show a considerable stress change (i.e., a fake stress) ranging from about −34 MPa
to 26 MPa for the temperature levels of −10 °C and 43 °C, respectively.
Note that the stresses were calculated using the strains read from the
strain gauges multiplied by the CFRP Young’s modulus in the ﬁber direction.
In Fig. 18(b), the results of the test show a fake stress range of about
60 MPa (and a fake strain range of about 373 μm) for a temperature
range of 53 °C (without using a dummy CFRP sample). The fake stress
was determined by multiplication of the fake strain (i.e., 373 μm) and
the Young’s modulus of the CFRP (i.e., 161 GPa). This fake stress is
undesirable and is due to the mismatch between the thermal expansion
of the CFRP material and the strain gauge itself. Note that the fake
stress range (i.e., 60 MPa) is signiﬁcant and is of the same order as the
stress level (i.e., 62 MPa) owing to the passage of the truck across the
bridge (see Fig. 13(c)). This observation shows the importance of using
a dummy sample when measuring the strain along CFRP reinforcement
subjected to temperature changes.
In this study, in order to compensate the eﬀect of temperature
during the long-term measurement of the strain along the CFRP plates,
a dummy CFRP sample was prepared for each prestressed CFRP plate.
Each dummy CFRP sample, which was a piece of non-stressed CFRP
plate with a passive strain gauge, was placed next to an active gauge on
the prestressed CFRP plate) at the bridge girders.

Fig. 17(c)) for at least one year using an online webpage. More discussion about the interpretation of the WSN results is provided in
Section 4.3. The electronic modules of the WSN monitoring system
were provided by Decentlab GmbH, Switzerland.
4.1. The use of dummy CFRP samples to compensate the temperature eﬀect
The temperature change during the strain gauge measurements
often results in an undesired inﬂuence on the strain readings. Appendix
C explains the eﬀect of temperature changes on the results of strain
gauge measurements. This section explains the application of dummy
CFRP samples for long-term strain measurements of CFRP-strengthened
members. Note that the concept and application of the dummy samples
to compensate temperature eﬀects is not new and have been used in
diﬀerent ﬁelds (e.g., mechanical and civil structures) in the past.
Nevertheless, the application of dummy samples for long-term monitoring of the CFRP-strengthened members is sometimes overlooked as
its inﬂuence on accuracy of the ﬁnal measurements is unknown and
often assumed to be negligible. Therefore, this section of the study aims
to quantify the error due to the lack of dummy samples when monitoring CFRP-strengthened steel members subjected to typical service
temperature changes that civil structures experience.
In order to examine the inﬂuence of temperature on the readings of
strain gauges applied to CFRP plates, two diﬀerent tests were performed
in a climate chamber at the Structural Engineering Laboratory of Empa.
Figure 17(c) shows an active CFRP plate, on which two active strain
gauges are attached. This ﬁgure also shows a dummy sample, which
includes a small piece of passive CFRP plate and a strain gauge. Two
sensor nodes are attached to the two active strain gauges on the active
CFRP plate. Appendix D explains the details regarding connection of the
sensor nodes to strain gauges (with half- or quarter-bridge conﬁgurations).
In order to compare the results of the strain measurements on the
active CFRP plate with and without the presence of the dummy sample,
all the test components including the active CFRP plate, the dummy
CFRP sample, nodes 1 and 2, and the air temperature node were placed
in a Zwick climate-controlled chamber, as shown in Fig. 17(d). The
specimens were then subjected to a temperature range between −10 °C
and 43 °C. According to the Australian Government Bureau of Meteorology [38], the extreme temperatures in Melbourne during 2017 for the
596

Engineering Structures 176 (2018) 585–605

E. Ghafoori et al.

-40 MPa (i.e., 50%)
stress reduction

60

60

60

40

40

40

20

20

0

0

Stress (MPa)

-20

-20
-40

Bottom flange_before strengthening (MPa)
Bottom flange_after strengthening (MPa)
CFRP pre-stress level (%)

-60
-80

0

10

20

30
Time (S)

40

Stress (MPa)

80

CFRP Pre-stress level (%)

80

80

Truck axle
group peaks

3rd
2nd

1st

20
0

-20

-40

-40

-60

-60

-80

-80

50

Bottom flange
Bottom flange_after strengthening
Top flange
Top flange_after strengthening

0

10

20

(a)

30
Time (S)

40

50

(b)

1040

Stress along CFRP (MPa)

1030
1020

62 MPa

1010
1000

990
980
970

0

10

20

30
Time (S)

40

50

(c)
Fig. 13. Results of short-term monitoring: stress at the (a) bottom and (b) top ﬂanges in the mid-span of steel girder G2 owing to the passage of a 42.5-ton semi-trailer
before and after strengthening; (c) evolution of the tensile stress in the prestressed unbonded CFRP reinforcements owing to passage of the truck.

4.2. Long-term wireless monitoring of Diamond Creek Bridge

4.3. Preliminary results of long-term monitoring

In order to ensure that no slippage occurs neither between the CFRP
plates and clamps nor between the friction clamps and steel beam
ﬂange, one resistance strain gauge was mounted on each CFRP plate
(see Fig. 11), coated with AK22 covering material for long-term protection against humidity (see Fig. 8(d)), and then connected to a sensor
node together with a dummy CFRP sample (see Fig. D.1(b)).
All the strain gauges used for the WSN system were of type 1-LY466/700 with a k-factor of 2.03 ± 1.5% and an electric resistance of
700 Ω ± 0.30%, provided by the HBM Company, Germany. The high
electric resistance of 700 Ω was selected to reduce battery consumption,
and therefore, enable an increased measurement lifetime of the WSN
system. All of the strain gauges and the humidity and temperature
sensors were connected to the WSN nodes and sent data to the gateway,
which was placed in a shop within 1 km from the bridge (see Fig. 16).

Fig. 19 shows the time history of the on-site air temperature and the
stress level in all the prestressed CFRP plates applied to the girders G1
and G2 of the Diamond Creek Bridge from December 1 to 14, 2017 (i.e.,
a duration of two weeks). Nodes 419 and 420 show the stress in the two
prestressed CFRP plates attached to the girder G1, and nodes 421 and
422 refer to the two CFRP plates on the girder G2.
Fig. 19 also shows an enlarged view of the results of node 421 (i.e.,
one of the CFRP plates on the girder G2). This ﬁgure shows a pattern of
stress ﬂuctuations during the day and night, and some sudden jumps
with small and large stress amplitudes. The stress ﬂuctuations in this
ﬁgure can be attributed to the temperature change. As the temperature
increases, the CFRP pre-stress level increases, because CFRP has a
negligible CTE in its ﬁber direction compared to that for steel. Note that
steel has a CTE of 11–13 × 10−6 K−1 (depending on its composition);
however, CFRP has a CTE of about −0.8 × 10−6 K−1. The mismatch
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Fig. 14. CLD representing Johnson, Gerber, and Goodman fatigue failure criteria.

temperature, the CFRP pre-stress level increases by approximately
25 MPa, which is less than 1% of the CFRP ultimate strength. Note that
this temperature eﬀect is because of the expansion of the steel crossgirders; it is a real stress that diﬀers from the “fake” one explained in
Section 4.1.
The sudden small and large jumps observed in the CFRP pre-stress in
Fig. 19 are due to the passages of small passenger vehicles and heavy
trucks, respectively. As mentioned earlier, the sensor nodes were programmed to send the measurement data every 10 min, whether there
was traﬃc on the bridge or not.
The change in the humidity did not have any inﬂuence on the CFRP
pre-stress level, and therefore, it is not presented and discussed in this
study. The preliminary results of the wireless monitoring system show
that neither slippage nor pre-stress loss has occurred in the system to
date. The WSN system will remain on the bridge for at least one year to
monitor any possible pre-stress loss and study the probable eﬀects of
the temperature.
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Fig. 15. CLD criteria for estimating the state of the cross-girders of the Diamond
Creek Bridge before and after strengthening.

4.4. Recommendations for long-term monitoring of CFRP-strengthened
metallic members

between the CTE between steel and CFRP materials is the main reason
for the stress ﬂuctuations along the CFRP plates owing to the temperature changes during nights and days. This stress change in the CFRP
material owing to the temperature variation is real and is not an error in
the measurements. As a separate note, the CTE for concrete is about
12 × 10−6 K−1. Therefore, similar thermal behavior is to be expected
when the CFRP material is bonded to concrete structures and subjected
to temperature changes.
As shown in Fig. 19, with an increase of approximately 25 °C in air

There are not many studies on long-term monitoring of CFRPstrengthened metallic members; therefore, this section aims to provide
a series of recommendations (based on the experiences gained in the
current study and [29]) for such applications. Note that the existing
monitoring recommendations in other ﬁelds (e.g., mechanical engineering domain) cannot be readily used for this case, as the materials
and working environment (e.g., typical service temperature ranges) are
diﬀerent.

Sensor node
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Sensor node
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3G Mobile
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Data
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Internet

Data Server

Internet

Users

Switzerland

Fig. 16. Flowchart of the architecture of the WSN system used for the long-term monitoring of the Diamond Creek Bridge.
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Fig. 17. (a) Diﬀerent elements of a sensor node, (b) magnetic footings for a simple and fast mounting of the sensor nodes on metallic bridge girders, (c) equipment for
measurements with and without a dummy sample, (d) Zwick climate-controlled chamber used for testing.

the CFRP material is subjected to considerable temperature changes.
These may be long-term outdoor measurements or even laboratory tests
when the CFRP-strengthened member is placed inside a climate
chamber. In both cases, the dummy samples should be placed under the
same environmental conditions next to the active strain gauges.
Although in this study the CFRP material was used for the strengthening
of steel members, the same argument is valid for long-term measurement of CFRP- or SMA-strengthened concrete members.
Despite the above discussion, dummy samples are not necessary
when the absolute value of the stresses in the CFRP material owing to
temperature change is not relevant and only the stress change caused by
loading of the structure is of interest. For example, refer to the results of
the short-term measurements of the bridge in Fig. 13. Furthermore, the
application of dummy samples can be neglected when the base material
(see Fig. C.1 in Appendix C) has a well-known CTE; for example, when

As it is explained in Appendix C, a change in temperature can
substantially aﬀect the measurements of strain gauges, resulting in
undesirable fake stress interpretations. Figure 18 shows that the magnitude of such a fake stress may be as large as the stress level generated
in the member owing to live loads on the bridge. Therefore, it is very
important to compensate the temperature eﬀect; otherwise, the results
of long-term measurements will not be reliable, as they will include the
fake strain-component owing to temperature change and the real strain
caused by live loads.
As stated in Appendix C, the temperature change can aﬀect the
results of the strain gauges in two major ways: a mismatch between the
CTE of the strain gauge and that of the base material, and a change in
resistance of the connecting wires. Based on Section 4.1, the best way to
compensate the above two components is to use a dummy sample.
The application of dummy samples is recommended for cases when
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Fig. 19. Results of wireless monitoring system: time history of the pre-stress level in the four prestressed CFRP plates from December 1 to 14, 2017. The stress
ﬂuctuations are due to the daily thermal expansion and contraction of the metallic bridge, while the stress jumps are caused by traﬃc.

strengthening and long-term monitoring of a 122-year-old metallic
roadway bridge in Melbourne. The paper has three diﬀerent sections.
The ﬁrst section explained the procedure of design and laboratory
testing of the FPUR system. The second section presented the details of
strengthening of the Diamond Creek Bridge. The layouts of the shortand long-term measurements were also discussed. The third section
discussed the development, testing, and installation of a WSN system
for the long-term structural monitoring of the retroﬁtted girders.
Finally, the preliminary results of the long-term monitoring of the
CFRP-retroﬁtted girders were discussed. The main conclusions for each
section are summarized as follows:

the base material is steel or concrete. However, for special cases, particularly when the base material is a CFRP (or SMA) material, it is
diﬃcult to ﬁnd self-compensated strain gauges that can follow the CTE
of the base material for a wide range of temperature changes. Furthermore, CFRP materials may have diﬀerent CTEs, depending on
whether they are plates or sheets and also on their ﬁber content ratio.
The CTEs of certain shape memory alloys, such as Fe-SMA, can vary
depending on the temperature.
Therefore, the application of dummy samples is recommended for
accurate strain-gauge measurements along CFRP (and SMA) materials,
particularly when the temperature changes considerably (e.g., longterm outdoor measurements or laboratory tests inside a climate
chamber).

5.1. First section: development and laboratory testing of the FPUR system

• The conducted pull-oﬀ tests on the developed mechanical clamping

5. Summary and conclusions

system showed that the proposed system is capable of transferring
the entire tensile capacity of two 50 × 1.4 mm (width × thickness)

This study has presented the results of prestressed CFRP
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•

•

stress, σm . Note that the reduction in the mean stress level is attributed to CFRP prestressing, while the change in the alternating
stress is a result of an increased stiﬀness of the bridge girder owing
to the stiﬀness of the CFRP reinforcement. The latter suggests that
the applied prestressed CFRP plates signiﬁcantly decreased the
component of mean stress in the bridge girder, while it could also
decrease the stress amplitude to some extent.

CFRP plates into the steel substrate. The failure mode was observed
to be tensile rupture of the CFRP plate, while no slippage occurred
before the failure, indicating the robustness and high performance
of the developed mechanical clamping system.
A series of static tests was performed on a 6.4-m long steel I-beam
strengthened by the FPUR system with diﬀerent prestressing levels
of 0%, 20%, and 40% of the CFRP ultimate tensile strength. The
experimental results showed that the application of the FPUR system
with relatively high prestressing levels could substantially decrease
the tensile stresses in the beam bottom ﬂange under external
loading, compared to the reference unstrengthened beam.
A four-point fatigue test was performed on a steel I-beam
strengthened by the proposed FPUR system with a prestressing level
of 40% (≈1100 MPa pre-stress in the CFRP plates). The test results
showed a high reliability for the proposed FPUR system, as the prestress level in the CFRP plates remained constant over 20 million
load cycles (i.e., no pre-stress loss was observed).

5.3. Third section: long-term monitoring of the bridge

• The error due to the lack of use of dummy samples when monitoring

5.2. Second section: strengthening and truck loading of the Diamond Creek
bridge

•

• For the ﬁrst time in Australia, a bridge was strengthened with pre-

•

•
•

•

stressed ﬁber-reinforced polymer composites. Two bridge girders
were retroﬁtted with the FPUR system. Each girder was strengthened with two CFRP plates prestressed up to about 980 MPa (≈38%
of the CFRP ultimate strength). In order to prevent vandalism and to
delay the damage process owing to potential ﬁre scenarios, a simple
protective box made out of galvanized steel was designed to cover
the prestressed CFRP plates.
The short-term measurements results of the truck loading using a
42.5-ton semi-trailer showed that the maximum tensile stress in the
beam bottom ﬂange was reduced from 80 MPa before strengthening
to 40 MPa after strengthening. This shows a reduction of about 50%
(i.e., ≈−40 MPa) of the tensile stress in the bridge cross-girders, of
which −10 MPa was due to the CFRP stiﬀness and −30 MPa was
because of the CFRP prestressing.
The stress in the CFRP plates increased by about 62 MPa (i.e., 2% of
the CFRP’s ultimate strength) owing to the passage of the truck.
Therefore, it can be concluded that only a very negligible portion of
the high tensile capacity of the CFRP material would have been
utilized if the CFRP had not been prestressed (up to 38%).
An endurance limit of Se = 106.7 MPa was determined for the
bridge cross-girders according to the Johnson fatigue failure criterion, which is very close to that predicted by the Goodman criterion (i.e., 100.8 MPa). Johnson criterion does not require many
parameters to be estimated and therefore is recommended, as an
easy approach, for fatigue strengthening of old metallic bridges.
Application of the FPUR system decreased the mean, σm , and alternating stresses, σa , by about −35.4 and −4.9 MPa, respectively.
This shows that the reduction in the mean stress, σm , after
strengthening is seven times greater than that for the alternating

•

CFRP-strengthened steel members subjected to typical temperature
changes that civil structures experience was quantiﬁed. The results
of the laboratory tests on the CFRP plates instrumented by strain
gauges showed an undesired fake stress of about 60 MPa for a
temperature change of 53 °C in the climate chamber. This considerable fake stress component is undesirable and is of the same
order as the stress level in the CFRP plates during truck loading (i.e.,
62 MPa).
As it is diﬃcult to ﬁnd self-compensated strain gauges that have
identical CTEs to those of the CFRP materials for a wide temperature
range, the application of dummy samples is recommended for tests
when CFRP materials are subjected to considerable temperature
changes. These may be long-term outdoor measurements or laboratory tests when CFRP materials are placed inside a climate
chamber.
Preliminary results of the wireless monitoring system showed that
no slip or pre-stress loss occurred in the FPUR system. The results of
the WSN showed that with an approximately 25 °C increase in air
temperature, the CFRP pre-stress increased by approximately
25 MPa (i.e., less than 1% of the CFRP ultimate strength).
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Appendix A. Marin’s coeﬃcients for Goodman fatigue failure criterion
The Goodman criterion suggests a linear line between Sut and the fatigue endurance limit, Se, as shown in Fig. 14. The fatigue endurance limit
according to the results of lengthy fatigue tests [34] is expressed as
(A.1)

S'e = 0.5 S ut for steels with S ut ⩽ 1400 MPa
The Marin equation, obtained through statistical analysis, is expressed by [32]

Se = ka kb kc kd ke Se′,

(A.2)

where ka, kb, kc, kd, and ke are the coeﬃcients for surface condition, size, load, temperature, and reliability, respectively. Note that Se is the
endurance limit at the critical location of the steel member for the geometry and condition of use. The procedures to determine diﬀerent Marin’s
coeﬃcients are summarized in the following sub-sections.
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A.1. Surface condition coeﬃcient
The tests to determine the Marin’s coeﬃcients are performed on rotating-beam specimens. The specimens have a highly polished surface. The
surface coeﬃcient is a function of the quality of the surface ﬁnish of the actual part and its tensile strength, and it is written as [39]
b
k a = aSut

(A.3)

Table A.1 provides an approximation of the a and b coeﬃcients.

Table A.1
Factors for various surface ﬁnishes [39].
Surface Finish

Exponent b

Factor a Sut, MPa

Hot-rolled
Machined/Cold-drawn
Ground
As-forged

−0.718
−0.265
−0.085
−0.995

57.7
4.51
1.58
272

A.2. Size coeﬃcient
Curve ﬁtting of experimental results is used to determine the size coeﬃcient for round rotating bars [40]

1.24d−0.107 , 2.79 ≤ d ≤ 51 mm
kb = ⎧
−0.157 . 51 < d ≤ 254 mm
⎨
⎩1.51d

(A.4)

Eq. (A.4) is obtained for rotating-bar samples; however, for non-tubular structural members, the method of eﬀective dimension can be used. In
this method, the eﬀective dimension, de, can be determined by equating the stressed area at 95% (A0.95s) of the maximum stress to the identical
cross-section area in the rotating-beam specimens [41]. The eﬀective dimension for an I-beam section is d e = 0.808 a·b [34]. The eﬀective dimension can be then used in Eq. (A.4) to determine the size coeﬃcient. For axial loading, the size coeﬃcient is kb = 1.
A.3. Load coeﬃcient
The endurance limit is calculated through experimental analysis, and it depends on whether the experiments are conducted with rotating
bending, axial, or torsion loading. The results for steel and wrought iron can be expressed by [34]:

⎧ 1, bending
k c = 0.85, axial
⎨
⎩ 0.59, torsion

(A.5)

Note that kc = 0.9 can be assumed for axial and torsional loading of cast iron members.
A.4. Temperature coeﬃcient
Provided that the temperature is substantially lower or higher than the standard room temperature, brittle or yielding failure modes, respectively,
also need to be investigated [34]. Eq. (A.6) provides a fourth order polynomial that can be used to calculate the temperature coeﬃcient. This
polynomial is obtained by curve ﬁtting to the test results at various temperatures [42].

k d = 0.9877 + 0.6507(10−3)Tc−0.3414(10−5)T2c + 0.5621(10−8)T3c−6.246(10−12)T c4

(A.6)

Note that Tc is the temperature in degrees Celsius.
A.5. Reliability coeﬃcient
As the above coeﬃcients are determined by statistical analysis with considerable scatter in the results, Eq. (A.7) suggests a standard deviation for
endurance limits [43]:
(A.7)

k e = 1−0.08 za
Table A.2
Reliability coeﬃcients according to a probabilistic analysis with a Gaussian
distribution [43].
Reliability

za

ke

50%
90%
95%
99%
99.9%
99.99%

0
1.288
1.645
2.326
3.091
3.719

1.000
0.897
0.868
0.814
0.753
0.702
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Table A.2 presents diﬀerent values for za, determined by a probabilistic analysis with a Gaussian distribution assumption and the corresponding
reliability coeﬃcients.
Appendix B. Determination of modiﬁed fatigue endurance limit
The values of diﬀerent Marin’s factors are determined in this appendix for the cross-girders of the Diamond Creek Bridge. Based on Eq. (A.3), the
surface modiﬁcation factor was calculated with a hot-rolled ﬁnish assumption to be ka = 0.92. The outer plate of the lower ﬂange was assumed to be
subjected to a pure axial stress. Therefore, based on Eq. (A.4), the size factor for axial loading was found to be kb = 1. The load factor for axial
loading based on Eq. (A.5) was determined to be kc = 0.85.
According to the information published by the Australian Government Bureau of Meteorology [38], a conservative temperature of Tc = −10 °C
at the location of the Diamond Creek Bridge in Melbourne, Victoria, Australia was assumed, resulting in a temperature coeﬃcient of kd = 0.98 (see
Eq. (A.6)). Furthermore, according to Eq. (A.7), a reliability factor of 99% (i.e., za = 2.326) was considered, which resulted in ke = 0.814.
Finally, based on Eq. (A.1), the fatigue endurance limit was determined to be S'e = 160 MPa . The modiﬁed fatigue endurance limit was then
obtained from Eq. (A.2) as
(B.1)

Se = 0.92 × 1 × 0.85 × 0.988 × 0.814 × S'e = 100.8 MPa

The modiﬁed fatigue endurance limit after application of diﬀerent Marin’s factors was determined to be 100.8 MPa, which is very close to that
obtained in Section 3.3 for the Johnson criterion (i.e., 106 MPa). Therefore, application of the Johnson criterion, which is much easier than the
Goodman criterion, is recommended for the design of the fatigue strengthening of bridge members.
Appendix C. Eﬀect of temperature changes on the results of strain-gauge measurements
Several parameters can aﬀect the results of strain measurements when the temperature changes [44]. The most two important are (1) thermal
expansion of the base material and (2) resistance of the strain-gauge gride and cables (see Fig. C.1). The material being measured by a strain gauge
expands when the temperature rises. One way to compensate the mismatch between the thermal expansion of the base material and the strain gauge
is to use self-compensated strain gauges. Self-compensated strain gauges must have very similar thermal expansion behavior to that of the base
material, and hence, both the base material and the strain gauge expand/contract similarly owing to any temperature change. Furthermore, the
resistance of the cables, shown in Fig. C.1, is added to the resistance of the strain gauges. In this way, any change in the temperature results in
variation of the resistance of the circuit, and therefore, it aﬀects the readings of the strain gauges. One way to compensate the eﬀect of the
temperature on the resistance of cables is to use multi-wire circuit techniques [44].

R cable

R cable

Strain Gauge

Base material to be measured
(e.g., CFRP)

Fig. C.1. Mismatch between the CTE of the base material and the strain gauge and resistance of the cables aﬀect the readings of strain gauges (under temperature
changes).

The above two techniques can be used when the thermal behavior of the base material is well known (e.g., steel, concrete, etc.). As unidirectional
CFRP materials are anisotropic composites, which are made by a pultrusion process, their exact thermal expansion behavior is directionally dependent and depends on the volume ratio of the carbon ﬁbers in any speciﬁc direction. The coeﬃcient of thermal expansion (CTE) for CFRP
materials has often been reported as a negligible negative value of about −0.8 × 10−6/K [45,46] in the ﬁber direction at room temperature, which
makes it diﬃcult to ﬁnd a compatible self-compensating strain gauge for the CFRP.
In this study, strain gauges of type 1-LY46-6/700 with a gauge factor of 2.03 ± 1.5% and a resistance of 700 Ω ± 0.3%, provided by the HBM
Company, Germany, were used. Although the strain gauges were ordered for measurements of strains on CFRP material, according to the HBM
product data sheet, the temperature-compensation behavior of the strain gauges is set for quartz. This is possibly because, in practice, it is diﬃcult to
produce self-compensated strain gauges that can follow the exact thermal expansion behavior of CFRP with a zero or negative CTE. According to the
HBM product data sheet for the received strain gauges, the quartz material has a small but still positive CTE of about 0.5 × 10−6/K. The mismatch
between the CTE of CFRP and quartz materials may create thermal stresses in the strain gauges bonded to CFRP plates. In reality, such a stress does
not exist in the CFRP, but the strain gauge shows a “fake” strain value. This phenomenon is further investigated in Section 4.1.
Appendix D. Connections of the sensor nodes to the strain-gauges
The sensor node 1 (see Fig. 17(c)) was conﬁgured for a Wheatstone bridge circuit with a quarter-bridge 3-wire conﬁguration, as shown in Fig.
D.1(a). In this conﬁguration, the eﬀect of temperature change on the resistance of the cables is compensated through the application of multi-wire
cables and a 700-Ω resistor. Note that this conﬁguration does not compensate the eﬀect of the thermal expansion of the CFRP material.
Sensor node 2 (see Fig. 17(c)) was conﬁgured for a Wheatstone bridge circuit with half-bridge dummy conﬁguration, as shown in Fig. D.1(b). In
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Wheatstone Quarter-Bridge Circuit
wih a 3-Wire Configuration

brown wire

Wheatstone Half-Bridge Circuit
with a Dummy Configuration

brown wire

+

Active SG 700 Ohm
green wire
yellow wire

+

Active SG 700 Ohm
INA

INA

green wire

brown wire

INB

Compensator
R 700 Ohm
Resistor

INB

Dummy SG 700 Ohm

-

-

green wire

Terminal

Terminal

(b)

(a)

Fig. D.1. Scheme of the Wheatstone bridge circuit with (a) a quarter-bridge 3-wire conﬁguration, (b) half-bridge dummy conﬁguration.

this conﬁguration, in addition to the compensation of the resistance of the cables by using multi-wire cables, the eﬀect of the thermal expansion of
the CFRP material is also compensated by using a dummy sample. The dummy CFRP plate was connected to node 2 (see Fig. 17(c)) according to the
half-bridge Wheatstone-circuit conﬁguration shown in Fig. D.1(b). Note that the length of the cables for all connections was identical and equal to
1 m. The latter conﬁguration, shown in Fig. D.1(b), compensates both the eﬀect of thermal expansion of the CFRP material and the resistance of the
cables.
Appendix E. Supplementary material
Supplementary data to this article can be found online at https://doi.org/10.1016/j.engstruct.2018.09.042.
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