
 
1 INTRODUCTION 
Carbon fibre-reinforced polymer (CFRP) as a 

light material with a wide range of strength and 
Young’s moduli has been used for strengthening 
concrete and steel members. The CFRP materials 
have high corrosion and fatigue resistance (Zhao 
2013). Several studies have shown the effectiveness 
of using CFRP materials for flexural (e.g., Al-
Emrani and Kliger 2006, Ghafoori and Motavalli 
2013) and fatigue (e.g., Bassetti et al. 1998, Colombi 
and Fava 2015, Schnerch et al. 2006, Wu et al. 
2012) strengthening of steel members.  

The majority of the existing studies on this topic 
have used a bonded retrofit (BR) system to attach 
CFRP material to steel substrates. Ghafoori et al. 
2012 have suggested an un-bonded retrofit (UR) 
system for strengthening of metallic girders. Unlike 
the BR systems, the UR systems work without any 
glue, and instead use a pair of mechanical clamps, 
which works based on friction, to attach the CFRP 

plates to steel I-beams. The UR systems have several 
advantages compared to BR systems: they can be 
applied to rough (e.g., corroded) or obstructed (e.g., 
riveted) surfaces and offer fast installation (i.e., no 
surface preparation prior to bonding and glue appli-
cation). The UR systems are particularly good for 
strengthening heritage/old structures, where the re-
versibility of the retrofitted elements to the original 
unstrengthened form is important. The UR systems 
can be easily removed from the original structure by 
disassembling the mechanical clamps. 

Ghafoori and Motavalli 2015c have performed 
the first systematic study to compare the behavior of 
the steel members strengthened by the BR and the 
UR systems. The results of extensive laboratory tests 
have shown that when metallic beams are strength-
ened by pre-stressed CFRP laminates, the perfor-
mance of the CFRP-strengthened steel beams is 
more sensitive to the magnitude of pre-stress level 
rather than the presence of the bond (Ghafoori and 
Motavalli 2015b). 
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50% reduction in the maximum tensile stress in the bridge girders. The results of the short- and long-term 
measurements in this study showed that the FPUR system was very effective for flexural and fatigue 
strengthening of the bridge girders. 



 
Furthermore, Kianmofrad et al. 2017 have suggested 
different shapes and configurations of the pre-
stressed UR (PUR) system. A trapezoidal PUR 
(TPUR) system was developed and tested under stat-
ic (Ghafoori and Motavalli 2015a) and fatigue load-
ing (Ghafoori et al. 2015a). The system has been 
used for fatigue strengthening of a 120-year-old 
railway riveted bridge in Switzerland (Ghafoori et 
al. 2015b, Ghafoori et al. 2014). More recently, 
Hosseini et al. 2018 have developed and tested a flat 
PUR (FPUR) system in the laboratory subjected to 
static and fatigue loading.  
This paper presents the application of the FPUR sys-
tem for strengthening of an old metallic roadway 
bridge in Victoria, Australia. Furthermore, a wire-
less sensor network (WSN) system was used to 
monitor the long-term behavior of the bridge after 
strengthening. The current paper aims to briefly ex-
plain different aspects of the bridge strengthening 
project and summarize the most important results of 
short-term and long-term measurements.  

2 DEVELOPMENT OF THE FPUR SYSTEM 

2.1 Design basis and pull-off tests 

A FPUR system was designed, manufactured, and 
tested at the Structural Engineering Research Labor-
atory of the Swiss Federal Laboratories for Materials 

Science and Technology (Empa). As it is shown in 
Figure 1, the FPUR system relies on two sets of me-
chanical clamps, which transfer the pre-stressing 
force of the CFRP plates to the lower flange of the 
steel girders via friction. Each set of the mechanical 
clamps holds two prestressed normal modulus (NM) 
CFRP plates with cross-sectional dimensions of 50 × 
1.4 mm (width × thickness). The strengthening pro-
cedure using the proposed FPUR system is as fol-
lows:  
(1) the unstressed CFRP plates are anchored on one 
side of the beam using the so called fixed clamp with 
the help of eight M20 high-strength (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 unstressed CFRP plates are 
gripped in the so called movable clamp, while the 
clamp set is free to move horizontally along the 
beam axis. (3) Two 120-kN hollow plunger cylin-
ders 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 pulled 
using the hollow plunger cylinders connected to a 
manual hydraulic pump, and, subsequently, the 
CFRP plates are prestressed. (5) Upon reaching the 
desired prestressing level in the CFRP plates, all the 
eight M20 bolts of the movable clamps are tight-
ened.  
 
 

Figure 1. Different components of the flat prestressed unbonded reinforcement (FPUR) system. 
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(6) Finally, the hydraulic pressure is released and the 

prestressing system consisting of the two hollow 

plunger cylinders and the housing are removed.  
In order to optimize the geometry of the mechanical 
clamping system and estimate the number and diam-
eter of the prestressed bolts (to generate the required 
friction force between the clamps and tensile flange 
of the beam), an FE simulation was performed using 
ABAQUS FE Package. Further details regarding the 
FE simulation of the FPUR system can be found in 
Hosseini et al. 2018. All the required mechanical 
parts, with the optimized geometry, were then manu-
factured from high strength steel M200 with a nomi-
nal yield strength of 1000 MPa.  
In order to determine the ultimate capacity of the 
mechanical clamps before slippage, a pull-off test 
setup was designed and a set of pull-off tests were 
performed on the optimized configuration of the sys-
tem. Different components of the test setup are 
shown in Figure 2. Figure 3 shows the strain level 
generated in both the CFRP plates versus the applied 
load per hydraulic cylinder. It can be seen from Fig-
ure 3 that CFRP rupture occurred as the governing 
failure mode of the system, and no slippage of the 
clamp was observed. The NM CFRP plates of type 
S&P 150/2000-50/1.4 were used in all the laboratory 
tests. The tensile strength and elastic modulus of the 
utilized CFRP composite 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 strengthening of steel I-beams, a 
set of static and fatigue tests was performed at the 
Structural Engineering Research Laboratory of Em-
pa on 6.4-m long steel I beams under four-point 
bending. Figure 4 shows different elements of the 
test set-up and the FUR system. First a reference un-

strengthened INP 300 beam was loaded in the linear 
regime (up to 75 kN per cylinder). Afterwards, the 
FPUR system was installed on the beam, and the 
beam was reloaded up to 75 kN per cylinder. As 
Figure 5 shows, the application of the non-
prestressed CFRP plates increased the stiffness of 
the steel beam slightly, however, the deflec-
tion/strain reduction in the member is not signifi-
cant.  
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Figure 3. CFRP strain versus load in pull-off tests. 

 
Furthermore, it can be seen from Figure 5 that appli-
cation of the FPUR system with 20% or 40% pre-
stressing level can significantly decrease the deflec-
tion and strain/stress level in the strengthened steel 
I-beam under service loads.  
 
 
 
 
 

Figure 2. Pull-off test setup. 
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Figure 5. Experimental results of 4-point bending tests: (a) 
load-deflection response; (b) load-strain response of bottom 
flange. 

 
It should be mentioned that the utilized steel I-

beams in the four-point bending tests was 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 per-
formance of the FPUR system was also evaluated 
under 4-point fatigue loading for 10 million fatigue 
cycles, while the CFRP plates were prestressed up to 
40% of their ultimate tensile capacity. No slippage 
neither reduction in the prestressing level was ob-
served over 2 million fatigue cycles, which demon-
strates a superior performance of the system. After 
testing the system under static and fatigue loading, 
the system was shipped to Victoria, Australia.  

More information about the FE modeling and la-
boratory tests on the FPUR system can be found in 
Hosseini et al. 2018. 

3 STRENGTHENING OF DIAMOND-CREEK 
BRIDGE 
SN6091 Bridge over Diamond-Creek along Hei-

delberg-Kinglake Road (constructed in 1896) is a 
double-span metallic roadway bridge in Victoria, 
Australia. The total length of the bridge is approxi-
mately 33 m with 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 sub-
jected to daily passenger and heavy truck vehicles. It 
consists of two longitudinal wrought iron trusses 
(i.e., as main girders) connected by several steel 
cross-girders, as shown in Figures 6 and 7.   

 

 

Figure 4. Static and fatigue four-point bending test setup. 
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Figure 6 shows the bridge elevation as well as the 

details and dimensions of the cross-girders. The 

bridge belongs to VicRoads, which is the road and 

traffic authority in the state of Victoria.  

Two girders of the bridge (i.e., girders G1 and G2) 

were strengthened by the FPUR system, and girder 

G3 was strengthened with non-prestressed bonded 

CFRP plate. For the sake of brevity, this paper only 

discusses the part of the work related to CFRP 

strengthening of girders G1 and G2.  

3.1 Strengthening of the bridge girders 

After successful accomplishment of the laborato-
ry tests, presented in Section 2, the FPUR system 
was applied on two cross-girders of the bridge with 
a prestressing level of about 38%. The CFRP plates 
had the same geometrical and mechanical properties 
as those explained in Section 2.1. Based on the 
bridge documents, the steel cross-girders were of 
type B.S.B. 25 from the Dorman, Long & Co. Lim-
ited Company in UK. A Young’s modulus, yielding 
and ultimate strength of 210 GPa, 250 and 320 MPa, 
respectively, were assumed for mechanical proper-
ties of the steel girders. Different elements of the 
strengthening and monitoring systems on girders G1 
and G2 are shown in Figure 8.  

As for short-term measurements, the bridge was 
subjected to a 42.5-tonnes semi-trailer before and af-
ter strengthening, as shown in Figure 7.  

 

 
Figure 7. Diamond-Creek Bridge subjected to a 42.5-tonnes 
semi-trailer before and after strengthening. 

 
Figure 9 shows the state of stresses in the CFRP 

plates and the top and bottom flanges of the steel 
girders during pre-stressing procedure. The CFRP 
plates were gradually pre-stressed up to about 38% 
(of its ultimate strength) using a set of hydraulic ac-
tuators, as explained in Section 2. From Figure 9, 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 
prestressing, a maximum compression of about 30 
MPa was achieved at the beam bottom flange. Note 
that in Figure 9, the sudden jumps in the stresses 
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show the passages of vehicles (regular daily traffic) 
over the bridge during the pre-stressing process. Fur-
thermore, it can be seen that pre-stressing process 
took place in less than 300 s. A truck loading test 
was then performed (as for short-term measure-
ments) right after strengthening. Figure 10 shows the 
stresses at the top and bottom flanges of the mid-
span of girder G2 due to the passages of the 42.5-
tonnes semi-trailer with a slow speed of about 5 
km/h.  

The tensile maximum 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 max-
imum tensile stress in the cross-girder. Out of 40 
MPa decrease in the tensile stress, it can be shown 
that -30 MPa was because of the application of pre-
stressing (see Figure 9) and -10 MPa was due to the 
increased stiffness of the girders after the CFRP 
strengthening. Furthermore, it can be seen from Fig-
ure 10 that the magnitude of the compressive stress 
in the top flange of the cross-girder was also slightly 
decreased after strengthening. Therefore, it can be 
concluded that strengthening with the FPUR system 
could decrease the magnitude of the stresses in the 
both top and bottom flanges, and, therefore, can re-
sult in an increase in flexural capacity of the bridge 
girders.  

3.2 Fatigue strengthening criterion  

It has been shown by Ghafoori et al. 2015c that 
application of pre-stressed CFRP can increase the 
fatigue life of the steel girders substantially. 
Ghafoori and Motavalli 2016 have suggested a con-
stant life diagram (CLD) approach to estimate the 
pre-stressing level that results in a complete preven-
tion of fatigue crack initiation. The CLDs are used to 
demonstrate the combined effect of stress range, 
mean stress level and material properties. CLDs can 
foresee the fatigue life of metals at different mean 
stress levels. For a given maximum stress (smax) and 
minimum stress (smin), the stress amplitude (sa) and 
the mean stress (sm) are expressed by 

  
sa  =(smax  -smin) / 2 (1) 
sm=(smax +smin) / 2 (2) 

 
Figure 11 shows a CLD diagram which shows the 

fatigue strengthening approach used for strengthen-
ing of the bridge girders. In Figure 11, the vertical 
axis is the stress amplitude, sa, and the horizontal 
axis is the mean stress, sm. This figure also presents 
the yield line and the Gerber fatigue criterion, which 
is often used for ductile metals. Furthermore, Figure 
11 shows the Modified Johnson line, which was 
proposed by Ghafoori et al. 2015b, as a fatigue de-
sign criterion for determination of the safe service 
stresses of old metallic bridge members. 
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Figure 8. Different elements of the strengthening and monitor-
ing system installed on (a) girder G2 and (b) girder G1. 
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Figure 9. Pre-stressing procedure: an increase in the CFRP pre-
stress level results in an increase in the magnitude of the com-
pressive stress at the beam bottom flange. 

 
Stress points A and B in Figure 11 refer to the 

state of the stresses in the beam bottom flange before 
and after strengthening, respectively. As it can be 
seen in this figure, point A, which refers to the stress 
state in the girder prior to strengthening, is marginal-
ly outside of the safe region. 

After strengthening using the FPUR system, the 
working stress in the girder bottom flange was shift-



ed from the at-risk region (i.e., point A) to the safe-
life region (i.e., point B) based on the modified 
Johnson criteria. 
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Figure 10. Stress at the top and bottom flanges in the mid-span 
of girder G2 due to the passages of a 42.5-tonnes semi-trailer 
before and after strengthening. 

4 WIRELESS MONITORING SYSTEM 

In the recent years, the WSN technology has been 
used for structural health monitoring (SHM) of dif-
ferent types of civil structures (Feltrin et al. 2013). 
The WSN system offers many attractive features, 
such as cable-free and easy deployment, which min-
imize the installation time and cost (Flouri et al. 
2012). Figure 12 shows a scheme of the architec-
ture of the WSN system, which includes several sen-
sor nodes, a base station and a server. The sensor 
nodes work with battery and are directly connected 
to the sensors on the bridge. The housing of the 
WSN nodes and those of the temperature and hu-
midity sensors, shown in Figure 8a, were equipped 
with four magnetic footings, which allows for a sim-
ple and fast mounting of the nodes. These nodes 
read the data of the sensor every 10 min and send 
them to the base station, which can be placed within 
1-km away from the bridge. The base station is con-
nected to the electricity power and has a data sim 
card.  

The base station works similar to a modem and 
receives the data from the sensor nodes and sends 
them to a server through internet connection. The 
server then makes the data online on a website and 
accessible to the public. The electronic modules of 
the WSN monitoring system were provided by De-
centlab GmbH, Switzerland. 
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Figure 11. Fatigue strengthening approach: shifting the work-
ing stresses in the girder bottom flange from the at-risk region 
to the safe-life region based on the modified Johnson criteria 
(Ghafoori 2015). 
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Figure 12. A scheme of the architecture of the WSN system for 

SHM. 

 

4.1 Monitoring CFRP pre-stressing using the WSN 

In order to ensure that no slippage occurs be-
tween the CFRP plates and the clamps, neither be-
tween the friction clamps and the steel beam flange, 
one resistance strain gauge was mounted on each 
CFRP plate, coated with long-term protection layers,  
and was then connected to a sensor node (see Figure 
8a). Because strain gauges do not automatically 
compensate for temperature, for each active strain 
gauge, a dummy strain gauge was used to compen-
sate for the effects of temperature variations. The 
dummy strain gauges, which are identical to the ac-
tive strain gauges, were mounted on pieces of un-
strained CFRP plates and placed next to the active 
gauges. To account for the temperature effects, the 
dummy strain gauges were wired into a half Wheat-
stone bridge on an arm adjacent to the active strain 
gauge. All the strain gauges used for the WSN sys-
tem were of type 6/700 LY46 with a k-factor of 2.03 
± 1.5% and an electric resistance of 700 Ω ± 0.30% 
and were provided by the HBM Company, Germa-
ny. All of the strain gauges as well as the humidity 
and temperature sensors were connected to the WSN 
nodes.  

 



 

 

4.2 Preliminary results of the wireless monitoring 

Figure 13 shows the time history of the on-site air 
temperature and the stress level in all CFRP plates 
mounted on G1 and G2 girders of the bridge from 1

st
 

to 14
th

 December 2017 (for two weeks). Nodes 419 
and 420 show the stress in the two prestressed CFRP 
plates attached to G1 girder, while nodes 421 and 
422 refer to the CFRP plates on G2 girder. Figure 13 
also shows an enlarged view of the results of node 
421 (i.e., one of the CFRP plates on G2 girder). This 
figure shows a pattern of stress fluctuations during 
day and night, and also some sudden jumps with 
small and large stress amplitudes. The stress fluctua-
tions can be attributed to the temperature change. As 
the temperature increases, the CFRP pre-stress level 
increases due to the fact that CFRP material has a 
negligible thermal expansion coefficient in its fiber 
direction compared to that for steel.  

As shown in Figure 13, with an approximately 25 

degrees Celsius increase in the ambient temperature, 

the CFRP pre-stress level increases by approximate-

ly about 25 MPa, which is less than 1% of CFRP ul-

timate strength. Furthermore, the sudden small and 

large jumps that can be observed in the CFRP pre-

stress level in Figure 13 are due to the passages of 

small passenger vehicles and heavy trucks, respec-

tively. The change in humidity did not have any in-

fluence on the CFRP pre-stress level and therefore 

has not discussed in this study. The WSN system 

will remain on the bridge for at least one year to 

monitor possible pre-stress loss and also to study the 

probable effects of the temperature. The results re-

lated to this long-term monitoring will be reported in 

a future publication. The results from the wireless 

monitoring system have shown that no slip or pre-

stress loss has occurred in the system so far.  

5 CONCLUSIONS 

This study presents the work on the strengthening of 
Diamond-Creek Bridge (121 years-old) in Victoria, 
Australia. Two steel cross-girders of the bridge were 
strengthened using pre-stressed un-bonded CFRP 
plates. The feasibility and effectiveness of pre-
stressed FRP composites for strengthening of metal-
lic bridges have been demonstrated. Furthermore, a 
wireless monitoring system was used to monitor the 
pre-strain level in each CFRP plate as well as the on-
site temperature and humidity.  
The results of the short-term measurements showed 
that after pre-stressing the CFRP plates up to about 
980 MPa (which is 38% of the CFRP ultimate 
strength), the maximum tensile stress in the bridge 
cross-girders decreased about 50%. Furthermore, it 
was shown that the application of the FPUR system 
can substantially decrease the mean tensile stress in 
the bridge girders, and therefore, increase the fatigue 
life of the structure (in this case to an infinite fatigue 
life). Therefore, the results of strain measurements 
show that the proposed FPUR system is very effec-
tive for flexural and also fatigue strengthening of 
metallic bridge girders.  
The preliminary results of the WSN system have 
shown no loss in the CFRP pre-stressing level so far.  

Furthermore, the WSN results showed that because 

of the low thermal expansion coefficient of the 

-100

0

100

200

300

400

500

600

700

800

900

1000

1100

30/11 1/12 2/12 3/12 4/12 5/12 6/12 7/12 8/12 9/12 10/12 11/12 12/12 13/12 14/12 15/12 16/12

S
tr

es
s 

al
o

n
g

 C
F

R
P

 s
tr

ip
 (

M
P

a)

Date

Node 419_G1_1

Node 420_G1_2

Node 421_G2_1

Node 422_G2_2

Figure 13. Results of wireless monitoring system: time-history of the pre-stress level in the four CFRP plates from 

1st to 14th December 2017.

950

960

970

980

990

1000

30/11 1/12 2/12 3/12 4/12 5/12 6/12 7/12 8/12 9/12 10/12 11/12 12/12 13/12 14/12 15/12 16/12

S
tr

es
s 

Date

Node 421_G2_1

5

10

15

20

25

30

35

40

30/11 1/12 2/12 3/12 4/12 5/12 6/12 7/12 8/12 9/12 10/12 11/12 12/12 13/12 14/12 15/12 16/12

A
ir

 t
em

p
er

at
u

re

Date

Node 416_Air temperature

Fluctuation

Jumps

-100

0

100

200

300

400

500

600

700

800

900

1000

1100

30/11 1/12 2/12 3/12 4/12 5/12 6/12 7/12 8/12 9/12 10/12 11/12 12/12 13/12 14/12 15/12 16/12

S
tr

es
s 

in
 C

F
R

P
 p

la
te

s 
(M

P
a)

Date

Results of  the WSN system (from 1st to 14th December 2017)

Node 419_G1_1

Node 420_G1_2

Node 421_G2_1

Node 422_G2_2

Node 418_G3_1

Node 423_G3_2

Node 424_G3_3

Node 416_Air temperature

Node 416_Air Humidity

-100

0

100

200

300

400

500

600

700

800

900

1000

1100

30/11 1/12 2/12 3/12 4/12 5/12 6/12 7/12 8/12 9/12 10/12 11/12 12/12 13/12 14/12 15/12 16/12

S
tr

es
s 

in
 C

F
R

P
 p

la
te

s 
(M

P
a)

Date

Results of  the WSN system (from 1st to 14th December 2017)

Node 419_G1_1

Node 420_G1_2

Node 421_G2_1

Node 422_G2_2

Node 418_G3_1

Node 423_G3_2

Node 424_G3_3

Node 416_Air temperature

Node 416_Air Humidity



CFRP material (in the fiber direction) compared to 

steel, an increase in ambient temperature results in 

an increase in the stress in the CFRP plates. The ef-

fect of thermal mismatch between CFRP and steel 

structure is not necessarily negligible and should be 

considered in the design. 
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