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The application of carbon fiber reinforced polymers (CFRP) in bridge construction was 
before 1991 unknown. Therefore the bridge owners did not want to rely only on the 
laboratory experiments made in the 1980ties. They asked for structural health 
monitoring, SHM. This was also in the interest of the involved R&D community. The 
used devices range from “old fashioned” demec gauges for off-line measurements to 
classical foil resistance strain gauges, and also sophisticated integrated fiber optical 
sensors with Bragg gratings. In the most important applications different independent 
systems were used in parallel. A period of up to twenty years is for devices, which are 
exposed to outdoor weathering and high stress levels, a fairly demanding time span. 
Therefore the surprisingly high reliability of most of these systems is a largely 
appreciated result. Applications on post-tensioned reinforced concrete bridges, and stay 
cables will be discussed. The application of carbon fiber reinforced polymers (CFRP) in 
construction, especially in post-strengthening and rehabilitation is well known and 
mostly accepted today. Without successful performance monitoring on CFRP pilot 
projects with the means of the structural health monitoring this would not have been 
possible. 
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ABSTRACT: The application of carbon fiber reinforced polymers (CFRP) in bridge 
construction was before 1991 unknown. Therefore the bridge owners did not want to 
rely only on the laboratory experiments made in the 1980ties. They asked for structural 
health monitoring, SHM. This was also in the interest of the involved R&D community. 
The used devices range from “old fashioned” demec gauges for off-line measurements 
to classical foil resistance strain gauges, and also sophisticated integrated fiber optical 
sensors with Bragg gratings. In the most important applications different independent 
systems were used in parallel. A period of up to twenty years is, for devices which are 
exposed to outdoor weathering and high stress levels, a fairly demanding time span. 
Therefore the surprisingly high reliability of most of these systems is a largely 
appreciated result. Applications on post-tensioned reinforced concrete bridges, and stay 
cables will be discussed. 

 

 

1 MOTIVATION 

During the 1980ties visions have been developed for long span lightweight bridges 
made of carbon fiber reinforced polymers (CFRP), Meier (1987). Also since about that 
time corrosion on suspender-, main- and stay- steel cables of suspended bridges are 
seriously bothering bridge owners, Hamilton et al. (1995). Additionally fatigue is a 
severe problem in the cases of suspender- and stay-steel cables since such tendons are in 
use. In many cases also post- and pre-tensioning elements as well as classical 
reinforcing bars are concerned. Therefore some institutions in Europe, USA, Canada 
and Japan proposed the use of non-metallic tendons and reinforcing bars. Some few 
bridge owners and responsible authorities were willing to support the application of 
FRPs (Fiber Reinforced Polymers) however only under the condition that the long-term 
behavior of concerned structures was going to be monitored. 
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2 CASE STUDIES 

2.1 Mechanical Strain Gauge System 

The mechanical strain gauge system, often called “demec gauge”, was developed as a 
reliable and accurate way of taking strain measurements at different points on a 
structure using a single instrument. Empa scientists are using this kind of devices in the 
laboratories and on construction sites since about one hundred years. The system 
consists of an invar main beam with two conical locating points, one fixed and the other 
pivoting on a special knife edge. The points locate in pre-drilled stainless steel discs 
which are attached to the structure with adhesive. The movement of the pivoting point is 
to day measured by a photoelectric incremental length measuring device, Nelle (1985), 
which is attached to a base plate on the invar beam. Design is such that thermal 
movement within the instrument is negligible. It has a digital readout of 0.001 mm 
resolution and can be connected wireless to a lap top computer. The mechanical strain 
gauge system is ideal for use on many types of structure for strain measurement and 
crack monitoring. The gauge length in all cases discussed in the following sections is 
200 mm. 

The Ibach Bridge was in 1991 world’s first bridge being post-strengthened with carbon 
fiber reinforced polymer (CFRP) strips. For the loading test and the long-term strain 
monitoring program 32 as called “demec points” (pre-drilled stainless steel discs) have 
been attached to the soffit of the bridge girder with adhesive. Eight gauge lengths were 
on concrete and the other eight pairwise in parallel on one of the three CFRP strips. 
During the last twenty years one “demec point” that means one of sixteen gauge lengths 
was lost due to adhesive failure of a point on concrete. Until now (twenty years) the 
CFRP post-strengthening technique performed perfectly. 

The two-lane Oberriet Bridge, build in 1963, is crossing the river Rhine. Thorough 
investigations had shown that beside regular maintenance the concrete bridge deck was 
in need of transversal CFRP post-strengthening on the soffit of the deck, Meier (2000). 
The arrangement of “demec points” is similar to that of the Ibach Bridge. The change in 
strain as shown in Fig. 1 is due to change in temperature from summer to winter. As 
long as the strain lines proceed parallel there is perfect composite action between the 
concrete soffit and the CFRP strips. In general there is a good correspondence of the 
strain with the temperature as can be expected. These results are fully satisfactory, 
Czaderski & Meier (2006). 
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Figure 1. Typical results of strain measurement over a period of 10 years. The dashed 
bold line corresponds to the temperature. The solid fine lines connecting circles, 
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triangles and squares correspond to strains. Note: MD = micro strains; 1000 MD = 1 0/00 
(one per mille). 

 

Within three projects a total of 156 demec points have been installed during a time 
period of 14 to 20 years. Only one single point failed. Using the described 
configurations all possible kinds of drifts become for the applications discussed 
negligible. The long-term reliability of the mechanical strain gauge system used to 
monitor the behavior of the externally bonded CFRP strips was instrumental to build up 
confidence into this novel CFRP strengthening technique. 

2.2 Coin Tapping Technique to Detect Delaminations 

ASTM D4580 is proposing among others an electro-mechanical sounding procedure 
with an electric powered tapping device for the detection of delaminations of concrete 
overlays on bridge decks. For CFRP strips externally bonded to concrete, wood or 
metals the coin tapping technique is by far sufficient. It involves striking the CFRP strip 
with a large coin. Areas where delaminations have occurred have an audible acoustic 
response that contains different frequencies than areas where the adhesion is perfect. 
This process is subjective, but it has been proved to be very effective and efficient since 
1982. Coin tapping is also used extensively at present to detect the debonding of 
honeycomb structures in aircraft industry. 

2.3 Fiber Bragg Grating (FBG) sensors and Resistive Strain Gauges (RSG) 

Resistive foil strain gauges (RSG) are state-of-the-art in experimental mechanics since 
more than fifty years. They have also been used fairly often in structural health 
monitoring. Fiber optic sensors are potentially also very well suited for such 
applications. Measurable variables are mainly temperature, electrical current, strain and 
pressure. Optical fibers and sensors are often promoted to work in electromagnetic 
fields, at high temperature and humidity, or in aggressive chemical environment. 
Especially fiber Bragg grating (FBG) sensors have been demonstrated to operate in 
applications from airplanes to civil infrastructure like dams and bridges, Brönnimann et 
al. (2006). 

The key problem facing the application of CFRP cables for suspended or post-tensioned 
structures and thus the impediment to their widespread use is how to anchor them. Such 
an anchor system has been described by Meier et al. (1998). SHM had to prove that this 
system is reliable. 

The bicycle and pedestrian single span bridge over the River "Kleine Emme" near 
Lucerne was built in October 1998. The bridge deck is 3.8 m wide, 47 m long and is 
designed for the maximum load of emergency vehicles. The superstructure is a space 
truss of steel pipes in composite action with the steel rebar reinforced concrete deck. 
The bottom chord, a tube of 323-mm diameter, was post-tensioned with 2 CFRP cables 
inside the tube. Each cable was built up with 91 pultruded CFRP wires of 5-mm 
diameter. The post-tensioning force of each cable is 2.4 MN. Therefore the CFRP wires 
are loaded with a sustained stress of 1350 MPa corresponding to approximately 
8000µm/m. 

This project saw the first ever use of CFRP wires with integrated fiber optic Bragg 
gratings (FBGs) for this kind of application. They have been directly embedded during 
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the pultrusion process in the middle of the CFRP wires (Figure 2). This procedure 
allows placing FBGs not only in the free span of the wires but also in the zone of the 
anchor head with the critical strain decay, Brönnimann et al. (1999). The continuous 
monitoring and optimization of future production processes for high-grade CFRP wires 
will obviate the need for time-consuming final quality assurance checks. Where the 
projected application requires incorporation of sensors into the CFRP wires, these may 
be integrated at the production stage for process monitoring. The strain (Figure 3) and 
temperature (Figure 4) signals from the sensors were monitored and analyzed already 
during production. 

 
 

 
Figure 2. SEM: 
CFRP wire with a 
Bragg grating 
sensor, Ø 100 µm. 

Figure 3. Strain signals from 
Bragg grating during 
pultrusion of 5 mm CFRP 
wires. 

Figure 4. Temperature signals 
during pultrusion. 

Each cable has four active CFRP wires and a dummy wire with several embedded 
FBGs. Since October 1998 these cables have tensioned the bottom chord of the new 
bridge over the River Kleine Emme. The sensors used for process monitoring during 
production now serve to monitor cable strain and thus the post-tensioning force in the 
bottom chord. The measured values spread with time inside a band of about 100µm/m. 
The temporal variation is mainly due to temperature changes. The sensor system 
showed early failures. Eight FBG failed out of a total number of 21, all of them in the 
free span (high strain) of the same cable. It is assumed that the failures can be attributed 
to break of FBGs and slippage of FBGs due to poor embedding, high fiber stress inside 
the CFRP wire and slippage due to voids and poor interface adhesion, respectively. 
These failures can be considered as early failures in the first four years. Such failures 
typically occur at the beginning of the so called bath-tube curve (failure rate versus 
time, with early failure period, constant failure rate, and wear out period). The steady 
state failure rate is assumed to be much lower - at least one or two orders of magnitude. 
Fiber Bragg grating (FBG) sensors made it for the first time possible to monitor the 
strain along the CFRP wires within the gradient anchorage system. None of those FBGs 
failed. 

The cable stayed Stork Bridge in Winterthur, erected in 1996, is situated over the 18 
tracks of the railroad station in Winterthur and has a central A-frame tower supporting 
two approximately equal spans of 63 and 61 meters. The cables converge at the tower 
top are rigidly anchored into a box anchorage at the apex of the A-frame. The 
superstructure has two principal longitudinal girders (HEM 550, Fe E 460) spaced at 8 
m and supporting a reinforced concrete slab. At the anchorage points of the stay cables, 
there are cross-girders (IPE 550, E 355). Longitudinal girders and concrete slabs are 
connected with shear bolts and work as composite girder system. 

The CFRP cable type used for the Stork Bridge consists of 241 wires each with a 
diameter of 5 mm. This cable type was in the laboratory subjected to a load three times 
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greater than the permissible load of the bridge for more than 10 million load cycles. 
This corresponds to a performance several times greater than that which can be 
expected during the life cycle of the bridge. The gradient anchorage system is the same 
like for the Kleine Emme Bridge. 

The strain of the CFRP cables was measured using sensing systems based on fiber optic 
Bragg gratings (FBGs) and electrical resistance strain gauges (RSGs) due to their high 
resolution, low drift, and high reliability, Anderegg et all. (2002). The redundant use of 
sensors not only increases the reliability of the measurements but also allows drawing 
conclusions about the actual reliability and measurement uncertainty of the sensing 
systems. In conjunction with the applications, also appropriate sensor lifetime testing is 
performed. 

In the application Stork Bridge FBGs were surface adhered to loaded wires and to 
dummy wires used for temperature compensation. Some FBGs were pre-strained on 
dummy wires (not loaded) to a level of 2500 µm/m to monitor creep due to possible 
delamination of the fiber coating or the epoxy adhesive. The working load on the 
regular CFRP wires is moderate and corresponds to an average strain of about 1200 
µm/m. The sensor system is operational since April 1996 without any reliability 
problems. Important information about the reliability of the fiber optical monitoring 
data on the Stork Bridge can be derived from the FBGs on the so-called dummy wires. 
Four of the seven FBGs per cable are installed on not loaded wires for both, temperature 
compensation and creep monitoring. The temporal strain evolution of the pre-strained 
FBGs corresponds to that of the not strained FBGs. In any case of slippage or creep the 
pre-strained FBGs would show a negative drift tendency. This result confirms the fault-
free operation. 
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Figure 5. Cross section of CFRP-cable 
with positions of FBG sensors. 

Figure 6. Meander structure of sensor 
fiber accessible from both sides. 

For each monitored cable a fiber with seven FBG was used as shown in Figures 5 and 6. 
The fiber sensors were adhered with epoxy adhesive to the surfaces of the CFRP wires. 
Only the FBG A1, A2 and A3, are used to record strain of the cable. The others are 
attached to unstrained CFRP wires and serve for compensation and self-monitoring as 
explained above. The FBG D1 and D2 are attached unstrained to the wires whereas F1 
and F2 are adhered in a pre-strained state. Besides sporadic FBG measurements the 
cables are monitored continuously with resistive strain gauges (RSG). In Figure 7 the 
comparison of FBG (filled markers) and an RSG (open markers) measurement for a 
period of fourteen years is shown. The change of the measurements due to 
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environmental conditions is synchronous. The difference between FBG and RSG 
measurements increases at a rate of about 4µm/m/year. The RSG measurements have a 
slightly higher resolution, however, the FBG have in this case better stability over time 
and the increasing difference can be attributed mainly to the RSG system, Brönnimann 
et al. (2006). In case of the Stork Bridge, the best suited epoxy adhesive (out of selected 
samples) was identified by an accelerated aging test, Sennhauser et al. (1996). However, 
any documented field behavior at that time was not known. Of 14 FBG 10 are strained 
and did not fail during 14 years. So far none of the FBG failed. 

The most important measurements are those of the relative displacement between the 
anchorage cones of the terminations and the load transfer media (LTM). As expected 
there is a relative displacement due to creep in function of time. However all 
displacement curves show clear signs of levelling out. These results (Figure 8) are fully 
matching the earlier high expectations. 

 

In the case of the Stork Bridge in 1996 a total of 22 RSGs have been installed. Four of 
them failed within 14 years. There is a high probability that three of the four RSGs 
failed due to a lightning strike. 
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Figure 7. Strain measured with FBG and RSG on the Stork Bridge. 
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Figure 8. Relative displacements (open markers) between the four anchorage cones of 
the terminations and the load transfer media (LTM) and temperature (filled markers) 
versus time. 

The two investigated examples of Kleine Emme and Stork Bridge have shown a large 
contrast in reliability parameters and therefore the suitability of such non-repairable 
systems for monitoring or safety purposes is questionable. No failure occurred in nearly 
200 cumulated FBG operation years at the Stork Bridge while at the bridge over the 
Kleine Emme 8 of 21 FBG failed in 180 cumulated FBG operation years. This does not 
indicate an intrinsic problem of the fiber system because the same fiber and FGB were 
used at both locations. Main differences however exist in the details of implementation 
and the applied strain on the FBGs. In the case of Kleine Emme Bridge the FBGs were 
embedded into the wires within an experimental industrial pultrusion process. Pre-
damage was possible. It was the first application of this kind. No practical experience 
was available. The strains are as high as ~8000 µm/m. In the case of the Stork Bridge 
the attachment of the FBGs was controlled, without pre-damage, with a highly 
established method similar like with conventional RSGs. The strains were below 3000 
µm/m. Therefore, in order to achieve useful levels of reliability over decades, only well 
established and controllable methods for the attachment of the FBGs should be used and 
strain should be kept as low as feasible. As shown for the Stork Bridge, high reliability 
over decades can be achieved by a combination of hardware redundancy, redundancy in 
the measurement process, i.e. light access from both sides of the fiber system, and 
reliable components. 

3 CONCLUSIONS 

The application of carbon fiber reinforced polymers (CFRP) in construction, especially 
in post-strengthening and rehabilitation is well known and mostly accepted today. 
Without successful performance monitoring on CFRP pilot projects with the means of 
the structural health monitoring this would not have been possible. As has been shown 
these means contain not only sophisticated tools like fiber optical sensors but also 
proven old fashioned devices similar to demec gauges. 
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