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Abstract
Local scour is one of the major factors for bridge failure. Scour failures tend
to occur suddenly and without prior warning or sign of distress to the
structure. Two types of real-time monitoring systems for bridge scour, using
fiber Bragg grating (FBG) sensors, have been developed and tested in the
laboratory. These FBG scour-monitoring systems can measure both the
processes of scouring/deposition and the variations of water level. Several
experimental runs have been conducted in the flume to demonstrate the
applicability of the FBG systems. The experimental results indicate that the
real-time monitoring system has the potential for further applications in the
field.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

It is well known that scour is one of the major causes for
bridge failure [1–16]. When scouring occurs, the bed materials
around the pier footing can be eroded, leaving the infrastructure
such as the bridge piers and abutments in an unsafe condition,
and in danger of collapse with the distinct possibility of loss
of life. More than 1000 bridges have collapsed over the past
30 years in the USA, with 60% of the failures being due to
scour [1]. This serious problem also happens in many East-
Asian countries such as Taiwan, Japan, Korea, owing to the
fact that these areas are subject to several typhoon and flood
events each year during the summer and fall seasons. Scour
failure tends to occur suddenly and without prior warning
or sign of distress to the structures. The nature of the
failure is usually defined as the complete collapse of an entire
section of a bridge. There were 68 bridges damaged due to
scour damage in Taiwan, based on a survey from 1996 to
2001 [2]. Scouring at a bridge pier in the river can be caused
by general scour, contraction scour or local scour. Among

them, local scour is the most critical; it is generally caused
by the interference of the structures with river flow, and it is
characterized by the formation of a scour hole at bridge piers
or abutments. A great deal of time, money and effort has
been dedicated to the development and evaluation of scour
detection and instrumentation in order to obtain more accurate
measurements. However, it is not easy to measure or monitor
the depth variations of scouring at piers, especially in a flood.

Many methodologies and instruments have been proposed
for measuring and monitoring, such as sonar, radar, and time-
domain reflectometry (TDR) to estimate or predict the local
scour depth at bridge foundations [3–16]. However, most
of these available techniques have limited applications. For
example, both sonar and radar are easy to install, but the results
are difficult to interpret, especially when the running water
contains high concentration sediments, debris or rocks in a
flooded river. In addition, the noise caused by the turbidity
of the flow will make those systems unreliable for real-time
monitoring of the scouring processes. Therefore, radar and
sonar are usually good for applications after flood, and the
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data of scour depth measured can mainly indicate the final
status of the degradation/aggregation surrounding the bridge
pier [3–6]. However, instead of the final scour depth after
flood, the actual deepest scour depth (i.e. maximum scour
depth during flood) is much more important to the safety of
the bridge structure; this generally occurs near the peak flood
discharge. The TDR technique is operated by generating
an electromagnetic pulse and coupling it to a transmission
line or cable [7–9]. The response signal changes if there
is any variation in the current or potential. Since the cable
as a transmission line is often several hundreds of meters in
length, the pulse attenuates and disperses the TDR signal. This
drawback reduces the ability to detect subtle scour changes.
In addition, the electromagnetic environment also affects the
accuracy of the results. A piezoelectric sensor, consisting of a
series of spatially separated piezo films, provides incremental-
spatial resolution to track the entire scour cycle [10, 11].
However, this is a delicate set-up and it is susceptible to being
damaged by muddy waters and debris in the flooding period.

Therefore, a local scour depth monitoring system faces the
challenge of developing a real-time, reliable and robust system,
which can be installed in a river bed near the bridge pier or
abutment. Moreover, it is well known that the established scour
formula for estimating the maximum scour depth relates to the
characteristics, including the flow depth, velocity and sediment
size. In practice, the limitations of the scour formula should be
addressed before one can apply it adequately. The recognition
of any possible aggradation and degradation of the river-bed
level in response to a channel disturbance is important for the
prediction of channel bed variations. In addition, the scour
process around the pier or abutment is essentially complex
due to the three-dimensional flow patterns interacting with
sediments. However, most of the data obtained to develop the
scour formula are collected from the laboratory instead of from
the field. Thus, it is necessary to develop a real-time system
for monitoring and measuring the scour depth in the field.

In the present study, two novel FBG monitoring systems
are developed and used in the real-time measurement of the
process of local scour. Applying the FBG sensor systems, the
laboratory data of the water level, scour depth and deposition
height are collected and analyzed herein.

2. Fiber Bragg grating sensor

An optical fiber sensory system, specifically fiber Bragg
grating (FBG) sensors, has been developed and proven to have
excellent long-term stability and a high reliability in strain
and temperature measurements [17–23]. In order to fulfill the
monitoring needs of a large structure, an optical fiber sensory
system can provide many sensor locations together with
minimum processing requirements. Civil structures must resist
environmental and in-service loads such as wind, earthquake,
traffic, and thermal effects. It has been demonstrated that an
intelligent sensory system coping with optical fiber sensors
is highly effective in monitoring the dynamic responses of
structures under the above-mentioned external loads.

Current technology allows the FBG sensors to be easily
fabricated and placed in materials through a side exposure
technique. Two typical configurations consist of either
exposing a small portion of the optical fiber to two interfering

beams of ultraviolet (UV) light or having one UV beam focused
through a phase mask. This creates a periodic modulation of
the refractive index in the core of an optical fiber. Due to the
periodic nature of the index perturbation, only certain discrete
optical frequencies will resonate in the structure. Therefore, if
broadband light is traveling in the core of the optical fiber, the
incident energy at such a resonant frequency will be reflected
back down the optical fiber.

It is known that the Bragg phase-matching condi-
tion [17–23] determines the Bragg wavelength, λB, of a fiber
grating. The wavelength shift �λB of an FBG sensor, subject
to physical disturbance, can be expressed as:

�λB

λB
= (1 − pe)ε + (α + ξ)�T (1)

in which Pe, ε, α, ξ , and �T are the effective photoelastic
constant, axial strain, thermal expansion coefficient, thermal
optic coefficient and temperature shift, respectively. These
coefficients generally depend on the type of optical fibers
used and the wavelengths at which they are written and
measured. However, in sensor applications, the wavelength
shifts induced by variations of the doped materials in the
optical fiber can be treated as constants, as compared to those
induced by structural strain, because measurements of the
fractional Bragg wavelength variations, induced by the doped
materials, are small. As can be seen in equation (1), any change
in the periodicity of the refractive index modulation or the
overall index of refraction will change the Bragg wavelength.
Consequently, any temperature or strain-induced effect on the
FBG can be determined by a corresponding shift in the center
Bragg wavelength.

In the other words, the shift of the Bragg wavelength,
�λ, can be measured directly by the axial strain of an optical
fiber. According to previous experimental studies by several
researchers [17–23], it has been demonstrated that the shift
of the Bragg wavelength has a linear relationship to the
applied strain in the axial direction. FBG sensors are highly
attractive because of the inherent wavelength response and
multiplexing capability in a distributive sensing network. In
contrast to conventional strain resistance gauges, these sensors
have immunity from electromagnetic interference. They are
small and lightweight. They also have high temperature and
radiation tolerance. Practically, they are flexible, stable and
durable in harsh environments. In addition, FBG sensors are
absolute and linear in response, as well as being interrupt
immune and characterized by a low insertion loss. Thus, they
can be multiplexed in a series of arrays along a single optical
fiber. Furthermore, FBG sensors have been developed for a
quasi-distributed or multi-point strain monitoring system in
both surface-mounted and embedded sensing applications.

However, since only one sensing parameter, wavelength
shift, is required in the sensor application, temperature and
strain cannot be measured simultaneously with one single
grating. To separate the strain signal from the temperature
signal, different compensation methods of temperature effects
have been reported in the literature [17–23]. In addition,
discriminating techniques have been proposed in recent years,
such as using the first-order or second-order diffraction
forms to measure temperature and strain simultaneously [18],
or using a chirped fiber grating written in a tapered
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Figure 1. The FBG scour monitoring system—model I.

fiber to fabricate a temperature-independent FBG strain
sensor [19]. Practically, with a matrix inversion technique,
most of the applications utilize two superimposed FBGs
written at two different wavelengths to decouple strain and
temperature [20–23].

3. Experimental setup and results

3.1. Experimental setup

Two types of local scour monitoring systems are developed in
the present study. As shown in figure 1, the FBG monitoring
system of model I uses the cantilever mechanism to measure
the local scour depth due to the variations of flow and bed
level. Three FBG sensors, each sensor built with a desired
wavelength, are mounted on the surface of a cantilevered beam
and arranged in series along one single optical fiber. These
three sensors, namely sensors 1, 2 and 3, are individually
mounted at 15, 27 and 39 cm away from the bottom of the
cantilevered beam partial submerged with a water level of
53 cm for each experiment. The experiments were conducted
in a 12 m-long, 0.3 m-wide and 0.6 m-deep flume with glass
sidewalls at the Hydrotech Research Institute of National
Taiwan University, Taipei, Taiwan. The cantilevered beam
was placed in the middle of the flume paved by sand with
various bed elevations of 0.33, 0.30 and 0.18 m for cases 1–3,
respectively. The prescribed discharge and its corresponding
depth for each experimental case were controlled by adjusting
the inlet valve and tailgate. As presented in figure 2 for
model II, the FBG sensors illustrated by rectangular boxes
are also arranged in series along one single optical fiber, but
each FBG sensor is mounted on the cantilevered plate like
a flag installed at a different level inside a hollow chamber
of a steel pile fixed to the pier or the abutment. To simulate
scouring/deposition of the river bed, a dune-like bed formation
is assumed in the experimental setup. There are three runs,
namely cases 4–6, tested in model II.

It is noted that all the FBG sensors of model I and model II
are carefully protected from any damage in the experiment.
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Figure 2. The FBG scour monitoring system—model II.

Table 1. Measured maximum strains (µ) for model I.

Case 1 Case 2 Case 3

Sensor 1 71 33 33
Sensor 2 60 49 106
Sensor 3 9 8 163

Items measured include the water flow level, the scour depth
and the riverbed elevation. When the running water flows
towards the cantilevered device in model I or model II, a
deformation strain will be generated by the bending moment,
and this strain will be detected directly by the FBG sensor. If
the FBG sensor is originally buried under the river bed surface,
there is no response of the FBG sensor. The scour depth will
be detected directly from the responses of the corresponding
wavelengths, whenever the FBG sensor emerges from the river
bed surface during scouring.

3.2. Experimental results for model I

From the experimental results of model I in figures 3–5, the
local scour depth can be observed directly from the maximum
strain of its corresponding FBG sensor. As presented in figure 3
and table 1 for case 1, sensor 1 has the largest bending moment
strain among the FBG sensors, since only sensor 1 emerges
from the bed surface. It is obvious that the scour depth is the
greatest at the location of sensor 1. Due to the running water
keeping eroding the sand bed, then sensor 2 emerges and the
strain value increases as time elapses. As listed in table 1,
the readings of the maximum strains in case 1 for sensors 1
and 2 are 71 and 60, respectively. However, sensor 3 does
not emerge from the bed surface of the sediment deposits,
and it only takes readings due to temperature. Note that
the response of the scour depth is instantaneously monitored
by the FBG sensors. During the experiment, sine-wave-like
noises are detected and possibly induced by the vibration of
the cantilevered beam. This vibration may be correlated with
the motions of sediments and flows, which is attributed to the
presence of transported sediment particles and fluid turbulence,
especially at the emerging stage of the sensor. Similarly, as
illustrated in figure 4 for case 2, sensor 3 does not emerge from
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Figure 5. Experimental results of case 3 using model I.

the bed surface and it can only read some strain measurement
due to temperature. Accordingly, for case 3 in figure 5, all of
the sensors are submerged in the water at the initial setup of the
experiment, and the maximum response of the strain reading
obtained from sensor 3 is listed in table 1.

3.3. Experimental results for model II

In model II, the initial experimental setup for cases 4–6 is
illustrated in figure 6. With the angle of repose, the dune-like
bed formation paved by sand has a height of 0.5 m. The scour
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Figure 7. Experimental results of case 4 using model II.

monitoring system model II with three FBG sensors, namely
FBG 1, FBG 2 and FBG 3, is placed 0.5 m away from the toe
of the slope to measure water and bed levels variations. As
case 4 starts, the given constant discharge is released at the
upstream end of the experimental reach. When the running
water arrives and makes contact with the cantilevered plate at
300 s, sensor FBG 1 responds first to the water temperature,
as shown in figure 7. The change of water temperature is
measured as a 0.025 nm wavelength shift, which corresponds
to about 2 ◦C difference from the ambient air temperature [2].
The readings of the wavelength then shift when the water level
keeps rising, and the flow is acting on the cantilevered plate of
FBG 1 to generate a bending strain. The level of the running
water can be obtained directly from the wavelength shifts of
sensor FBG 1, as shown in figure 7. When FBG 1 emerges
from the bed surface, it is obvious that the readings of the
wavelength shifts change significantly as the flow velocity
increases. After 1600 s, the reading of FBG 1 is approximately
constant because the water level remains constant at about
0.23 m. Accordingly, the variations of the readings may be
attributed to the presence of sediment particle motion and fluid
turbulence induced by the flow velocity field. Sensor FBG 2
is affected in a minor way by the spattering water, while the
water level does not reach FBG 3. On the other hand, the
effects of the water level rising are investigated in case 5 with
the same initial experimental setup as case 4. Figure 8 presents
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Figure 8. Experimental results of case 5 using model II.

the corresponding responds of three FBG sensors when the
water level reaches each sensor at different elevations. From
the above-mentioned results, it can be seen that not only the
water level change is monitored in real time but also the flow
velocity is detected. These results regarding acting strains
correlate with the fluctuating flow-velocity field. Thus, the
FBG sensor system can be useful for real-time measurements
of water level and velocity in a flood.

To investigate the processes of scouring and deposition
on the river bed, the experimental test of case 6 is introduced
herein. For case 6, also conducted with the same initial
experimental setup as case 4, the experiment starts by releasing
the given discharge upstream. Since the running water reaches
the sensor FBG 1, it is affected immediately by the temperature
of the water as mentioned earlier. The response to the change
of water temperature shifts the wavelength of the FBG sensor
approximately 0.02 nm, which corresponds to 1–2 ◦C, as
shown in figure 9 at the beginning of the T1 stage. As the
water level rises gradually and impacts upon the FBG sensor,
the bending moment of the cantilevered plate is induced by the
flow velocity, and it indicates the height of the water level as
shown in figure 9. Before the end of the T1 stage, the reading
of strain decreases because the bed level is somehow refilled
by the sediment transported from the dune-like formation. To
mimic the deposition processes, fine sand is poured directly
near the water surface of the sloping bed region at 150 s.
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Meanwhile, noise-like signals may be induced by sediment
particle movement and flow turbulence, as mentioned in case 4.
In the period of the T2 stage, it is also observed that fluctuations
resulting from flow and sediment movement increase with the
responses of the wavelength shifts as the bed level rises due
to deposition. With sand continuously being poured into the
experimental reach, the cantilevered plate becomes buried. As
shown at the T3 stage in figure 9, there is no reading of strain
due to no external force acting on the plate after 700 s, which
indicates that the sensor is buried by sand. At 900 s, sand
feeding ceases and running water keeps eroding. After 1100 s
at the T4 stage, as illustrated in figure 9 the FBG 1 sensor
emerges again by the running water under scouring processes.
The readings of the strain resume, and the scouring process
is similar to that at the T1 stage. Since the cantilevered plate
emerges from the deposited sediment, it reveals the scouring
depth from the reading of strain. Apparently, the FBG sensor
system is capable of measuring the water level, scour depth
and deposition height as analyzed in the above.

4. Summary and conclusions

Scouring at a bridge pier in a river can be caused by general
scour, contraction scour or local scour. Among them, local
scour is the most critical, and it is generally caused by
the interference of the structures with river flow, which
is one of the major causes for bridge failure. Without
prior warning or sign of distress to the structures, scour
failure tends to occur suddenly. A great deal of effort has
been dedicated to the development and evaluation of scour
detection and instrumentation in order to obtain more accurate
measurements. Essentially, it is important to measure or
monitor the depth variations of scouring at piers in a flood.

Two types of the real-time scour monitoring systems,
namely model I and model II, using fiber Bragg grating (FBG)
sensors, have been developed and tested in the laboratory.
These novel FBG scour-monitoring systems can measure both
the processes of scouring/deposition and the variations of water
level. Six experimental runs were conducted in the flume to
demonstrate the applicability of the FBG systems. In model I,
the FBG sensors built with a desired wavelength are mounted
on the surface of a cantilevered beam and arranged in series

along a single optical fiber. In model II, the FBG sensors
are also arranged in series along a single optical fiber, but
each FBG sensor is mounted on the cantilevered plate like a
flag installed at different level inside a hollow chamber of a
steel pile fixed to the bridge pier. The FBG sensors apply the
cantilever mechanism to measure the corresponding strains.
From the experimental results, such FBG sensor systems can
be useful for real-time measurements in a flood.

In the present study, it is shown that the FBG systems
have demonstrated the capability to measure the water level,
scour depth and deposition height. The experimental results
indicate that a real-time monitoring system using FBG sensors
has the potential for further applications to bridge scour in the
field. However, to protect it from being damaged by the huge
impact forces of a high-velocity flood with drifting debris and
sediments, the installation procedures as well as the packaging
of the FBG scour monitoring system require careful designs
for practical engineering purposes.
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