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This Report is a Part of the Research Project “Sustainable Bridges” which aims to help European railways to use 
their bridges more efficiently by allowing higher axle loads on freight vehicles and by increasing the maximum 
permissible speed of passenger trains. This should be possible without causing unnecessary disruption to the 
carriage of goods and passengers, and without compromising the safety and economy of the working railway.  

The Project has developed improved methods for computing the safe carrying capacity of bridges and better 
engineering solutions that can be used in upgrading bridges that are found to be in need of attention. Other re-
sults will help to increase the remaining life of existing bridges by recommending strengthening, monitoring and 
repair systems. 

A consortium, consisting of 32 partners drawn from railway bridge owners, consultants, contractors, research 
institutes and universities, has carried out the Project, which has a gross budget of more than 10 million Euros. 
The European Commission’s 6th Framework Programme has provided substantial funding, with the balancing 
funding coming from the Project partners. Skanska Sverige AB has provided the overall co-ordination of the Pro-
ject, whilst Luleå Technical University has undertaken the scientific leadership. 

The authors of this report have used their best endeavours to ensure that the information presented here is of the 
highest quality. However, no liability can be accepted by the authors for any loss caused by its use. 
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Summary 
In a near future, monitoring has the potential to become a useful instrument for improving the 
efficiency of maintenance of civil engineering structures. However, monitoring is the domain 
of specialists in sensor technology, electronics, informatics as well as data communication 
and processing. All these topics are usually not familiar to all those civil engineers responsi-
ble for the maintenance and upgrading of civil structures. On the other hand, when imple-
menting a monitoring system, civil engineers have to cooperate very closely with monitoring 
specialists to assure that the monitoring system designed by these specialists provides the 
information that they are looking for. Usually, this is not for granted. Therefore, the scope of 
this report is to give civil engineers an insight into the most common concepts and technolo-
gies in use today for monitoring of civil engineering structures. A better understanding of the 
opportunities and limitations of these techniques helps to improve the communication be-
tween civil engineers and monitoring specialists and, as a consequence, contributes to pro-
vide better designed monitoring systems fitting as good as possible the requirements formu-
lated by the customer and civil engineers.  

This report tries to fill this gap and describes the most common monitoring concepts and 
techniques that are available today. It is a background document of the monitoring guidelines 
SB-5.2 “Monitoring Guidelines for Railway Bridges”. It will collect all technical information 
concerning measurement instrumentation which is required for a proper understanding of 
guidelines.  
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 1

1 INTRODUCTION 
G. Feltrin, Swiss Federal Laboratories for Materials Testing and Research (EMPA) 

1.1 General concepts 

1.1.1 Sensor-Based Measurement Systems 

A monitoring system is a sensor-based measurement system which provides empirical information 
about a structure over a period of time. A sensor–based measurement system is a combination of 
sensors, signal conditioning and conversion devices as well as data acquisition, processing and rep-
resentation devices with the objective to acquire empirically a number of physical or chemical proper-
ties or qualities of an object (e.g. structure or structural component) or an event (e.g. train crossing). 
The final result of a modern sensor–based measurement system is an ordered sequence of numbers 
which describe the properties or qualities of an object or an event.  

One objective of a measurement system can be the monitoring of strains, displacements and tem-
peratures at different locations of a bridge for observing its performance or acquiring empirical data 
which is used, after a subsequent post-processing stage, as input data for assessment methods.  

A sensor-based measurement system consists of several parts carrying out different functions on 
the data (Figure 1.1). The sensor is the component which senses a specific quantity of the physical 
process and produces continuous electric output reflecting the time evolution of the observed quan-
tity. One or more signal conditioning devices process and transform the electric output of a sensor. 
The output is usually amplified and filtered before being processed by an analogue-to-digital con-
verter. Its output is a stream of digital data items, a time series, which is displayed, stored and post-
processed by a digital data processing unit (typically a PC).  
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Figure 1.1: Block diagram of a traditional measurement system.  
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1.1.2 Transducers and sensors 

A transducer is a device which converts a physical quality or property from one physical form to a 
corresponding but different physical form. In structural engineering applications, six different kinds of 
physical forms are relevant: mechanical, thermal, electric, magnetic, chemical and radiation. Any de-
vice converting a physical quality from one of these forms to another is a transducer. For example, a 
thermograph converts temperature (thermal) changes to displacement (mechanical) changes of a 
pen.  

Transducers which convert a physical quantity to an electric output are usually called sensors. A 
thermograph is therefore not a sensor. An accelerometer is a sensor because it converts accelera-
tions (mechanical) into voltage (electric). Sometimes, transducers and sensors are used as synony-
mous terms. For radiation, detectors are used as synonymous for sensors. Table 1.1 lists the most 
common sensors for monitoring of civil engineering structures.  

The electric output of a sensor is usually called (electric) signal. This signal is typically analogue, 
that is, time-continuous. Modern measurement systems typically rely on sensors and use therefore 
electric signals as output. Electronic measurement systems have several advantages: 

1. Because of the electronic structure of matter, sensors can be designed for detecting any non-
electric property.  

2. The transmission of electric signals over long distances is easy, versatile and cheap.  
3. Modern integrated circuits technology allows for simple and effective signal conditioning, modi-

fication and amplification of electric signals.  
4. Modern digital computer technology simplifies enormously the acquisition, storage, processing 

and retrieval of measured data.  

Table 1.1: Typical sensors used in structural monitoring 
Physical quantity Sensor 

Displacement Linear variable differential transformer (LVDT) 
Long gage fiber optics (interferometry) 
Accelerometers and numerical time-integration (transient signals) 
Laser optical triangulation 
Vibrating wire sensor 

Velocity Accelerometers and numerical time-integration (transient signals) 
Geophones 
Microphones 

Acceleration Piezoelectric accelerometer 
Capacitive accelerometer 
Force balanced accelerometer 

Strain Electrical resistance strain gages 
Bragg grating fiber optics 
Long gage fiber optics (Interferometry) 
Fabry-Pérot 

Force Electrical resistance strain gages (load cells) 
Piezoelectric 

Temperature Electrical resistance thermometers 
Thermocouples 
Thermistors 
Fibre optics based sensors 

Humidity MEMS sensors 



Sustainable Bridges SB-5.1 2007-11-30 3 
  Rev. 2007-11-30 

 

1.1.3 Signal conditioning 

A signal conditioner is a device that captures the primary electric signal of a sensor and transforms it 
to an electric signal which is better suited for transmission, modification, amplification and recording. 
For example, the famous Wheatstone bridge transforms the primary output signal of an electric strain 
gage, the resistance change, into a voltage signal which is much easier to transmit and post-process.  

A signal conditioning device normally consists of electronic circuits performing one or more specific 
operations on the output signal of sensors. The operations can be any of the following: level shifting, 
amplification, auto scaling, filtering, impedance matching, modulation and demodulation, and com-
pensation (e.g. temperature).  

1.1.4 Data transmission 

The size of civil engineering structures is typically very large. Since the sensors are distributed over a 
large area, their data has to be transmitted over large distances before being acquired by a central 
data acquisition unit. Thus, avoiding data corruption and loss during data transmission is usually an 
important issue when designing a measurement system.  

Data transmission occurs either as analogue (voltage) signal, the traditional and typical implemen-
tation for monitoring of civil engineering structures, or as a stream of digital data items. In the latter 
case, signal conditioning, amplification, filtering and digital conversion occur before data transmission 
to the central data acquisition unit. The data can be transmitted as electrical signals in wires or as 
radio-frequency electromagnetic waves using antennas. In wireless data communication the data is 
typically encoded into digital data stream. Wired data transmission may occur with twisted cupper 
wires, coaxial or fiber optic cables etc..  

1.1.5 Amplifiers 

Amplifiers are typical components of a measuring system. They are used for signal conditioning as 
well as for pre-processing the signal before digital conversion.  

Amplifiers perform two important functions: 
– Increase the signal-to-noise ratio (SNR) before transmission, 
– Increase the resolution of a signal. 
The output signal of sensors is typically a low level signal. For sensors being located far away from 

the data acquisition unit, the direct transmission of this analogue output signal may be greatly affected 
by electrical noise. Amplifying the output signal after it has been transmitted would amplify the noise 
by the same amount of the sensor output signal. If the noise is of the same order of magnitude of the 
sensor output signal, then the significant information may be completely obfuscated by noise, leading 
to meaningless measurements. Contrary, amplifying the sensor output signal before it is transmitted 
increases the level of the significant signal with respect to level of noise, thereby improving the signal-
to-noise ratio.  

Modern measurement systems record and storage data in digital format. That is, the measured 
data is represented as a sequence of bits. However, the output signal of a sensor is typically ana-
logue. The conversion of an analogue to a digital signal is an important operation and is performed by 
an analogue-to-digital converter (ADC). ADCs require an analogue input signal within specified ampli-
tude margins which are typically a few volts. Therefore, to significantly improve the resolution, sensor 
output signals, which often have amplitudes in the millivolt range, must be amplified before they can 
be processed by an AD converter. 

1.1.6 Filters 

Filtering removes unwanted frequency components, typically noise, from a signal. For example, ana-
logue anti-aliasing filters are used to remove high frequency components of a signal before being pre-
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sented to the analogue-to-digital converter for digitalization. Digital filters are applied during post-
processing of measured time series to extract specific information from data.  

1.1.7 Digital data acquisition 

Typical sensor-based measuring systems operating in civil engineering applications have a star to-
pology: Each sensor is connected with a separate cable to a data acquisition unit. The output signal of 
a sensor is transferred as analogue signal over the cable. Analogue signals are continuous functions 
of time and can assume any value within the range of the sensor. At the data acquisition unit, the con-
tinuous analogue signal is usually converted to a stream of numeric values which are represented in 
digital format. This core operation is performed by so called analogue to digital converters (A/D con-
verters). These devices observe the continuous analogue signal and convert it “on the fly” at regular 
time intervals to a sequence of bits. Thus, the digital representation of signals implies both a time dis-
cretization, called sampling, and an amplitude discretization, called quantization.  

The significant improvement of the data processing power of desktop and portable computers has 
promoted the use of data-acquisition products designed to be installed in standard PC I/O slots. PC 
based data acquisitions systems offer the advantage of incorporating in a single unit the function of a 
data acquisition, analysis and storage system. A modern multifunction data acquisition card is de-
signed to provide many input channels for acquiring simultaneously sensor output signals, to generate 
one or more output signals and to read and write multibit digital data. Cards are available for all stan-
dard PC buses (PCI, ISA, PCMCIA for portable applications, USB). The card manufacturers provide 
software drivers for supporting the use of their cards with common programming languages and even 
powerful software packages for configuring the cards, defining the data acquisition tasks and organiz-
ing the data storage.  

1.1.8 Data display, post-processing and storage 

In the last decade, personal computers (PC) advanced as the preferred devices for displaying, post-
processing and storing measurement data. Today, many dedicated software packages permit to per-
form in a simple way a great variety of operations on measurement data. This outstanding progress 
and the significant cost reduction of hardware have driven the evolution towards digital recording sys-
tems. The traditional analogue devices like x-y plotters, analogue tape recorders, galvanometers etc., 
have lost most of their attractiveness.  

1.2 Performance Characteristics  
The quality of measurements depends on the characteristics of a sensor-based measurement sys-
tem. A suitable terminology has been developed for specifying the performance of such systems. This 
section lists a number of terms which apply to sensors and measuring instruments (amplifier, digital-
to-analogue converters etc.), irrespective of their operating principle and design. The list, which is not 
exhaustive, is intended to provide basic information for better understanding instrument specifications 
and may help to promote a proper choice and operation of measuring instruments by improving the 
understanding of data sheets.  

Input and output range 
The input range defines the lower and upper limits of the measurand between which the instrument 
operates properly and in compliance with its specifications. The input limits have the dimensions of 
the measurand.  

The output range defines the lower and upper limits of the output signal of an instrument operating 
within the input range. The output range has the dimension of the output signal.  
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Span 
The span is the difference between the upper and lower limits, either input or output, which defines 
the range. 

Full-scale value 
The full-scale value characterises the upper limit of the input or output range of an instrument. The 
full-scale value equals the span if the lower limit is zero. Several properties of an instrument like accu-
racy, precision etc. are usually characterised as a percentage of the full-scale value. The acronym for 
full-scale value is FSO or FS.  

Resolution 
Resolution characterises the smallest change of the input quantity that produces a detectable change 
in the output signal of an instrument. When the input quantity increment is with respect to zero, the 
smallest change is called resolution threshold or discrimination threshold. Therefore, the resolution 
describes the ability of an instrument of discriminating small changes of the quantity being measured.  

The resolution of a sensor is usually specified either by quoting an absolute value having the di-
mension of the physical quantity being measured or as a percentage of the full-scale output of the 
sensor. In many cases, the resolution is limited by the output noise of the sensor.  

Dynamic range 
The dynamic range characterises the range of input values of an instrument between the resolution, 
the minimum detectable level, and the full-scale value. The dynamic range is usually expressed in 
decibel, that is 10DR(dB) 20log (DR)= .  

Bandwidth 
The bandwidth characterises the range of frequencies for which an instrument, given an input ampli-
tude, produces a signal output amplitude which is not significantly attenuated.  

Lag time 
The lag time describes the time that passes between the start of a change in the measurand (step 
change) and the start of a change in the output of an instrument (Figure 1.2). 

Stabilization or settling time  
The stabilization or settling time describes the time period an instrument needs, when subjected to a 
step change in the input value, to provide the final value of the output signal (Figure 1.2). 
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Figure 1.2: Lag time (t1-t0), time constant (t2-t0), time response (t3-t0) and stabilization time (t4-t0) of an output 
signal with respect to a step input. 
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Response time 
The response time describes the time period an instrument needs, when subjected to a step change 
in the input value, to provide an output signal reaching a specified percentage (typically 95% or 98%) 
of the final value (Figure 1.2).  

Time constant 
The time constant describes the time period an instrument needs, when subjected to a step change in 
the input value, to provide an output signal reaching 63.2% of the final reading value (Figure 1.2). The 
figure of 63.2% stems from the response of a first order, time invariant, linear system (e.g. RC or RL 
circuit), which is described by an exponential decay ( /( ) ty t ae τ−= ) or increase ( /( ) (1 )ty t a e τ−= − ). 
With respect to the initial rsp. final value, 63.2% corresponds to 11 0.632e−− ≈  at t τ= , where τ  is 
the time constant. 

Accuracy 
Accuracy characterises the capacity of a sensor or measurement system for producing results close 
to the true or exact value of the measured physical quantity. The true or exact value is that value that 
would be obtained by a perfect sensor or measurement system. True or exact values are, by defini-
tion, indeterminate. High accuracy means low measurement uncertainty and low accuracy means the 
converse.  

Accuracy may be characterized by quoting, for a given confidence level, the uncertainty, as a per-
centage of the reading value (%rdg) or as a percentage of the full-scale output (%FSO or %FS), the 
maximal value that can be measured.  

Accuracy is distinguished as static and dynamic. Static accuracy is determined through static cali-
bration. The sensor input is successively changed to take constant values within the full measurement 
range. The sensor outputs are recorded. The plot of input values versus output values forms the cali-
bration curve. Obviously, the input values must be known with a much higher precision than that of 
the sensor subjected to calibration.  

The dynamic accuracy is influenced by effects due to finite response time and bandwidth limitation 
(frequency range). 

Absolute and relative error 
The discrepancy between the true value of the measured quantity and the instrument reading is called 
an error. The difference between measurement result and the true value is called an absolute error.  

exact value
a)

exact value
b)

readings average 

readings average  
Figure 1.3: Diagram illustrating the difference between accuracy and precision. a) High accuracy and low 
precision. b) Low accuracy and high precision. 
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The absolute error may be characterized as a percentage of the full-scale output (%FSO or %FS) 
or with respect to the difference between the minimal and maximal measurable values, the measure-
ment range or span.  

The relative error is defined as the quotient between the absolute error and the true value of the 
measured quantity. The relative error of sensors is usually expressed in two parts: a constant value 
and one which is proportional to the measured value.  

Precision 
Precision characterises the capability of a sensor or measuring system of producing the same results 
when measuring the same quantity under the same operating conditions (temperature, humidity etc.). 
High precision implies a high agreement between successive readings. Therefore, a precise sensor or 
measuring system ensures a low scattering of the readings. However, precision does not provide any 
information if the readings are close to the true value or not (accuracy). A precise instrument may be 
inaccurate. Figure 1.3 illustrates the difference between accuracy and precision.  

Repeatability 
Repeatability characterises the capacity of an instrument of producing successive measurement re-
sults with close agreement within a short time interval and under the same specified conditions. The 
repeatability expresses the likelihood that the absolute value of the difference between two succes-
sive readings does not exceed a minimum value.  

Reproducibility 
Reproducibility characterises the capacity of an instrument of producing successive measurement 
results with close agreement over a long time period or with different operators or in different loca-
tions.  

Sensitivity 
Sensitivity characterises the rate of change of an instruments output with respect to the input quantity. 
The sensitivity is the slope of the calibration curve within the measurement range. If the instruments 
output y  is related to the input quantity x  by the equation y f (x)= , the sensitivity S(x)  is 

df (x)S(x)
dx

= . 

For sensors, it is desirable to have a high and constant sensitivity within the measurement range.  

Measurand

O
ut

pu
t independent

zero-based

sensor output

end point

 
Figure 1.4: Diagram illustrating different definitions of linearity. 
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Linearity 
Linearity characterises the ability of an instrument to follow a prescribed linear relationship between 
input and output quantities. The nonlinearity or nonlinearity error of an instrument characterises how 
much the instrument output deviates from a linear relationship between input and output quantities. 
For properly quantifying the nonlinearity, the linear relationship between input and output quantities 
being used for reference has to be defined. Several definitions are adopted in practise: 

1. Independent linearity: The linear relationship is defined by a least square criterion.  
2. Zero-based linearity: The linear relationship is defined by a least square criterion but with the 

restriction that zero input produces zero output.  
3. End-point linearity: The linear relationship is defined by the straight line passing through the 

limiting or end points of the calibration curve. Figure 1.4 displays the different type of linearity.  

Hysteresis 
Hysteresis refers to the property of an instrument to provide for the same input two different output 
signals, depending on the direction, increasing or decreasing, by which the input value was attained. 
The hysteresis error is the maximum error between the upward and downward calibration curve 
(Figure 1.5).  

Stability 
Stability characterises the ability of an instrument to provide the same output signal over time when 
the input quantity is maintained constant. The stability is usually specified in terms of a time period.  

Drift 
The drift of an instrument describes its tendency to produce an output signal which changes mono-
tonically over time without any relationship to the input quantity. Drift may be caused by instrument 
ageing, lack of stability etc. 

Temperature influence 
Temperature influence describes the effect of environmental temperature changes to the output signal 
of an instrument for a constant input value. Temperature influence is usually described as a tempera-
ture coefficient, that is, an output signal change for unitary temperature change.  

Measurand

O
ut

pu
t

Hysteresis error

 
Figure 1.5: Plot of a measurand versus sensor output showing hysteresis. 
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1.3 Other characteristics 
The performance characteristics addressed in section 1.2 do not completely characterise the proper-
ties of an instrument. For sensor selection, many other characteristics may be of concern. Table 1.2 
lists a larger number of characteristics which should be considered when planning a monitoring sys-
tem. The characteristics discussed in section 1.2 address mainly the topics which are essential for 
assuring sound measurement data. However, power supply characteristics, system reliability and en-
vironmental effects are very important issues which affect the overall performance of monitoring sys-
tems.  

Table 1.2:  Characteristics to consider in monitoring system planning  
Quantity to measure Target accuracy 

Resolution 
Span 
Bandwidth 
Extreme values 
Interfering quantities 
Modifying quantities 

Output characteristics Signal output (voltage, current, charge) 
Signal type (single-ended, differential, floating) 
Code (analogue or digital) 
Sensitivity 
Noise floor 
Impedance 
Error characteristics 
Stability 
Drift 
Response time 

Power supply characteristics Voltage, current, power demand 
Frequency (alternate current supply) 
Power reliability and availability (e.g. battery life time) 

Environmental characteristics Ambient temperature 
Thermal shock 
Temperature cycling 
Atmospheric pressure 
Humidity 
Vibration 
Mechanical shock or impact 
Chemical agents 
Explosions 
Dirt, Dust 
Water penetration, immersion 
Electromagnetic interferences 
Electrostatic discharges 
Ionizing radiation 
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Other characteristics Reliability 
Availability 
Operating life 
Acquisition, maintenance and replacement costs 
Cabling and connector requirements 
Mounting requirements 
Installation requirements 
Calibration, testing and installation costs 
Weight and size 
Failure identification 

1.4 Literature 
Caria, M. (2000) Measurement analysis: an introduction to the statistical analysis of laboratory data in physics, 

chemistry and the life sciences, London, Imperial College Press. 
Dunn, W. C. (2006) Introduction to instrumentation, sensors, and process control, Boston, Artech House.  
Figliola, R. S. and Beasley, D. E. (2006) Theory and Design for Mechanical Measurements, John Wiley and 

Sons. 
Gatti, P. L. and Ferrari, V. (1999) Applied structural and mechanical vibrations: theory, methods, and measuring 

instrumentation. London: E & FN Spon.  
International Organization for Standardization, (1993) International vocabulary of basic and general terms in 

metrology, Second edition. 
Northrop, R. B. (2005) Introduction to instrumentation and measurements, Second edition, Boca Raton: Taylor 

& Francis.  
Pallàs-Areny, R. and Webster, J. G. (2001) Sensors and signal conditioning. 2nd ed., New York, J. Wiley. 
Taylor, J. R. (1997) An introduction to error analysis: the study of uncertainties in physical measurements, 2nd 

edition, Sausalito, California: University Science Books.  
Webster, J. G. (Ed.) (1999) The measurement, instrumentation, and sensors handbook. The electrical engineer-

ing handbook series. Boca Raton, CRC Press. 
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2 ELECTRICAL RESISTANCE STRAIN GAGES 
G. Feltrin, Swiss Federal Laboratories for Materials Testing and Research (EMPA) 

2.1 Introduction 
Resistance-type strain gages are based on the effect that the resistance of metallic wires change 
when subjected to mechanical strain. The stretching of a wire results in a longer wire with smaller 
cross section area. Because the resistance of electrical conductors varies according to the resistivity 
of the material and the length and cross sectional area of the conductor, the stretching produces a 
resistance change.  

The gage factor F  describes the sensitivity of the strain gage and is defined as  

/ / /1 2
/

dR R dR R dF
dL L

ρ ρν
ε ε

= = = + + , 

where R  is the resistance of the wire, L  is the length of the wire, /dL Lε =  is the strain, ν  is the Pois-
sons’s ratio and ρ  is the resistivity of the material . Different materials have different gage factors. For 
small strains, the gage factor is constant so that the resistance change is proportional to the strain. 
The values of the resistance R  and the gage factor F  are supplied by the manufacturer.  

The most common form of modern strain gages consists of an etched thin metal foil which is at-
tached to a thin backing or carrier material. The foil is looped back and forth several times to increase 
the effective length of the sensing element (Figure 2.1). A longer sensing element increases the resis-
tance and hence the resistance changes with strain. The performance of metallic strain gages is gov-
erned by the grid material, the configuration, the backing material, the bonding material and method, 
the gage protection and the signal conditioning circuitry.  

There are several configuration types of strain gages (Figure 2.1). The most common ones are the 
single element, uni-axial strain gages for strain detection in a single direction, the two-element rosette 

 
Figure 2.1: Different type of strain gages: a) uniaxial, b) biaxial rosette c) triaxial rosette d) shear pattern. 
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for strain detection in two perpendicular directions and the three-element rosette for measuring princi-
pal strains and stresses and their directions. Special purpose strain gages are available for crack for-
mation and propagation detection.  

2.2 Characteristics 

Signal conditioning 

Standard gage resistances are 120 Ω, 350 Ω, 700 Ω and 1000 Ω. The most widely used commercially 
available strain gages have a resistance of 120 Ω. For special applications, gages with resistances of 
up to 5 kΩ are available. The strain gage factor F  of standard metal foil strain gages is typically 
around 2.0. Therefore, the resistance change of a standard strain gage due to 1 microstrain (1·10-6 
[m/m]) is 0.24 10-3 Ω.  

The most commonly employed signal conditioning circuit, being able to measure such small resis-
tance changes, is the Wheatstone bridge. The Wheatstone bridge allows measuring the resistance 
change rather than the resistance itself. It converts the resistance change form a strain gage to a 
voltage change. The bridge can be balanced so that output voltage vanishes for vanishing strain. The 
sensitivity of the bridge depends on the input voltage and the circuit type (quarter, half or full bridge 
circuit). A detailed analysis of the Wheatstone bridge and its application with strain gages is found in 
[1-4]. 

Integrated strain gage signal conditioners, which include a power supply, an internal Wheatstone 
bridge, an adjustable amplifier and a low pass filter, are commercially available.  

Amplitude range 

The strain range covered by standard resistance type strain gage is usually -5% to 5%. Particular high 
strain gages have an amplitude range of ±10%. Strain gages suited for specific applications may have 
a reduced amplitude range in stretching (5%) and an increased range in pressure (-10%).  

Frequency range 

Resistance-type strain gages are suitable to measure strain changes due to static and dynamic proc-
esses. So far, no upper limit frequency could be established. Shock wave tests showed that signal 
components of 4 MHz were correctly reproduced by strain gages. Low and medium frequency dy-
namic processes being typical for structural dynamics in civil engineering are therefore unproblematic 
for strain gages.  

Temperature range 

Resistance-type strain gages are applicable in a temperature range of -250°C to 650°C. For short 
time dynamic tests the temperature range can be increased up to 1100°C. The temperature resis-
tance depends on the backing material and the adhesive. Standard foil gages have a temperature 
range of -75°C to 200°C. For applications in dynamics, which do not need a long term stable strain 
reference, the temperature range can be widened between -200°C to 200°C. 

Amplitude deviation 

Standard strain gages operate with a maximum amplitude deviation smaller than 1%. Short gages 
(< 3 mm) have a slightly greater amplitude deviation (2%). Amplitude deviation occurs also because 
of strains transversal to the sensing direction of the gage (transverse sensitivity). This amplitude de-
viation is small and usually does not exceed 0.2% of the amplitude.  
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Temperature variations produce resistance changes due to a change of resistivity of the sensing 
material and the thermal expansion of the strain gage. For applications on common materials like 
steel and aluminium, self-compensating strain gages are avalilable. The compensation is achieved by 
a specific alloy of the sensing element.  

Gages subjected to cyclic strains show hysteretic behaviour. The magnitude of the hysteresis loop 
depends not only on the sensing material but also on the adhesive etc. Generally, the magnitude of 
the hysteresis loop decreases with increasing cycles. The deviation between increasing and decreas-
ing strains is typically a few microstrains.  

Size and weight 

Strain gages are very thin and have therefore a low weight. The thickness is generally smaller than 
0.1 mm. Strain gages weight a few grams. The length of unidirectional strain gages varies between 
0.2 mm and 300 mm (Figure 2.2). The width is between 0.2 mm and 10 mm.  

Power consumption 

The maximum operating input voltage varies with the resistance and the size of a strain gage. Short 
and low resistance strain gages have a maximum input voltage of 1 V. Long and high resistance 
strain gages may have a maximum input voltage of up to 50 V. The higher the input voltage the higher 
is the sensitivity of the gage. The current is very small so that the typical power consumption of a 
strain gage is of a few mW.  

Long term stability 

In strain gages, the passage of time always causes some drift and loss of calibration. The long term 
stability of strain gages depends on the mounting quality. Hysteresis and creeping caused by imper-
fect bonding is one of the fundamental causes of instability, particularly in high operating temperature 
environments.  

Long term reliability 

The long term reliability of strain gages depends on the quality of application. Strain gages exposed to 
significant cyclic strains are subjected to fatigue. The zero level drifts with increasing number of cycles 
and large strain amplitudes. Strain gages subjected to a large number of cycles with significant large 
strain amplitudes may fail even for maximum strains inside the operational amplitude range.  

Costs 

Metallic resistance-type strain gages are rather cheap. The common uni-axial strain gages cost 15 to 
50€.  

2.3 Usage 

Localization of strain 

The localization of strain depends on the length of a strain gage. The shorter the strain gage the 
higher the localization. Therefore, stress concentrations may be resolved using an appropriate length 
of strain gages. In homogeneous materials like steel, aluminium etc., short strain gages usually pro-
duce reliable results. In heterogeneous materials like concrete, which is a mixture of aggregates and 
cement, short strain gages are not recommended, because local strains are subjected to significant 
variations. These measured strains are rarely representative for the state of strain of large structures. 
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Long strain gages are preferable because of 
their inherent strain averaging. In general, when 
measuring strains on structures made of com-
posite materials, the gage length should nor-
mally be large with respect to the typical dimen-
sion of the material inhomogeneity.  

Mounting 

Electrical resistance strain gages have to be 
attached to the specimen with the correct adhe-
sive and proper bonding procedure. The mount-
ing adhesive is a critical element, because it has 
to transfer the displacement of the specimen to 
the sensing element distortion. Best results are 
obtained with stiff adhesives that form a very thin bond layer.  

The mounting surface has to be carefully prepared before gages are installed. The surface has to 
be clean and smooth but not polished to permit a good bonding. Chemically pure solvents may be 
needed to remove traces of grease and oil on the surface. Finally, the mounting surface is usually 
treated with a solution to improve the chemical affinity to the adhesive.  

In low temperature applications of experimental mechanics, curing adhesives which do not require 
heating are usually applied (cyanoacrylate or epoxy adhesives). For long term measurements, a 
complete polymerization of the adhesive is vital for accuracy. Otherwise, the signal from the gage will 
drift with time, seriously impairing the data.  

Cabling 

To detect the change in resistance, lead wires have to be connected to the gage terminals. The com-
mon gages have a pair of solder tabs to which the lead-wires have to be connected. Care must be 
exercised when the lead wires are attached to the solder tabs because foil strain gages are fragile 
even when bonded to a structure. To prevent a stretching of the connections, the wires should be 
fixed to the structure near to the gage.  

In two-wire installations, the wires are in series with the strain gage. Any change of the resistance 
of lead wires is therefore indistinguishable from strain changes. If the resistance of the lead wire ex-
ceeds 0.1% of the nominal gage resistance, lead-wire resistance changes become a significant 
source of error. Therefore, in two-wire installations, lead wire lengths should be minimized. To reduce 
lead wire effects, an additional third wire can be introduced. However, three-wire installations do not 
completely eliminate lead wire effects, because wires are manufactured with too high tolerances.  

The wires should be protected against electromagnetic effects (e.g. power cables carrying large al-
ternating current, transformers etc.) to avoid signal corruption. A shield around the lead wires inter-
cepts interferences and may reduce errors caused by insulation degradation. Twisting will minimize 
signal corruption due to magnetic induction. Therefore, twisted and shielded lead wires should be 
used without exception.  

A detailed analysis of lead-wires effects are found in [3].  

Temperature 

Resistive-type strain gages are quite sensitive to temperature changes. Temperature alters the prop-
erties of the strain gage sensing element but also of the base material. Expansion or contraction of 
the strain gage and/or the base material induces errors that may be difficult to correct. Manufacturers 
usually supply data on the temperature dependence of the gage factor. Measuring the temperature of 

Figure 2.2: Uniaxial long strain gage mounted on a 
concrete specimen.
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the structure near the gage position may help to 
reduce errors caused by changing tempera-
tures. This is particularly important for long term 
static strain measurements.  

Strain gages with self-temperature compen-
sation are available. In selected melt gages the 
compensation is obtained by controlling the 
temperature sensitivity of the sensing element 
through proper manipulation of the alloy and 
processing. These gages show a small appar-
ent strain versus temperature sensitivity when 
mounted on specific test materials (e.g. steel 
and aluminium alloys). Dual-element gages 
consist of two gage elements connected in se-
ries in one gage assembly. The temperature 
characteristics of the gage materials are se-
lected to minimize the overall temperature effect 
for a specific specimen material. In both cases, good temperature compensation occurs only over a 
limited temperature range.  

Temperature compensation may be obtained by using a dummy gage. The active and the dummy 
gages must be identical, applied with the same adhesive and subjected to the same curing cycle. The 
dummy gage is mounted in a stress free region of the specimen or on a separate block of the speci-
men material that is kept at the same temperature as the material surrounding the active gage. The 
dummy gage is integrated in the Wheatstone bridge of the active gage. The dummy gage output can-
cels the active gage output due to temperature changes.  

Calibration 

One type of calibration procedure is performed by mounting a gage on a rod and deforming the rod 
with a known constant strain. The voltage output from an initially balanced bridge is recorded before 
and after the deformation of the rod. The quotient of the strain and the voltage output difference yields 
the calibration constant. The calibration should be performed using the same kind of gages, lead-wire 
configuration and signal conditioning being employed on the structure.  

Humidity and dirt 

After the adhesive is completely cured, gages have to be waterproofed with a light coating. Polyure-
thanes, rubbers, acrylics, crystalline wax etc. are applied to prevent the penetration of humidity 
(Figure 2.3).  

Electromagnetic fields 

The output of a strain gage circuit is a very low-level voltage signal. This makes it particularly suscep-
tible to noise.  

Installation diagnostics 

Each strain gage should be checked against: 
1. Check the base resistance of the unstrained strain gage after it is mounted, but before wiring is 

connected. The measured resistance should deviate less than 1% from the nominal resistance.  

Figure 2.3: Uniaxial strain gage mounted on a geo-
textile and protected against humidity and dirt. 
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2. If the specimen is conductive, check for surface contamination by measuring the isolation resis-
tance between the gage grid and the specimen. This should be done before connecting the lead wires 
to the instrumentation. If the isolation resistance is less than 500 MΩ, contamination is likely.  

3. Check for extraneous induced voltages in the circuit by reading the voltage when the power 
supply to the bridge is disconnected. Bridge output voltage readings for each strain-gage channel 
should be nearly zero.  

4. Connect the excitation power supply to the bridge and ensure both the correct voltage level and 
its stability.  

5. Check the strain gage bond by applying pressure to the gage. The reading should be unaf-
fected. 

2.4 Manufacturers 
Electrical resistance strain gages are produced by many manufacturers. The most important are: 
Entran Sensors & Electronics (www.entran.com) 
HBM Messtechnik (www.hbm.com) 
National Instruments (www.ni.com) 
Vishay Measurements Group (www.vishay.com) 

2.5 Literature 
1. Beckwith, T.G. and R.D. Marangoni, Mechanical measurements. Fourth ed. 1990, Reading, Massachusetts: 

Addison-Wesley. 
2. Dally, J.W. and W.F. Riley, Experimental Stress Analysis. 1991, New York: McGraw-Hill. 
3. Dally, J.W., W.F. Riley, and K.G. McConnell, Instrumentation for engineering measurements. Second ed. 

1993, New York: Wiley. 
4. McConnell, K.G. and W.F. Riley, Strain-Gage Instrumentation and Data Analysis, in Handbook of Experimen-

tal Mechanics, S.A. Kobayashi, Editor. 1997, VCH Publishers: New York. p. 79-117. 
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3 INDUCTIVE LINEAR POSITION SENSORS 
G. Feltrin, Swiss Federal Laboratories for Materials Testing and Research (EMPA) 

3.1 Introduction 
Inductive linear position transducers are usually 
implemented as linear-variable differential trans-
former (LVDT). An LVDT is a passive, mutual-
inductance device using three coils and an in-
ner, mobile magnetic core. The rod shaped 
magnetic core is free to move axially within the 
coil windings. The center coil is energized from 
an external AC power source. Two end coils are 
used as pickup coils and are connected together 
with opposite phases.  

The relative coupling between the two pickup 
coils and the power coil depends on the position 
of the inner core. The output voltage amplitude 
and phase of a LVDT displacement sensor are 
influenced by the relative coupling. If the mobile 
core is positioned exactly between the two 
pickup coils (null position), the voltage of the 
pickup coils is equal so that the total output voltage is cancelled out and is therefore zero. Moving the 
inner core in one direction induces different voltages in the pickup coils which yields a non vanishing 
total output voltage. In a given range, the output voltage is proportional to the displacement of the 
inner core. The direction of motion is determined with the phase between power source and output, 
because it changes by 180° when the core passes the null position. 

More information about design and functioning of Inductive linear position transducers is found in 
[1, 2] and in the documentation provided by the manufacturers. 

3.2 Characteristics 

Signal conditioning 

The output signal of LVDT is voltage. The output voltage is proportional to the input voltage of the 
centre coil. Therefore, the sensitivity is increased by increasing the input voltage. Sensitivity is usually 
stated in terms of mV output per V input at full amplitude or per mm displacement. The input signal is 
normally a sinusoidal voltage signal, of 0.5 V to 10 V r.m.s amplitude and 1 kHz to 30 kHz frequency 

Figure 3.1: Small spring return LVDT displacement 
sensor with mounting block for crack opening monitor-
ing on a concrete structure. 
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(carrier frequency). Common LVDT displacement sensors have an excitation frequency of 5 kHz. 
Specific signal conditioning devices are required to operate a LVDT sensor because of the high fre-
quency AC power supply and the demodulation of the output signal. Single channel signal condition-
ing devices with DC battery power supply are available. Multiple channel signal conditioning devices 
require normally an AC power supply (110V/220V). 

The output signal can be transmitted with wires over long distances and with little degradation of 
quality. However, if long distances are involved (>50 m), a calibration of the transducer and wire is 
mandatory.  

Amplitude range 

Typical amplitudes of LVDT displacement sensors range between ±0.1 mm and ±500 mm. The reso-
lution depends on the amplitude range of a particular sensor. Small amplitude, high precision trans-
ducers have a resolution of 0.01 μm. However, electric noise of the measurement chain and tempera-
ture effects limit the practical resolution to approximately 1 μm.  

Frequency range 

The frequency range of LVDT displacement sensors is limited by the frequency range of the input 
power supply. A minimum ratio of 10 to 1 is required between carrier and output signal frequency; 
otherwise output signal definition becomes difficult. LVDT displacement sensors with an excitation 
frequency of 5 kHz capture correctly output signal frequency of 500 Hz.  

Temperature range 

The typical temperature range of LVDT displacement sensors is -20°C to +150°C. Special high tem-
perature devices operate up to a temperature of 600°C.  

Amplitude deviation 

The linearity error is ±0.5% of the amplitude for standard transducers. The error can be reduced to 
0.1% of the amplitude using special transducers.  

Temperature changes produce a shift of the zero level and a change of the sensitivity. These er-
rors are usually smaller than 0.01%/°C of the amplitude range.  

Unguided transducers have virtually no hysteresis, because of their contact free and therefore fric-
tion free configuration. Spring return transducers or transducers with bearings may show some hys-
teresis.  

Size and weight 

The length of a LVDT displacement sensor ranges from 50 mm for a ±0.1 mm amplitude transducers 
to 2.2 m for ±500 mm transducers (Figure 3.1). The diameter varies between 20 mm and 30 mm. The 
weight varies between 15 g for ±0.1 mm amplitude transducers to 2.5 kg for ±500 mm transducers. 

Power supply 

LVDT displacement sensors require an AC voltage excitation power supply. The typical voltage exci-
tation varies from 0.5 to 10 V r.m.s. in amplitude and has a carrier frequency of 5 kHz.  

Long term stability 

LVDT displacement sensors produce stable output, provided they are properly mounted and operat-
ing within their amplitude and temperature range. Most linear position sensors have minimal or negli-
gible hysteresis.  
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Long term reliability 

The main advantage of LVDT displace-
ment sensors over other types of dis-
placement transducer is its high degree 
of robustness. LVDT displacement sen-
sors properly mounted and operating 
within their amplitude and temperature 
range are reliable over long time.  

Costs 

The costs of a LVDT displacement sen-
sor varies between 500€ and 1500€.  

3.3 Usage 

Mounting 

A LVDT displacement sensor has to be mounted using a rigid connection to a base. Displacements 
are measured relative to this base. Metallic mounting brackets, fitting the diameter of the sensor, are 
normally used. The mounting brackets are designed to bolt to a flat surface. The transducer is fixed to 
the mounting brackets by means of a cap head screw.  

The armature tip of standard transducers should be rigidly fixed to the part subjected to displace-
ments. To avoid friction, the armature has to move as close as possible parallel to the longitudinal 
body axis. This may become an issue for transducers whose armature tip is fixed to a body perform-
ing displacements transverse to the measurement direction. Special care is needed particularly for 
dynamic applications with many millions of cycles. For these cases, unguided transducers are the 
best choice, because of their contact free and therefore friction free configuration.  

Spring return LVDT transducers have an internal spring which presses the armature tip to the mov-
ing part of the specimen. These are much faster to mount because the core tip does not need fixing. 
However, their usage in dynamics may yield false results, because the armature tip may loose con-
tact.  

Cabling 

LVDT displacement sensors can be operated with standard long, shielded, coaxial cables. Cables 
should be securely fastened to the mounting structure to minimize cable whip and connector strain. 
Cable whip may produce noise and cable strain may lead to intermittent or broken connections and 
therefore to data loss. 

The cables should be protected against electromagnetic effects (e.g. power cables carrying large 
alternating current) to avoid signal corruption. The cable should be run in a grounded steel conduct 
being is as far away as possible from power cables. 

Temperature 

LVDT displacement sensors are relatively insensitive to temperature changes. For applications in civil 
engineering with normal accuracy requirements, usually no particular temperature compensation is 
needed. When used to detect crack openings, temperature compensation may be necessary.  
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Figure 3.2: Time evolution of crack opening on a bridge 
measured with a LVDT displacement sensor with a range of 
±1 mm. The resolution of the sensor is smaller than 1μm. 
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Calibration 

The calibration procedure should be performed with the complete measurement chain (transducer, 
cable and signal conditioning) employed on the structure. The calibration constant is determined by 
detecting the voltage output at several core displacements. The quotient of the displacement and the 
voltage output differences yields the calibration constant.  

Humidity and dirt 

Humidity and dirt may penetrate between the moving armature and coils and reduce the mobility of 
the core armature through friction. Therefore, the transducer should be protected against humidity 
and dirt. Specific sensor configurations are available for harsh environments and underwater applica-
tions.  

Electromagnetic fields 

LVDT displacement sensors have normally a metallic case with a separate shield and are therefore 
nearly insensitive to electromagnetic fields.  

3.4 Manufacturers 
Collins Technologies (www.lvdtcollins.com) 
HBM Messtechnik (www.hbm.com) 
Honeywell Sensotec (www.sensotec.com) 
Macro Sensors (www.macrosensors.com) 
Penny + Giles (www.pennyandgiles.com) 
RDP Electronics Ltd (www.rdpe.com) 
TransTek Incorporated (www.transtekinc.com) 
and many more.  

3.5 Literature 
1. Beckwith, T.G. and R.D. Marangoni, Mechanical measurements. Fourth ed. 1990, Reading, Massachusetts: Addison-

Wesley. 
2. Nyce, D.S., Linear Position Sensors: Theory and Application. 2003, Hoboken, NJ: Wiley-Interscience. 
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4 ACCELEROMETERS 
G. Feltrin, Swiss Federal Laboratories for Materials Testing and Research (EMPA) 

4.1 Introduction 
The accelerometer is probably the most commonly used sensor for mechanical vibration measure-
ments. This is due to its small size, wide range of sensitivities and ranges, large usable frequency 
range or bandwidth and easy and fast mounting. Accelerometers are designed to be sensitive to iner-
tial forces. The common design of an accelerometer consists of a so called seismic mass which is 
attached to an elastic support (beam, membrane etc.). When subjected to accelerations, the seismic 
mass produces a significant inertial force which acts on the elastic support. This force is equal to the 
product of the seismic mass and the acceleration. Due to this force, the mechanical component starts 
to vibrate with respect to the accelerometers housing. This vibration is captured with sensing compo-
nents and transformed to a sensor output signal.  

The basic properties of an accelerometer are usually analysed with the model of a single degree of 
freedom mechanical device (Figure 4.1). The seismic mass m  is attached to the moving structure by 
a linear spring element k  and a linear viscous damping element c . The driving force acting on the 
seismic mass is given by the acceleration of the moving structure times the seismic mass. For the 

sensor housing

seismic mass m

linear spring element k

viscous damping element c

vibrating structure

vibration sensing

output signal 

 
Figure 4.1: Mechanical model of an accelerometer. 
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case of harmonic motion of the test object, the amplitude response of the seismic mass is used to 
characterize the properties of an accelerometer. Figure 4.2a illustrates the magnitude ratio between 
the peak acceleration of the seismic mass and the peak acceleration of the test object. In a frequency 
range below the natural frequency of the accelerometer, the magnitude ratio is unity. That is, the peak 
acceleration of the seismic mass and the peak acceleration of the test object are identical. The upper 
limit of the frequency range depends on the damping ratio nζ  generated by the viscous damping ele-
ment. Damping ratios greater than unity reduce the frequency range, whereas a too small damping 
ratio amplifies the frequency components in the neighbourhood of the natural frequency leading to 
wrong measurements. Usually, accelerometers are designed to have a damping ratio of 0.7nζ ≈ . 
This value maximises the upper frequency limit which is 0.4ω ≈ Ω . The frequency components 
above this upper frequency limit are attenuated. Therefore, an accelerometer acts as a low pass filter. 
Ideally, accelerometers are able to detect motions with a very small frequency. However, the sensor 
noise sets a limit to the amplitude of this motion.  

The motion of the seismic mass is phase shifted with respect to the motion of the test object. This 
property of accelerometers is illustrated in Figure 4.2b). The phase shift implies that the motion of the 
seismic mass is generally distorted with respect to the original broadband motion of the test object. 
However, designing accelerometers with a damping ratio of 0.7nζ ≈  attenuates significantly the dis-
tortion because the phase shift below the natural frequency Ω  is nearly proportional to the excitation 
frequency ω . A broadband motion of the test object with many frequency components is therefore 
reproduced by the seismic mass with a constant time delay. This time delay may be of concern, when 
working with different types of accelerometers.  

4.2 Piezoelectric Accelerometers 

4.2.1 Sensing principle 

Piezoelectric accelerometers rely on the piezoelectric effect: quartz crystal or ceramic material pro-
duce under deformation an electrical charge output. This output is due to a realignment of positively 
and negatively charged electrical particles at the opposed surfaces of the deformed crystal lattice. For 
sufficiently small deformations, the number of charged particles (electric charge) accumulating at the 
surfaces is proportional to the imposed deformation. As long as the deformation of the crystal lattice is 
within the linear elastic range of the sensing material, the electric charge is also proportional to the 
applied external force.  
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Figure 4.2: Theoretical response of an accelerometer.  
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Usually, the seismic mass is connected to 
the piezoelectric sensing element producing a 
force when subjected to accelerations. A variety 
of designs are implemented to perform the 
transduction. These are named according to 
how the accelerated mass acts on the piezo-
electric sensing element. The most common 
designs are the compression, flexural and shear 
mode accelerometers (Figure 4.3). Due to their 
good performance, shear mode accelerometers 
are very common.  

Sensitivity, resolution, amplitude and fre-
quency range depend on the design but also on 
the seismic mass. The larger the mass the 
higher the sensitivity, the better the resolution, 
the smaller the frequency and amplitude range. 
The Piezoelectric accelerometers can only 
measure alternating acceleration.  

More information about design and function-
ing of piezoelectric accelerometers is found in 
[1, 3, 6] and in documentations provided by 
manufacturers.  

4.2.2 Characteristics 

Output signal 

The plain output signal of piezoelectric accelerometers is electrical charge. Because the charge pro-
duced by the piezoelectric sensing element is very sensitive to corruption from environmental 
influences, charge output accelerometers have to be connected with a short, low noise sensor cable 
to a signal conditioning device (charge amplifier).  

Many piezoelectric accelerometers have a built in signal conditional electronic circuit. This circuit 
converts the high-impedance charge signal in a low impedance voltage signal that can be transmitted 
over long cable distances with little degradation. Well established is the ICP® standard which ensures 
compatibility with a variety of equipment (ICP means “Integrated Circuit Piezoelectric”). However, the 
operation of the electronic circuits needs an external power source.  

Amplitude range 

Piezoelectric accelerometers cover a wide amplitude range from low amplitude to shock vibration 
measurements (±5 ms-2 to ±10000 ms-2 peak). Traffic induced vibrations produce accelerations which 
are usually below ±100 ms-2. This amplitude range can easily be covered with piezoelectric acceler-
ometers. For applications in this amplitude range piezoelectric accelerometers have a good sensitivity 
(50 mV/ ms-2 to 1 V/ ms-2) and resolution (1.0·10-5 to 2.0·10-3 ms-2 rms).  

Frequency range 

Piezoelectric accelerometers cover a frequency range of approximately 0.1 Hz to 50 kHz. Therefore, 
the frequency range being of interest in civil engineering applications is covered. A particular piezo-
electric accelerometer operates in a specific frequency range. The upper frequency limit is given by 
the natural frequency of the mass/piezoelectric sensing element. The lower limit depends on the elec-

Figure 4.3: Shear type, high sensitivity seismic pie-
zoelectric accelerometer of PCB Piezotronics.  
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tronic circuits used for signal conditioning. Usually, in civil engineering, the lower limit is the limiting 
factor. In general, the higher the resolution and the smaller the amplitude range the smaller is the 
lower amplitude range. A good low frequency performance may be of concern when the acquired ac-
celeration data is used for computing velocity and displacement.  

 

Temperature range 

The typical temperature range of piezoelectric accelerometers is approximately -50°C to 100°C. Low 
amplitude accelerometers with high sensitivity and resolution may have a reduced temperature range 
of -20°C to 60°C. Special low temperature accelerometers can operate down to -200°C and high tem-
perature accelerometers up to 200°C.  

Amplitude deviation 

Piezoelectric accelerometers operate in their frequency range with a maximum amplitude deviation of 
2 to 3% of their nominal amplitude range.  

An additional amplitude deviation occurs because of vibrations transverse to the sensing direction 
(transverse sensitivity). This amplitude deviation is usually smaller than 5% of the amplitude range of 
the sensor.  

Size and weight 

Piezoelectric accelerometers differ enormously in size and weight. Low amplitude, high resolution 
accelerometers may have a width of 60 mm, a height of 80 mm and a weight of up to 1 kg. However, 
in general, size and weight are not a limitation factor in civil engineering.  

Power consumption 

The power consumption of piezoelectric accelerometers with build in signal conditional electronic cir-
cuits ranges from 0.01 to 0.6 W.  

Long term stability 

Piezoelectric accelerometers produce stable outputs over many years when operating within their 
amplitude and temperature range. However, piezoelectric sensing elements are subjected to an aging 
process. This may alter the output within a few %. Recalibration should be periodically performed if a 
high degree of accuracy is required.  

Long term reliability 

Piezoelectric accelerometers operating within their amplitude and temperature range are reliable over 
many years.  

Costs 

The cost of high quality, single axis piezoelectric accelerometers for vibration monitoring of civil engi-
neering structures varies between approximately 500€ for medium sensitivity and 1500€ for very high 
sensitivity devices. Additional costs of 150€ to 250€ per single axis arise because of external signal 
conditioning devices.  
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4.2.3 Usage 

Calibration 

Transducer manufacturers provide calibration information when purchasing a new piezoelectric ac-
celerometer. A commonly used calibration technique makes use of an electromagnetic vibration ex-
citer. The accelerometer to be calibrated is mounted on top of a reference accelerometer. The latter is 
mounted on the exciter’s armature. The reference accelerometer must be traceable to a national 
standard (e.g. NIST or PTB). The exciter is run with sinusoidal excitation. Transducer manufacturers 
offer calibration services to end users.  

A calibration is usually recommended before starting high precision measurements. For vibration 
monitoring of civil engineering structures, a recalibration is recommended every 5 years.  

Temperature 

The output of piezoelectric accelerometers is affected by temperature. Transducers are very sensitive 
to rapid temperature changes and generate false signals. The sensitivity changes with temperature. 
This effect affects the signal amplitude and is generally less than 1% within the operational tempera-
ture range of the accelerometer. Operation of the transducer outside its temperature range may dam-
age the sensing element. Therefore, high sensitivity piezoelectric accelerometers directly exposed to 
sun light may need protection.  

Humidity and dirt 

Manufacturers seal piezoelectric accelerometers at time of assembly so that humidity and dirt are 
generally not of concern for the transducer itself. The weakest part is the cable connector which 
should be carefully cleaned and protected against dirt and water penetration.  

Electromagnetic fields 

Piezoelectric accelerometers are not sensitive to electromagnetic fields so that their effects can be 
ignored. However, an adequate isolation has to be provided against ground loops using 
accelerometers with insulated bases or insulating mounting studs or screws. The isolation can be 
implemented with an insulating interface pad mounted between the accelerometer and the mounting 
surface. To avoid a reduction of operational frequency range, the resonance frequency of the 
interface pad/accelerometer should be higher than that of the accelerometer.  

Mounting 

The mounting technique has an important effect on the accuracy of acceleration measurements with 
accelerometers. A poor mounting may produce parasitic signals which reduce the operating fre-
quency range. The use of compliant material, such as a rubber interface pad, creates a mechanical 

Sensitivity  
[mV/ms-2] 

Resolution 
[ms-2 rms] 

Amplitude 
range [ms-2] 

Frequency 
range [Hz] 

Weight 
[g] 

Costs 
[€] 

Very high sensitivity 1000 1·10-5…5·10-5 ±5 0.1…200 50…700 1000…1500 

High sensitivity 100 5·10-5…1·10-4 ±50 0.3…1000 50…300 500…1000 

Medium sensitivity 10 1·10-4…1·10-3 ±500 1…10000 10…50 500 

Table 4.1: Typical characteristics of piezoelectric accelerometers for civil engineering applications. 
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filter which reduces the high frequency trans-
missibility. Although in civil engineering applica-
tions, the high frequency transmissibility is usu-
ally not critical, a good mounting is essential for 
long term accuracy.  

The mounting surface of a structure should 
be flat and clean. The base of the accelerome-
ters should be completely and firmly in contact 
with the structure. For long term installations 
stud mounting is recommended. On concrete 
and masonry structures stud mounting can be 
easily implemented. On steel structures, screw 
mounting is usually more appropriate. Adhesive or magnetic mounting is only recommended for short 
term installations. 

To simplify the adjustment, an accelerometer can be screw mounted on a metallic basement. The 
latter is fixed to a structure by studs. To avoid signal corruption, the natural frequency of the base-
ment should be higher than the upper operating frequency limit of the accelerometers.  

Cabling and connectors 

Cables should be securely fastened to the mounting structure to minimize cable whip and connector 
strain. Cable whip may produce noise and cable strain may lead to intermittent or broken connections 
and therefore data loss.  

Accelerometers with low impedance voltage output allow for usage of standard long, shielded, co-
axial cables. High impedance charge accelerometers require a short low noise cable connection to 
the signal conditioning device. The latter device is connected with the data acquisition unit with a 
standard coaxial cable.  

The cables should be protected against electromagnetic effects (e.g. power cables carrying large 
alternating current) to avoid signal corruption. The cable should be run in a grounded steel conduct 
that is as far away as possible from any power cables. 

4.2.4 Manufacturers 

Piezoelectric accelerometers are produced by many manufacturers. The most important are: 
Dytran Instruments Inc. (www.dytran.com) 
Kistler (www.kistler.com) 
PCB Piezotronics (www.pcb.com) 
Wilcoxon Research Inc. (www.wilcoxon.com) 

4.3 Capacitive Accelerometer

4.3.1 Sensing principle 

Capacitive accelerometers are designed to be sensitive to inertial forces. A so called seismic mass is 
connected to a support being fixed to the housing and acting as a linear spring element (e.g. dia-
phragm). An additional damping element (usually gas damping) suppresses resonance vibration 
components due to the natural frequency of the system. By a proper selection of natural frequency 
and damping, the inertial force of the seismic mass and therefore the acceleration is designed to be 
proportional to the displacement of the mass with respect to the housing of the accelerometer.  

Electrodes

Electrodes

Seismic mass

 
Figure 4.4: Basic design of a capacitive micro ma-
chined accelerometer.  
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Capacitive accelerometers have usually two 
distance transducers (differential capacitor sen-
sors) which measure the motion of the seismic 
mass with respect to the housing (Figure 4.4). 
The distance measurement relies on the capaci-
tance change of dielectric materials. The most 
common used sensing methods are based on 
distance (gap) changing between two plates of a 
capacitor or effective area changing (motion 
parallel to plates). Capacitive distance sensing 
is commonly used in MEMS-accelerometers. 
Because capacitive accelerometers rely on dis-
tance measurement, they are generally able to 
measure static accelerations (e. g. gravitational 
field).  

Sensitivity, resolution, amplitude and fre-
quency range depend on the design but also on the mass. The larger the mass the higher the sensi-
tivity, the better the resolution, the smaller the frequency and amplitude range. Additional information 
about design and functioning of capacitive accelerometers is found in [7, 8] and in the documentation 
provided by the manufacturers.  

 

4.3.2 Characteristics 

Output signal 

The plain output signal of capacitive accelerometer is a-low impedance voltage. This signal can be 
transmitted with ordinary wires over long distances and with little degradation of quality.  

Amplitude range 

Capacitive accelerometers for vibration measurements cover an amplitude range from ±20 ms-2 to 
±2000 ms-2 (peak acceleration). Therefore, accelerations induced by traffic induced vibrations (amax ≈ 
±100 ms-2) can easily be covered with capacitive accelerometers. For applications in this amplitude 
range capacitive accelerometers have a good sensitivity (10 mV/ ms-2 to 100 mV/ ms-2) and resolution 
(2.0·10-4 to 2.0·10-3 ms-2 rms). Because capacitive accelerometers measure constant acceleration, 
earth gravitation produces an offset of the output signal. This offset can be nulled with apposite signal 
conditioner electronics. However, in this case, the amplitude range of the accelerometer is not sym-
metric.  

Frequency range 

Precision capacitive accelerometers cover a frequency range of 0 Hz to several kHz. Therefore, the 
frequency range being of interest in civil engineering applications is covered. A particular capacitive 
accelerometer operates in a specific frequency range. The upper frequency limit is given by the natu-
ral frequency of the seismic mass/spring support system. The lower limit is generally 0 Hz. Therefore, 
capacitive accelerometers are particularly well suited for measuring very low frequency vibrations. A 
good low frequency performance may be of concern when the acquired acceleration data is used for 
computing velocity and displacement by numerical integration. Capacitive accelerometers can be 
used to measure static inclinations.  

Temperature range 

Figure 4.5: Small size capacitive accelerometer 
mounted on a cable.  
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The typical temperature range of capacitive accelerometers is -40°C to 80°C. Special high tempera-
ture accelerometers operate up to a temperature of 120°C.  

Amplitude deviation 

Capacitive accelerometers operate in their frequency range with a maximum amplitude deviation be-
ing usually smaller than 1% of their nominal amplitude range.  

An additional amplitude deviation occurs because of vibrations transverse to the sensing direction 
(transverse sensitivity). This amplitude deviation is usually smaller than 5% of the amplitude range of 
the sensor.  

Temperature changes produce shift of the zero acceleration level. This shift typically ranges up to 
3% of the nominal amplitude range of capacitive accelerometers.  

Size and weight 

Generally, single-axis as well as tri-axial capacitive accelerometers have a small size and a low 
weight (Figure 4.5). Single-axis low amplitude, high resolution accelerometers have a width of up to 
25 mm and a weight of up to 30 gm. Tri-axial accelerometers have a width of up to  30 mm and a 
weight of up to 100 gm.  

Power consumption 

Capacitive accelerometers require DC voltage for capacitive sensing elements. The typical voltage 
excitation varies from 3 to 30 V. The typical power consumption of capacitive accelerometers ranges 
between 5 mW and 400 mW.  

Long term stability 

Capacitive accelerometers produce stable outputs over many years when operating within their ampli-
tude and temperature range. Recalibration should be periodically performed if a high degree of accu-
racy is required.  

Long term reliability 

Capacitive accelerometers operating within their amplitude and temperature range are reliable over 
many years.  

Costs 

Capacitive accelerometers are expensive. The cost of high quality, single-axis accelerometers for 
vibration monitoring of civil engineering structures varies between approximately 500 and 1000€ for 
high sensitivity devices. Additional costs of 150€ to 250€ per single axis arise because of external 
signal conditioning devices. Medium quality MEMS-sensors are usually rather cheap (up to 50€) and 
can be suitable in structural vibration monitoring applications. 

Sensitivity  
[mV/ms-2] 

Resolution 
[ms-2 rms] 

Amplitude 
range [ms-2] 

Frequency 
range [Hz] 

Weight 
[g] 

Costs 
[€] 

High sensitivity 100 3·10-5…5·10-4 ±2 0…300 10…15 500…1000 

Medium sensitivity 10 1·10-4…2·10-3 ±20 0…1000 10…15 50…200 

Table 4.2: Typical characteristics of single-axis capacitive accelerometers for civil engineering applications. 
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4.3.3 Usage 

The usage stated for piezoelectric accelerometers applies for capacitive accelerometers, too.  

Temperature 

The temperature shift of the zero acceleration level is of concern, if capacitive sensors are used as 
inclinometers. For this application, the temperature shift can be compensated by measuring the tem-
perature. Some capacitive accelerometers are equipped with a build-in temperature sensor for this 
purpose. 

Calibration 

The initial value of the zero acceleration level offset and scale factor will require a dc calibration for 
applications such as tilt measurements.  

For low g applications, the force of gravity can be used for calibration. It is the most stable, accu-
rate and convenient acceleration reference available. The calibration is performed with two readings: 
The first perpendicular and the second parallel to the force of gravity. For high accuracy, a calibrated 
fixture must be used to ensure an exact 90 degree orientation to the force of gravity.  

4.3.4 Manufacturers 

Capacitive accelerometers are produced by many manufacturers. The most important are: 
Analog Devices (www.analog.com) 
Applied MEMS (www.appliedmems.com) 
Kistler (www.kistler.com) 
PCB Piezotronics (www.pcb.com) 
Silicon Designs (www.silicondesigns.com) 
ST Microelectronics (www.st.com) 

4.4 Force balanced accelerometers 
For mechanical motion measurement of heavy large scale structures, it is essential to measure low 
frequency accelerations with high accuracy. In the past, force balanced accelerometers with feedback 
or closed loop have been the most commonly used for this purpose. Force-balance accelerometers 
share basically the same design principles as standard open-loop accelerometers. In addition, they 
have an integrated actuator keeping the seismic mass in the null position during motion. The actuator 
tries continuously to balance the inertial force acting on the seismic mass and is integrated in a feed-
back loop. The feedback operation extends the dynamic range, increases the linearity, improves the 
frequency response and the cross-axis rejection.  

Force balanced accelerometers are typically used in seismic strong motion networks where high 
resolution and accuracy at very low frequency is essential for reliably estimating ground displace-
ments based on acceleration measurements. These high accuracy requirements are not necessary in 
recording structural vibrations. Force balanced accelerometers are typically high accuracy sensors. 
Severalcharacteristic features are specified in the following list. 

 
Amplitude range 5 …50 ms-2 
Frequency range 50 …200 Hz 
Sensitivity 100 …500 mV/ ms-2  
Resolution 3·10-5 ms-2 rms 
Temperature range -20…70°C 
Amplitude deviation smaller than 0.5% FSO 
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Power consumption 0.4…1 W 
Size 200X100X100 mm 
Weight 2…3kg 
Cross axis sensitivity 0.05% FSO < 
Stability and reliability very high 
Cost >2000 € 

 
The usage of force balanced accelerometers is similar to piezoelectric or capacitive accelerometers. 
Generally, housing and connectors of force balanced accelerometers are very robust.  

4.4.1 Manufacturers 

eentec, (www.eentec.com) 
Geotech Instruments, LLC (www.geoinstr.com) 
Geosig (www.geosig.com) 
Kinemetrics Inc. (www.kinemetrics.com) 

4.5 Literature 
1. Beckwith, T.G. and R.D. Marangoni, Mechanical measurements. Fourth ed. 1990, Reading, Massachusetts: 

Addison-Wesley. 
2. Dally, J.W., W.F. Riley, and K.G. McConnell, Instrumentation for engineering measurements. Second ed. 

1993, New York: Wiley. 
3. McConnell, K.G., Vibration testing : theory and practice. 1995, New York: Wiley. 
4. Yazdi, N., F. Ayazi, and K. Najafi, Micromachined inertial sensors. Proceedings of the Ieee, 1998. 86(8): p. 

1640-1659. 
5. Elwenspoek, M. and R. Wiegerink, Mechanical microsensors. Microtechnology and MEMS. 2001, Berlin: 

Springer Verlag. 
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5 TEMPERATURE SENSORS 
G. Feltrin, Swiss Federal Laboratories for Materials Testing and Research (EMPA) 

5.1 Introduction 
Temperature is probably the most common physical parameter. The reason is that temperature af-
fects to some extent every physical process. Measurements of strain, displacement etc. in a structure 
is mainly meaningless without proper information about temperature changes. Temperature is a 
rather abstract quantity. It is related to the kinetic energy of molecules in a localized region of a gase-
ous, liquid or solid substance.  

Three temperature scales are currently in use: Fahrenheit, Celsius and Kelvin. The latter two are 
the commonly used temperature scale in Europe. The Fahrenheit scale is used in the United States. 
Fahrenheit and Celsius scales are defined by the freezing and boiling points of water. The tempera-
ture of the freezing point is 32°F in the Fahrenheit scale and 0°C in the Celsius scale. The tempera-
ture of the boiling point is 212°F in the Fahrenheit scale and 100°C in the Celsius scale. Transforma-
tions from the one scale to the other are given by 
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where FT  is the temperature in degrees Fahrenheit (°F) and cT  is the temperature in degrees Celsius 
(°C). The Kelvin scale describes absolute temperatures, where the zero value is defined to be equal 
to the thermodynamic minimum. This scale is given by 
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where Kθ  is the absolute temperature in Kelvin (K).  
The most commonly used temperature sensors in structural monitoring are resistance thermome-

ters and thermocouples.  

5.2 Resistance Thermometers 

5.2.1 Sensing principle 

Resistance thermometers (RDT) consist of a sensor element exhibiting a change in electrical resis-
tance with a change in temperature. A class of resistance elements sensitive to temperature are 
made of metals with a good electrical conductivity. Examples are nickel, copper, platinum and silver 
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elements. These types of sensors are referred as resistance thermometers or resistance temperature 
detectors. A resistance thermometer shows positive resistance changes and provides a nearly linear 
temperature-resistance relation over a wide temperature range. Platinum resistance thermometers 
show best linear relation. The positive resistance change is due to the scattering of the electrons by 
the lattice which reduces the electron flow. Most commonly, resistance thermometers are made of a 
wire wrapped around an insulating support (glass, ceramic etc.) and hermetically sealed in a capsule. 
The whole is provided with a protective case. Thin metal foil and wire resistance thermometers, simi-
lar in construction to resistance-type strain gages, are also available. Metal film resistors take the form 
of a thin (1 μm) film of platinum on a ceramic substrate. 

Another class of resistance thermometers are made of semi conducting materials and are called 
thermistors. Such materials are usually made of some metallic oxides (manganese, cobalt, nickel) 
and have a high negative resistance coefficient of resistivity. This is due to the increase of electrons in 
the conduction bands with increasing temperature. Thermistors have usually a non-linear tempera-
ture-resistance relation. In special applications, requiring very high accuracy, doped silicon or germa-
nium is used as sensing element. 

5.2.2 Characteristics 

Signal conditioning 

The most commonly employed signal conditioning circuit for resistance thermometer is the Wheat-
stone bridge. It converts a resistance change to a voltage change and is rather sensitive. The sensi-
tivity of the bridge depends on the input voltage and the circuit type (quarter, half or full bridge circuit). 
A detailed analysis of the Wheatstone bridge is found in (Dally et al., 1993, Beckwith and Marangoni, 
1990, Michalski et al., 2001).  

Amplitude range 

The practical operational range of resistance thermometers is approximately between -250°C to 
650°C. The range of thermistors is significantly smaller and lies between approximately -100°C to 
275°C.  

Frequency range 

The response time of resistance thermometer varies between a second and several 100 seconds. 
This time-delay strongly limits the upper frequency range. However, temperature changes in large 
structures are usually a rather slow process. The frequency range is therefore not a critical parameter.  

Amplitude deviation 

An amplitude deviation is caused by the imperfect linear temperature-resistance relation of a ther-
mometer. Furthermore, metal foil thermometers resemble strain gages and respond therefore to strain 
changes. Generally, strain sensitivity is much smaller than temperature sensitivity. Nevertheless, 
metal foil thermometers subjected to large strains may exhibit apparent temperature changes of sev-
eral °C.  

Self-heating may be a source of error. Thin film type thermometers tend to have a larger self-
heating than wire wound thermometers. The error due to self-heating is usually smaller than 0.3°C. 

Size and weight 

Wire-wound and metal film thermometers are produced in a wide range of styles and dimensions to 
allow for different applications. The size of wire-wound thermometers ranges between approximately 
4 mm to 70 mm. The sensing length is somewhat smaller. The diameter varies from approximately 
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1 mm to 5 mm and the weight is typically several grams. The size and weight of metal film thermome-
ters is generally smaller than that of wire-wound thermometers.  

Power consumption 

In resistance thermometer, the current is limited to approximately 1 mA to minimize self-heating of the 
sensor. The input voltage is usually several Volts, so that the typical power consumption of a resis-
tance thermometer is several mW.  

Long term stability 

The sensing element of resistance thermometers is usually aged to improve stability. Nevertheless, 
resistance thermometers may be subjected to drift when operating over a long time period. The drift is 
more pronounced when subjected to high temperature cycles. Stability may be significantly reduced 
when the upper temperature limit is exceeded. The stability of metal foil thermometers may be injured 
by degradation of the carrier material.  

Long term reliability 

The long term reliability of resistance thermometers is high if properly mounted and well protected 
against high mechanical stress, humidity, dirt and corrosion.  

Cost 

Resistance thermometers are very cheap.  

5.2.3 Usage 

Mounting 

The immersion depth (length of that part of the probe which is in direct contact with the specimen) 
must exceed the sensing length. Recommended is double the sensing length. A small immersion 
depth may result in a large temperature gradient between the sensor and the surroundings. To in-
crease the heat flow rate between specimen and sensor, the probe surface can be treated with so 
called high conductivity paste.  

Cabling 

Resistance thermometers are connected with lead wires to the signal conditioning device. In two-wire 
installations, the wires are in series with the thermometer. Thus, any change of the resistance of the 
lead wires is indistinguishable from that of the thermometer. The effect of lead wire resistance is to 
cause a zero shift (offset) and a reduction of sensitivity. If the resistance of the lead wire exceeds 
0.1% of the nominal thermometer resistance, lead-wire resistance changes become a significant 
source of error. Therefore, in two-wire installations, lead wire lengths should be kept as short as pos-
sible.  

To reduce lead wire effects, three or four wire installations are required. Three-wire installations 
generally do not completely eliminate lead wire effects, because the resistance of the two lead wires 
is not identical (high manufacturing tolerances) and the lead wires may not reside at the same ambi-
ent temperature. Additional errors may result from contact resistance when terminating each of the 
three wires. If long wires are inevitable, which is rather typical for civil engineering monitoring applica-
tions, four wire installations are recommended. A detailed analysis of lead-wires effects are found in 
(Dally et al., 1993). 

Standard electrical cables with copper conductors can be used as wires. Wires should be pro-
tected against electromagnetic effects (e.g. power cables carrying large alternating current, trans-
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formers etc.) to avoid signal corruption. A shield 
around lead wires intercepts interferences and 
may reduce errors caused by insulation degra-
dation. Twisting will minimize signal corruption 
due to magnetic induction. Therefore, twisted 
and shielded lead wires should be used without 
exception.  

The problems related to the 2 or 3 wire con-
figuration can be resolved by using a signal 
conditioner and a transmitter located close to 
the thermometer. Cable resistance effects are 
then minimized to those due to relatively short 
lead wires between sensor and transmitter. 

Calibration 

Thermometers operating in the lower temperature range, which is typical in civil engineering monitor-
ing applications, are usually calibrated by using a liquid bath. The thermometer being calibrated is 
immersed in the bath together with a reference thermometer of known and superior quality. The out-
put of the thermometer being calibrated is compared to the output of the reference thermometer. 
Usually, the liquid bath is cycled over the temperature range of interest. Heat is applied slowly to the 
bath until a stable calibration temperature is achieved. 

Humidity, dirt and corrosion 

The casing of resistive thermometers protects the sensing element from humidity, dirt and corrosion. 
The connection of thermometer terminals and lead wires should be protected against humidity, dirt 
and mechanical abrasion.  

5.2.4 Manufacturers 

Resistance thermometers are widely used products and are produced by many manufacturers. 

5.3 Thermocouples 

5.3.1 Sensing principle 

Thermocouples are temperature sensors consisting of two dissimilar materials in contact. The contact 
or junction may be made by twisting wires together or by welding, soldering, or brazing two pieces of 
material together. The operation of a thermocouple is based on a thermoelectric effect that generates 
a small open-circuit voltage when two thermocouple junctions are at different temperature (Figure 
5.1). The open-circuit voltage is due to the Seebeck effect, which produces a diffusion of electrons 
across the interface between two different materials. The flow of electrons establishes an electric field 
which balances the diffusion forces. Since the diffusion forces depend on temperature, the open-
circuit voltage is a measure of the temperature. In addition to the Seebeck effect, two other thermoe-
lectric effects occur in a thermocouple circuit: the Peltier and the Thompson effects. Both effects gen-
erate voltages that contribute to the output of a thermocouple and affect the accuracy of thermocou-
ples. By limiting the current flow through the circuit, both effects can be minimized.  

The thermocouple circuit is used to sense an unknown temperature at the hot junction while the 
temperature at the reference or cold junction is known. The output voltage depends on the tempera-
ture difference between the two junctions. Generally, the voltage-temperature difference relation is 

T1 T2

Material A

Material B Material B
Voltage VTC 

Current iTC

Figure 5.1: Operation principle of thermocouples. 
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highly nonlinear. Common commercially available thermocouples are specified by ISA (Instrument 
Society of America) types. Type E, J, K, and T are base-metal thermocouples and type S, R, and B 
are noble-metal thermocouples. 

Additional details on thermocouples are found in (Michalski et al., 2001, Dally et al., 1993). An ex-
ample of temperature measurements performed with thermocouples is displayed in Figure 5.2.  

5.3.2 Characteristics 

Signal conditioning 

Thermocouples generate very low-voltage signals (from μV to a few mV). To acquire these signals 
with sufficient accuracy using a standard data acquisition (DAQ) board, the thermocouple signal must 
be amplified. The output voltage of a thermocouple depends on the temperature difference between 
the two junctions. In monitoring applications, it is highly impractical to keep the cold junction at con-
stant temperature (e.g. ice bath). A more practical way is to measure the temperature of the cold junc-
tion and then add an equivalent voltage to the one developed by the hot junction (cold-junction com-
pensation). Signal conditioning devices used with thermocouples are equipped with one or more re-
sistance thermometers for cold-junction compensation. Terminal blocks with a large number of termi-
nals are provided with a sensor at both ends of the block. This allows for interpolation of the tempera-
ture at various points along the block.  

Amplitude range 

The temperature range covered by thermocouples is approximately about -250 to 1700°C. The oper-
ating range of thermocouples depends on the material combination. Base-metal thermocouples ex-
hibit an amplitude range of -250 to°1000°C sensitivity which ranges between 40 and 60 μV/°C.  

Frequency range 

The response time of thermocouples varies between a second and several minutes. This time-delay 
strongly limits the upper frequency range. However, temperature changes in large structures are usu-
ally a rather slow process. Therefore, the upper frequency limit is generally not a critical issue.  

Amplitude deviation 

The accuracy of thermocouples is usually not better than 0.5 °C.  

Size and weight 

The size of thermocouple probes range 
between approximately 4 mm to 50 mm. 
The diameters vary from approximately 
0.25 to 5 mm. Thermocouples weight 
several grams.  

Power consumption 

In thermocouples, the current is limited 
to minimize the Peltier and Thompson 
effects. Furthermore, the output voltage 
is very low (from μV to a few mV). 
Therefore, the typical power consump-
tion of a resistance thermometer is neg-
ligible compared to the signal condition-
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Figure 5.2: Concrete and air temperature time evolution meas-
ured with thermocouples. 
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ing device used to detect the output voltage.  

Long term stability 

Thermocouples are robust and exhibit long term 
stability. The changes are therefore usually 
small (often negligibly small) over appreciable 
periods of time. When operated at too high 
temperatures, thermocouples may undergo 
chemical and physical changes, leading to cali-
bration drifts. The drift is more pronounced 
when subjected to high temperature cycles. 
Stability may be significantly reduced when the 
upper temperature limit is exceeded which is 
rather unlikely in civil engineering monitoring 
applications.  

Long term reliability 

The long term reliability of thermocouples is high if they are properly mounted and well protected 
against high mechanical damage, humidity, dirt and corrosion.  

Costs 

Type J thermocouples are rather cheap. Long lead wires, which are usually the case in monitoring of 
civil structures, rise significantly the cost of thermocouples because at least one wire is not made of 
cheap standard electrical copper cables. 

5.3.3 Usage 

Mounting 

The immersion depth (length of that part of the probe which is in direct contact with the specimen) 
must exceed the sensing length. Recommended is double the sensing length. A small immersion 
depth may result in a large temperature gradient between sensor and surroundings (Figure 5.3).  

Cabling 

If the signal conditioning device coincides with the reference junction, the two lead wires are an inte-
gral part of the sensor and are therefore made of different material. Lead wires have to be insulated 
from each other to prevent signal corruption.  

When the signal conditioning is on a different place in the circuit than the reference junction, exten-
sion wires made of standard electrical cable with copper conductors are often used. The wires should 
be protected against electromagnetic effects (e.g. power cables carrying large alternating current, 
transformers etc.) to avoid signal corruption (noise). A shield around lead wires intercepts interfer-
ences and may reduce errors caused by insulation degradation. Twisting will minimize signal corrup-
tion due to magnetic induction. Therefore, twisted and shielded lead wires should be used without 
exception.  

Calibration 

Thermometers operating in the lower temperature range, which is typical in civil engineering monitor-
ing applications, are usually calibrated by using a liquid bath. The thermometer being calibrated is 
immersed in the bath together with a reference thermometer of known quality. The output of the ther-

Figure 5.3: Thermocouples installed on a bridge for 
monitoring air (front) and concrete temperature.
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mometer being calibrated is compared to the output of the reference thermometer. Usually, the liquid 
bath is cycled over the temperature range of interest. Heat is applied slowly to the bath until a stable 
calibration temperature is achieved. 

Humidity, dirt and corrosion 

The casing of thermocouples protects the sensing element from mechanical damage, humidity, dirt 
and corrosion. The connection of thermometer terminals and lead wires should be protected against 
humidity, dirt and mechanical damage.  

5.3.4 Manufacturers 

Thermocouples are standardized products and are produced by many manufacturers.  

5.4 Literature 
Beckwith, T. G. & Marangoni, R. D. (1990) Mechanical Measurements, Reading, Massachusetts, Addison-
Wesley. 
Dally, J. W., Riley, W. F. & McConnell, K. G. (1993) Instrumentation for Engineering Measurements, New York, 
Wiley. 
Michalski, L., et al. (2001) Temperature Measurement, Chichester, John Wiley & Sons, Ltd. 
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6 MEMS SENSORS 
M. Krüger, University of Stuttgart 

6.1 Introduction 
Microelectromechanical systems (MEMS) is the technology of very small integrated technologies. 
MEMS are small integrated devices or systems that combine electrical and mechanical components 
(Figure 6-1). MEMS generally range in size from a micrometer to a millimetre. At the nano-scale they 
merge into nanoelectromechanical systems (NEMS) and Nanotechnology. MEMS sensors belong to 
the class of active sensors that means that they require additional electric power to work properly. 
The mechanical components are designed to act as the sensing element while the electrical part pro-
vides integrated signal conditioning, sufficient A/D-Converter and/or power down features. Therefore, 
MEMS sensors require additional electric power.  

Examples of MEMS device applications include inkjet-printer cartridges, accelerometers, Airbag 
sensors, microengines, locks, inertial sensors, micromirrors, micro actuators, optical scanners, fluid 
pumps, transducers, and chemical, pressure and flow sensors. A comparison of conventional and 
MEMS sensor is given in Figure 6-1. MEMS systems can sense, control, and activate mechanical 
processes on the micro scale, and function individually or in arrays to generate effects on the macro 
scale. Micro fabrication technologies enable fabrication of large arrays of devices, which individually 
perform simple tasks, but in combination can accomplish complicated functions. 

Conventional Seismometer
for Modal Analysis

Broadband Acceleration Sensor 
for Acoustic Emission Analysis

Acceleration Sensor
(MEMS)

Temperature & Humidity Sensor 
(MEMS)

10 cent coin

 

Figure 6-1: Comparison of different sensors used for structural health monitoring 
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Detailed information about the historical background, the fabrication technologies as well as the 
types of MEMS sensors available on the market is given by Salvatore A. Vittorio under 
http://www.csa.com/discoveryguides/mems/overview.php 
In the following the focus is on MEMS and corresponding technologies that might be useful for struc-
tural health monitoring especially with respect to train bridges.  

6.2 Sensors for temperature and humidity 
The temperature and the moisture of the air and of the structure are general values, which are rele-
vant for almost all measurement tasks. There are a lot of commercial standard and also MEMS-based 
sensors available which might fit the requirements for structural health monitoring. An example of a 
MEMS sensor embedded in a stainless steel case and implemented into a concrete structure is 
shown in Figure 6-2. The sensor itself is a MEMS sensor (SHT15 from Sensirion) that is equipped 
with a digital interface to connect it to a monitoring system. The SHT15 digital humidity and tempera-
ture sensor is a fully calibrated MEMS sensor that offers high precision and excellent long-term stabil-
ity at a price of about €15. The digital technology integrates two sensors and readout circuitry on one 
single chip. This sensor, developed and tested within the project, allows the measurement of tem-
perature and moisture inside or outside a structure. It has to be noted that this sensor senses just the 
humidity of the air so that only the hygroscopic moisture of a material could be measured Also dew 
point measurements are feasible with this kind of sensor. The advantage of this sensor is its self cali-
bration capability, low price as well as its small size.  

sensor, MEMS [RH/T]

reinforcement

dc

cavity

mounting sleeve, sealed      

Figure 6-2: Prototype of an encapsulated MEMS based moisture and temperature sensor 

6.3 Strain sensors 
A high amount of conventional strain gauges are in practical use to measure strain and also stress 
under static or dynamic loads. The current of strain gauges is small and therefore power consumption 
is only of a few mW, so that strain gauges could be used with wireless motes, too. However, creep 
and durability of the strain gauges and of the used adhesives to apply them to the structure is often 
problematic if one will measure for long time periods. Temperature compensation has to be done with 
all gauges with respect to absolute values. Table 1 gives an overview about the specifications that 
could be useful in civil engineering application. Detailed specifications need to be determined for each 
case separately. 



Sustainable Bridges SB-5.1 2007-11-30 41 
  Rev. 2007-11-30 
 

 

Table 1: Specifications of useful strain sensors (maximum values, in service state even lower) 

 Unit Value 

Concrete strain (Compression) mm/m 0 ÷ -3.5 (max) 

Concrete strain (Tension) mm/m 0 ÷ 0.5 (max) 

Steel strain mm/m -10 ÷ 10 

Sensitivity µm/m 1 ÷ 100 

A/D conversion Bit 12 ÷ 14 

 
MEMS strain sensors most commonly use the well known piezoelectric, piezoresistive or capaci-

tive methods to measure strain [1]. Each method has its pro and its con and it is difficult to give clear 
recommendation to which is the best approach, because this is also application specific. However, the 
piezoelectric approach is primarily restricted for dynamic strain measurement. Capacitive strain sen-
sors have advantages in temperature drift, sensitivity and dynamic range compared to piezoresistive 
or metal foil sensors. Examples of capacitive strain sensor prototypes are reported by Suster et al [2] 
as well as by Ko et al [3]. Their capacitive MEMS strain sensors achieve high resolution (up to 0.09 
microstrain) with a maximum range of 1000 microstrain over a 10 KHz bandwidth thus an 81 dB dy-
namic range. The demonstrated performance shows an improvement of two orders of magnitude 
compared to any existing commercial resistive strain sensing technologies. The sensor and the elec-
tronic circuits, including a temperature sensor for compensation, can be integrated on a single chip 
and packaged to a small unit. It was also demonstrated that additional features like A/D-conversion 
circuits and interface circuits as well as other electronics could be implemented into a one-chip solu-
tion.  

The piezoresistive approach for measuring strain with MEMS is reported by Cao et al [4], [5] as 
well as from Hautamaki et al [6], [7]. Hautamaki et al reported on silicon based strain sensors that 
were fabricated using MEMS technology. They have also shown that these MEMS sensors could be 
embedded into fibre-reinforced laminated composite that form itself a robust sensor. The purpose was 
to evaluate the structural health of fibre reinforced polymer composite structures. However, such 
MEMS sensors embedded in a polymer composite could also be attached to or implemented into 
structures like bridges. 

Another approach to measure strain is the use of resonant sensors. MEMS resonant strain sensors 
have been demonstrated by Wojciechowski et al [8], [9] and Azevedo et al [10]. These sensors work 
by changing the device resonant frequency by applying strain. By measuring the frequency shift strain 
could be calculated. The strain sensors achieve a resolution of up to 0.1 microstrain (µm/m) in a 
bandwidth of 10 Hz to 20 kHz. However, a drawback of this technology is the large operating voltage 
of approximately 100 V as well as its high sampling rates, thus undesirable for low voltage and low 
power integrated systems. 

A shortcoming is the fact that almost all MEMS technologies for strain measurement reported here 
are on prototype level as far as this is known. Thus the application for structural health monitoring 
seems to be not feasible at this moment. 

6.4 Stress sensors 
There was no focus on testing MEMS stress sensors within the project. However, piezoresistive and 
piezoelectric materials are often used to measure strain caused by structural vibrations in macro-
scale structures. In most applications stress is calculated indirectly from the measured strain that 
means that stress could be obtained as well. Piezoelectrics means that external forces applied to sin-
gle crystals e.g. made of quartz or other piezoelectric materials generate a charge on the surface of 
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these materials. The applied mechanical stress is approximately proportional to the charge that could 
be measured with adequate electronics. 

The performances of two types of novel micro-scale strain gauges for installation on stainless steel 
parts have been reported by Kon et al [11]. Kon et al have optimized the piezoresistor geometries to 
effectively increase the gauge factor of piezoresistive sensors while reducing sensor size. The advan-
tage and disadvantage of these piezoresistors are compared to those of piezoelectric sensors. Ex-
perimental results reveal that the MEMS piezoelectric sensors are able to achieve a better resolution 
than piezoresistors, while piezoresistors are smaller in size. It was shown that both types of the 
MEMS strain sensors are capable of high sensitivity measurements. If packaged into robust sensor 
housing such sensors might be applicable for structural health monitoring, but up to now they are in a 
prototype stage. 

6.5 Accelerometers  
Accelerometers are acceleration sensors. An inertial mass suspended by springs is acted upon by 
acceleration forces that cause the mass to be deflected from its initial position. This deflection is con-
verted to an electrical signal, which appears at the sensor output. The application of MEMS technol-
ogy to accelerometers is a relatively new development. 

One such accelerometer design is discussed by DeVoe and Pisano [12]. The design is a simple 
cantilever structure, in which the cantilever beam serves simultaneously as proof mass and sensing 
element. More detailed information is also given by Lemkin et al [13] as well as Fan et al [14]. 

6.5.1 Sensors for acceleration measurement (modal analysis etc.) 
Concerning modal analysis the required specifications strongly depend on the type (steel concrete or 
masonry arch bridge) and size of the monitored structure (Table 2). For very stiff structures like con-
crete bridges a bandwidth of 0.1 to 20 Hz is of importance. If only structural parts like steel beams or 
steel cables are analyzed, Eigenmodes are in a higher frequency range and the interesting bandwidth 
will be up to 500 Hz in some cases. Acceleration, velocity and the sensitivity depends on these fre-
quencies so the use of one sensor type for all the purposes is not appropriate. MEMS sensors with 
the required specifications are available and are tested within the project (Figure 6-3). 
Table 2: Specifications of sensors for modal analysis 

 Unit Value 

Acceleration m/s² 0.2 ÷ 10 

Velocity mm/s 0.2 ÷ 100  

Bandwidth Hz 0.5 ÷ 500 (0.1 ÷ 20)* 

Sensitivity mg < 2 

Signal to noise ratio µg/√Hz To be defined for each case 

A/D conversion bit 12 (up to 24)* 

* For high accuracy measurements in low frequency range 
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Si-Flex SF1500L Low-Noise Accelerometer 
The SF1500L is a closed-loop accelerometer 

that offers unmatched noise performance and ro-
bustness. 

 

Typical characteristics: 
Linear Output Range: ± 3 g peak 
Sensitivity: 1.2 V/g 
Frequency Response (full signal): DC to 1500 Hz 
Frequency Response (small signal): DC to 5000 Hz
Dynamic Range (100Hz Bandwidth): 20 dB 
Noise (10 to 100 Hz): 300 to 500 ngrms/√Hz 
Cross-axis rejection > 46 dB 
Shock Limit (0.5 ms 1/2 sine): 1500 g peak 
Vibration (20 Hz - 2000 Hz): 60 g pk-pk 
Operating Temperature Range: - 40 to + l25 ºC 
Sensitivity Temperature Coefficient: 75 ppm/ºC 
Offset Thermal Coefficient: ± 100 µg/ºC 
Linearity Error: ± 0.1 % Full Scale 
Input Voltage: ± 6 to ± l5 Volts DC 
Quiescent Current : < l0 mA 

Figure 6-3: Acceleration sensor and typical characteristics used within the project to monitor vibration. 

6.5.2 Sensors for acoustic emission techniques 
Different kinds of acceleration sensors were tested within the project. If an acoustic emission analysis 
is considered one has to distinguish between laboratory tests and monitoring on site. Due to power 
considerations high sampling rates greater than 100 kilo samples per second are not achievable for 
battery powered wireless monitoring on site, so one has to look for a proper compromise. It is there-
fore not needed to use sensors with very high bandwidths. Broadband transducers with a band width 
of 3 to 100 kHz or even less seem to be appropriate (see Table 3). However, the needed sensitivity 
strongly depends on the application and the energy content of the monitored events respectively. Up 
to now no appropriate low cost MEMS sensors were obviously commercially available for acoustic 
emission analysis. Especially the specifications for bandwidth, sensitivity, signal to noise ratio and/or 
power consumption do not meet the requirements. Details of the sensor tests could be found in Re-
port D5.5 
Table 3: Specifications of sensors for Acoustic Emission Techniques 

 Unit Value 

Bandwidth kHz 3 ÷ 100 (3 ÷ 25 for current hardware) 

Sensitivity mg * 

Signal to noise ratio µg/√Hz * 

A/D conversion Bit 12 

* To be defined separately; depends on required accuracy, background noise and application 
 

6.5.3 Inertial sensors  
Inertial sensors are a type of accelerometer and are one of the principal commercial products that 
utilize surface micromachining. They are used as airbag-deployment sensors in automobiles, and as 
tilt or shock sensors. The application of these accelerometers to inertial measurement units is limited 
by the need to manually align and assemble them into three-axis systems, and by the resulting align-
ment tolerances, their lack of in-chip analog-to-digital conversion circuitry, and their lower limit of sen-
sitivity. A three-axis force-balanced accelerometer has been designed at the University of California, 
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Berkeley, [12] to overcome some of these limitations. The accelerometer was designed for the inte-
grated MEMS/CMOS technology. 

6.5.4 Train detection using acceleration data 
An example for the feasibility of a MEMS acceleration sensor within the project was for the event de-
tection (train crossing) that triggers a measurement. Event detection is especially needed if wireless 
sensor networks are used for long-term monitoring due to the power restrictions. In case of the strain 
measurements, e.g., this means that dynamic strain is only measured when a train is crossing the 
considered bridge. 

 

Figure 6-4: Bosch Sensortec SMB380 acceleration sensor 

For that purpose a special MEMS triaxial low-g acceleration sensor (Bosch Sensortec SMB380) 
was chosen (Figure 6-4). This chip is an acceleration sensor with a sensitivity of about 0.04 m/s2 
which can be configured digitally via the I2C bus. Two features make this chip especially useful in the 
desired context: (i) power saving capabilities with configurable duty cycle; (ii) signal processing rou-
tines on-chip. 

Via the power saving capabilities, the power consumption can be as low as 1.5 µA at 3 V, i.e. 4.5 
µW. However, there is a trade-off between power consumption and the speed of reaction, so that the 
power consumption is estimated to be at least 75 µW in a fast response mode. 

The on-chip signal processing routines allow a pre-processing of the measurements. This can be 
used for generating an alarm if certain motion behaviours occur. These routines can be parameter-
ised to set an optimal threshold in combination with elevation duration for alarm generation (Figure 
6-6). If configuration is finished the SMB380 stays in an ultra low power mode and periodically evalu-
ates the acceleration data with respect to interrupt criteria defined by the user. With the interrupt out-
put a measuring system, e.g. a wireless mote, could then be awaken to execute further measure-
ments and analysis. A detailed description of the implementation into the wireless sensor network 
prototype is given in D5.7. 

 

Figure 6-5: Interrupt generation using threshold level combined with evaluation duration to minimize faulty activation. 
(Bosch) 
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Figure 6-6 show three trains crossing the underpass. The interrupts (blue peaks) generated by the 
axle crossings (green line high) can be seen, as well as some false positives when interrupts are 
generated without a crossing train. Such false interrupts could be eliminated by using elevation dura-
tion parameter.  

 

Figure 6-6; Example of an interupt generation using the SMB 380 during three trains crossing a bridge. 

6.6 Other applications  
Barometric pressure sensors, light sensors as well as gas sensors are available and still used in prac-
tice. MEMS pressure microsensors typically have a flexible diaphragm that deforms in the presence of 
a pressure difference. The deformation is converted to an electrical signal appearing at the sensor 
output. A pressure sensor can be used to sense the absolute air pressure. An example for a useful 
gas sensor is the SensorChip-CO2-4P (Figure 6-7), which is one of the first Micro Electro Mechanical 
Systems (MEMS) based CO2 gas sensor modules for industrial gas sensing. It integrates advanced 
infrared sensor technology in a small housing and contains all of the electronics and optics required to 
accurately measure CO2 in a variety of industrial applications. Also the determination of the CO2 with 
respect to carbonation monitoring in case of concrete structures might be a feasible application. 

 

Figure 6-7: CO2-Sensor (AMS Technologies AG) 
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6.7 The Future 
MEMS technology has the potential to be used in many different fields of application including struc-
tural health monitoring. However, most of the MEMS sensors are at a preliminary stage. Future 
MEMS applications will be driven higher levels of electronic-mechanical integration working alone or 
together to enable a complex action. However, the high investment costs for the development of a 
MEMS sensor require large-volume commercialization of MEMS. Due to the fact that the market in 
civil engineering is estimated to be very small compared to other industries (automobile industry etc.) 
special developments for sensors for civil engineering applications remain small. 
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6.9 Manufacturers 
The following list only shows some exemplary manufacturers of MEMS. 

SignalQuest Inc. (http://www.signalquest.com) 

SignalQuest develops and manufactures inertial motion sensors and systems, from simple low cost 
motion detectors to complex MEMS-based tilt, vibration, and angle sensing OEM components. They 
also design and build complete sensor systems that employ advanced signal processing, pattern rec-
ognition, and detection algorithms. Their products are frequently an order of magnitude lower in power 
and cost, while providing improved performance over "always on" or threshold-based detection sys-
tems. 

MEMSIC Inc. (http://www.memsic.com) 

MEMSIC, Inc. designs, manufactures and markets CMOS Micro-Electro-Mechanical Systems IC 
products that have on-chip mixed signal processing. MEMSIC is one of the first and the only compa-
nies that have integrated a MEMS inertial sensor with mixed signal processing circuitry onto a single 
chip using a standard CMOS IC process. This approach allows for the easy integration of additional 
functions, or creation of new sensors, using a standard CMOS IC process to expand into other MEMS 
application areas beyond accelerometers. 

Silicon Designs Inc. (http://www.silicondesigns.com) 

Silicon Designs, Inc. (SDI) has developed a miniature accelerometer technology which combines ad-
ditive micro machining and integrated circuit technology to produce a highly reliable, capacitive, ac-
celeration sensor. The SDI approach of building sensors out of nickel based materials is one of the 
first commercial successes of non-silicon MEMS sensors. This basic design found application through 
the 1990's in markets including advanced single point air bag control modules as well as industrial 
and commercial testing, and aerospace. Since initial development, ongoing research has resulted in 
improvements that have increased the reliability, sensitivity, and survivability of our accelerometers to 
a point that they are being used in entirely new areas such as inertial navigation and high temperature 
environments. Current sensor technology allows for the creation of accelerometers with full scale 
sensitivity from less than 1 g to over 20,000 g. 

Analog Devices Inc. (http://www.analog.com) 

Analog Devices is manufacturer of precision high-performance integrated circuits used in analog and 
digital signal processing applications. 

ST Microelectronics (http://www.st.com) 

ST Microelectronics produces a diverse range of semiconductors - from single transistors to micro-
processors with millions of components on the same 'silicon chip' - which can be found in many dispa-
rate products or environments - from high performance supercomputers to everyday items such as 
telephones, cars, toasters, or even light bulbs. 

Applied MEMS (http://www.appliedmems.com) 

The seismic accelerometer program helped Applied MEMS establish a state-of-the art MEMS organi-
zation, intellectual property portfolio, and facility that can be applied to meet the MEMS product and 
service needs of our customers. Input/Output and Applied MEMS have a synergistic relationship - 
Input/Output can be viewed as a built-in investor and customer for Applied MEMS, and Applied 
MEMS is effectively a non-captive foundry for MEMS end users. One of the acceleration sensors was 
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used within the project to monitor bridge dynamics and cable stress in combination with wireless sen-
sor networks. 

Sensirion (www.sensirion.com) 

Sensirion offers MEMS based digital humidity sensor systems with integrated temperature sensors. 
The innovative CMOSens® technology sets new standards with regard to long-term stability and user 
friendliness. The SHT15 digital humidity and temperature sensor that was tested in the project is a 
fully calibrated MEMS sensor that offers high precision and excellent long-term stability at low cost. 
The digital technology integrates two sensors and readout circuitry on one single chip. 

Hygrometrix (http://www.hygrometrix.com) 

The HMX2000 Sensor is a silicon microelectronic micro-machined (MEMS), piezoresistive hygrother-
mal sensing chip based on Ralph Fenner's principle of Shear/Stress hygrometry. It is used in the di-
rect measurement of relative vapour pressure. 

Colibrys (www.colibrys.com) 

The Colibrys MEMS accelerometers are capacitive sensors, based upon bulk micro-machining tech-
nology on Silicon. The actual MS7000 and MS8000 products are the latest evolution from the already 
highly successful family of Colibrys accelerometers. They fit the various applications of the inertial 
sensing, tilt sensing and vibration sensing domains. 

Besides the actual standard products, Colibrys has the experience and flexibility to offer a wide 
range of custom products. Upon request, we have the capability to customize the packaging, per-
formances such as shock resistance or vibration rectification error as well as the full scale range of 
the products, which can vary from ±1g to ±100g. 

Bosch Sensortec (http://www.bosch-sensortec.com) 

Bosch Sensortec produces a triaxial acceleration sensor family that is specifically designed for low-
power applications to enhance functionality in mobile phones and consumer electronic devices as well 
as in health, logistics and security systems. The interrupt feature of the SMB sensors offer additional 
special advantages for mobile applications such as a battery saving mode or free-fall detection. One 
of the Sensors of Bosch Sensortec was used for train detection in wireless sensor networks. 

AMS Technologies AG (www.ams.de) 

ICx Photonics provides advanced infrared photonic crystal devices that permit IR emission and ab-
sorption to be spectrally defined. These devices have been integrated into NDIR gas sensing systems 
as well as IR beacons and markers for defence and identification applications. The SensorChip-CO2-
4P complements the company’s line of high power IR light sources, MEMS gas sensors, and MEMS 
based gas specific IR light sources. 
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7 CRACKING DETECTION AND MEASURING 
METHODS IN ACTIVE MONITORING OF CIVIL 
STRUCTURES 
Abraham Diaz de León and Paulo Cruz, Universidade do Minho 

7.1 Introduction 
The periodical health conditions of structures with Reinforced Concrete (RC) are demanding an active 
monitoring. The concrete considerate as durable material is always subject to deterioration, which is 
reflected in the continual degradation of the structure. 

The current methods available to identify and evaluate structural problems related with degradation 
are grouped in the Non Destructive Testing (NDT) methods, which are often complicate and always 
require the intervention of specialized operators and equipment. 

In the case of identification of damage in bridges with the measuring in the changes of vibration 
characteristics, as passive monitoring, always in the best case is executed with a limit in the number 
of measurements per year, because of the complexity of structures and cost of instrumentation (with-
out considering analytical structural models, engineering judgment and experience necessaries to 
make this work properly). 

Sometimes, the lack of continues information in regard to the degradation could result as one cost 
saving in the bridge's operation, but it certainly will result suddenly incomparable with the price impli-
cated when an anomaly in the global behaviour happen, which always is claiming deeper and more 
precise evaluations who will interrupt the service until concluding the reparation. 

The ultimate goal of any research on this problem should be to obtain a robust damage detection 
scheme with the necessary sensors, able to identify, to locate, and to provide, some estimation of the 
damage occurring at early stage of service life, then predict with base on active monitoring the struc-
tural degradation and the remaining useful life of the structure, where any developed method with this 
purpose should also be well suited to automation with an active updating, and, to the greatest extent 
possible, the method should not rely on the engineering judgment of the user or structure's analytical 
models. 

7.2 The degradation in RC structures 
The degradation in RC structures is always present, starting from the early stage of service life until 
the final stage or ruin, it corresponds principally to the four conditions: 1) poor materials and manu-
facture skills; 2) natural environmental factors; 3) deficient structural design; 4) lack of a main-
tenance process. 
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The first condition of deterioration is caused by materials with poor quality used in the mix or by er-
rors when mixing the concrete, also when it is been forming, or placing. The resulting deterioration is 
a premature damage occurred at early stage of service life and it is reflected by reduction in the struc-
ture's capacity that in the future will contribute as a factor in the structural degradation under the sub-
sequent conditions of deterioration. The special attention must be put with new structures, to reduce 
this kind of degradation at the early stage of service life. 

The deterioration condition by natural environmental factors in structures with RC is inevitable; the 
natural absorption of moisture and thermal expansion and contraction in extreme temperature ranges 
(originated in the cycles of freeze and thaw) will present fractures and spalling of the concrete. The 
concrete as porous material, it is susceptible to stains at the surface, a natural deterioration caused 
by adverse chemical reactions between the concrete and the carbon dioxide (a component that al-
ways is present in the air and water). 

The deficient structural design as a deterioration condition for the concrete is a subsequent degra-
dation in a structure. The corresponding rate of structural degradation during the structure's service 
life will depends on the good knowledge and prediction of expected loads and how finally were dis-
tributed (e.g. the implementation of design code for bridges with a model of live loads of vehicular on 
bridges representative of traffic conditions different from those prevailing in roads and cities where 
they are used, for sure, will result in a quickly structural degradation; also commonly, the deficient 
design to placing joints to expansion or cold is a cause of structural damage and subsequent degra-
dation). 

The lack of maintenance process, or improper procedures, is the last condition of deterioration, this 
is a result of neglect and attention lack to problems relating to deterioration caused by natural envi-
ronmental factors and deficient structural design, this condition will contribute as a tip into the struc-
tural degradation. 

The identification and evaluation of degradation of the structural performance is an important crite-
rion for maintenance intervention for new bridges, and to repair or upgrade those already built. Nowa-
days in practice, the identification of deterioration in structures with RC is often executed visually, and 
when it is necessary a deeper information through tests. Usually the principal parameters to be de-
termined in the evaluation of degradation of structures with RC, use to be: cracking, spalling, de-
flection, stains, erosion, and corrosion. 

The cracking as a cause of corrosion of the steel reinforcement in the concrete which is inciting 
spalling and also stains; becomes in the practice the most used parameter in the inspections to pro-
pose maintenance intervention. 

7.3 The cracking in RC structures 
The types and severity of cracks in concrete are varied; the cracking can be classifying in two as inac-
tive and active. Inactive cracking usually requires of localization and corrective action to prevent mois-
ture infiltration; it usually is caused by shrinkage at curing the concrete (at early age of service life). 
Active cracking can be temporary or continuous; depending on the severity it can be considered seri-
ous and can indicate or represent severe problems to the structure; it is related with foundation set-
tling, inherent design flaws, structural degradation, and deterioration conditions. It always requires an 
active monitoring, evaluation and corrective action. 

In addition of active cracking during the service life could happen the crack crazing. It is the reac-
tion between cementitious and aggregates (Alkali-Silica Reactivity, ASR) corresponding to the ran-
dom cracking at the surface which requires surface corrections in a maintenance process. It belongs 
to the severity corresponding to deterioration conditions. 

Table 7.1 gives a summary of all types of cracking in RC structures, and its relation with the case 
of severity and the condition of degradation exposed in 7.2. 
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Today, the implementation of a statistical system to detect, locate, and measure the active cracking in 
any structure is one of the greatest difficulties encountered. Due the nature of the always subjective 
survey, it is very difficult to obtain results that are accurate, repeatable, and reproducible. 
In the future, as to the best of the author's knowledge, it can be possible to establish a fracture control 
procedure in the design, fabrication, and maintenance of elements in bridges. If it is properly im-
plemented, the fracture control plan can be capable to ensure the global safety of the RC structures 
during its service life based on the theory of structural reliability using as random variables the in-
volved stress intensity factors and material toughness. 

This methodology already exists, but it is done purely based on the parametric stability relation 
given by the stress intensity factors and material toughness. A typical fracture control in civil struc-
tures is usually achieved with the recognition of flaws and maintaining them in a stable estate. Three 
steps are involved in this procedure; the first related to the design and fabrication procedure; and the 
second and third with the maintenance procedure. 

As first step, the fracture control usually is considering the material resistance (crack initiation 
toughness) in maintaining cracks in a stable state. The material selection sets the upper limit for crack 
initiation toughness and it is controlled by the designer in the specification of the material for the struc-
ture. To ensure that the material meets the specification, the supplier provides a certification indicat-
ing that tests have been conducted using samples drawn when the concrete is been forming or plac-
ing and that the test results exceed the minimum required strength and toughness. In some applica-
tions for structures with extended service, the studies on the degradation of the crack initiation tough-
ness are executed. 

The second step in a fracture control involves an inspection of cracking, to locate and to measure 
cracks. Then, based on the results of comparing the crack size with the critical crack size, a mainte-
nance or reparation process is carried out. The maintenance period takes an importance place in the 
fracture control plan, because it could enlarge or reduce the service life depending on the inspections 
intervals. If the maintenance periods are sufficient short relative to the growth period of the measure 
crack, will be an opportunity to detect cracks before they achieve the critical crack size. When cracks 
attain a critical crack size they are repaired and the growth period can be extended. 

The critical crack size depends on how it is determined the stress intensity in the stability relation 
which corresponds to the loading condition subjected over a crack in an element. 

A crack in an element can be subjected to three different types of loading. These loading condi-
tions are illustrated in Figure 7.1. 1) The opening mode involves loads that produce displacement of 
the crack surfaces perpendicular to the plane of the crack. The stress intensity factor, indicated as KI, 
is due to tension mode loading. 2) The shearing mode of loading is due to in-plane shear loads which 
cause the two cracks surfaces to slide on one another. The displacement of the crack surfaces is in 
the plane of the crack and perpendicular to the leading edge of the crack. The stress intensity factor, 
indicated as KII, is due to shear mode loading. In the case of loading defined as mixed mode both KI 
and KII exist in the region near the crack tip. 3) The tearing mode of loading is due to out-of-plane 
shear loading. The displacement of the crack surfaces are in the plane of the crack and parallel to the 

Table 7.1:  Types and severity of cracking in RC structures. 
Problem Type Caused by Degradation due to 

Inactive Shrinkage  Poor quality of the concrete and execution 

Foundation settling Natural environment factors 

Deficient structural design Errors in predict the structural behaviour and 
the expected loads 

Cracking 
Active 

Deterioration  Lack of maintenance 
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leading edge of the crack. The stress intensity factor, indicate as KIII, is due to tearing mode of load-
ing. 

While the superposition of the three modes of loading gives the most general loading condition, the 
survey usually is interested in tensile opening mode or mixed-mode since they occur more frequently 
in the active cracking. 

The third step in a fracture control involves the applying of loads to determine the critical stress 
where is attained the critical crack size. In many types of civil structures, periodic inspections, and 
field reparation ensure that crack growth is controlled and that the cracks will not approach the critical 
size. In these structures, structural stability is achieved simply by maintaining the loads so that the 
stress in the region near the crack tip always is less or equal than the critical stress intensity of the 
material. However, in some structures, accessibility is limited and complete inspection is difficult if not 
impossible. In these instances, a proof testing procedure is applied to the structure to ensure safety. 
In a proof test, loads are applied to the structure larger that the normal loading. And if the structure 
does no fail, the single cycle of proof load provides confidence that the crack size in the structure is 
shorter and stable. Indeed, depending upon the ratio of the stress proof intensity versus the critical 
stress intensity in the region near the crack tip a 
growth period can be predicted where the safety 
of the structure can be ensured. In a proof test, 
it is important to previously divide the growth 
period into two or more parts to determine the 
proof test interval. In this sense repeated proof 
testing is similar to repeated inspections. How-
ever with an inspection procedure, the crack will 
grow with time and during the service it can be 
repaired; but with a proof test procedure, the 
cracks continue to grow and when the crack 
size is larger or equal to the critical size the 
structure will fail during the proof test. 

Figure 7.2 gives an example to understand 
the crack behaviour during time. When the crack 
becomes detectable visually, the level of stress 
at the crack tip reached during the proof test at 
service life of the structure. The growth period to 
determine in the proof testing and its reference 
crack size, both compared with the critical size 

 

 

 

 

 
a) Opening mode b) Shearing mode c) Tearing mode 

Figure 7.1: Different types of loading subjected on a crack in an element.
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of the crack and the moment when is expected 
that the structure reaches an unstable state. 

The fracture control is commonly and fre-
quently used by mechanics and aeronautics, but 
the implementation of it in civil structures is not 
common and less on bridges, for the reason that 
the complexity and extension of bridges do the 
collection of the cracks data difficult and time 
consuming and always is involving a manual 
and expensive survey in the process, which 
always requires the intervention of specialized 
operators and equipment. Thus, there is a need 
to automate these survey processes to improve 
the safety of bridges and reduce the bridge's 
operation and maintenance cost. 

Consequently to achieve more objective and consistent information of cracks in the RC structures; 
in this report the attention has been place to all available literature of all existing cracking detection 
and measuring methods usually used in civil structures, with especially attention to RC structures. In 
this report was not included the methods and sensors to evaluate the inactive cracking which occurs 
at early stage of service life (i.e. shrinkage of concrete during curing). 

7.4 The cracking detection and measuring in RC structures 
The methods and sensors to detecting and measuring of cracking have made great progress since 
later 1980’s, some of them have been implemented in continuous productions line and some in field 
monitoring in last 4 to 5 years. However, the main measurements of these systems only focus on one 
combination of the crack detection and location with the propagation (edge slope and extent) or the 
displacement (regarding to crack width and depth). Even though some of the systems can perform so 
called crack depth measurement, few of them can effectively measure the real depth of cracks. 

In this report, the detection and measuring of cracks in bridges covers all methods for: 1) the de-
tection of active cracking, and the measurements on: 2) crack location, 3) edge slope, 4) extent, 5) 
width, and, 6) depth. Figure 7.3 shows the usually way in measure the edge slope and extent of a 
crack once it has been detected and located. Figure 7.4 shows how usually is determined the opening 
width (δ) and depth (a) respectively to the subject loading condition over a crack in a RC structure. 

As a result of the literature search and survey performed in this issue, it can be concluded that the 
existing methods for the measurement of cracks can be divided into two classes: Destructive Testing 
(DT) and Non Destructive Testing (NDT). The DT methods as core sampling in structural elements is 
both time consuming and resource consuming; it has been implemented after using chemicals to 
evaluate the cracking associated with Alkali-Silica Reactivity (ASR) in Highway Structures, then after 
the impregnation with resigns the core sampling is executed to determine the depth and propagation 
shape of cracks. Unfortunately, through a review, it was found that this DT method is nearly the single 
method adopted to measure the active cracking by ASR’s deterioration condition. 

The cracking detection and measurement tests methods used most often in civil structures are 
grouped in nine NDT methods, they are: Visual and Optical Testing (VT), Penetrant Testing (PT), 
Magnetic Particle Testing (MT), Electromagnetic Testing or Eddy Current Testing (ECT), Radiography 
Testing (RT), Thermography Testing (TT), Ultrasonic Testing (UT), and Acoustic Emission Testing 
(AE), and Change in Vibration Characteristics (CVC). The methods include: Inspector’s eyes to look 
for flaws; Inspector’s procedures (from simple to complex); Inspector’s especial tools & mechanical 
gauges; Image classification; Fluorescent or visible dye penetrant; Dry or wet testing with magnetic 
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Figure 7.3: The measure of edge slope and extend of 
a crack.
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particles (applicable to steel elements); Potential drop (induced by resistance); Strain gages (with 
transducers); Displacement gages (electric or optical sensors); Real time X-ray inspection (Radios-
copy); Infrared thermography; Impact, impulse, and pulse velocity echo; Shear wave reflection; Scan-
ning laser source; Elastic wave propagation; and Vibrating wire displacement transducers. 

To have an idea of the abilities of each method; Table 7.2 shows with a “X” in each cell the possi-
bility of use the method to locate or determine the different measurements of an active cracking; also 
this table shows if the method belongs to active or passive monitoring. 
Table 7.2:  Crack detection and measures, NDT methods used most often in civil structures. 

Cracking measurements NDT Method 
(1) (2) (3) (4) (5) (6) 

Inspector’s eyes to look for flaws P X     
Inspector’s procedures (from simple to complex) P X     
Inspector’s especial tools & mechanical gauges P  X X X  

VT 

Image classification A  X X X  
PT Fluorescent or visible dye penetrant P X     
MT Dry or wet testing with magnetic particles P X     

Potential drop (induced by variable resistance) A   X X  
Strain gages displacement transducers A    X  
Displacement gages based on potentiometers A    X  

EC 

Displacement gages based on fibre optic sensors A    X  
RT Real time X-ray inspection (Radioscopy) P  X X SE  
TT Infrared thermography P  X X SE  

Impact, impulse, and pulse velocity echo P    X X 
Shear wave reflection P  X X X X UT 
Scanning laser source P  X X X X 

AE Elastic wave propagation A X     
CVC Vibrating wire displacement transducers A    X  
Note: 1) is the Active (A) or Passive (P) detection of cracking; and 2) crack location; 3) edge slope; 4) extent; 5) width; and, 
6) depth, refers to the cracking geometry; Some Estimated (SE) 
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Figure 7.4: The measure of crack opening in width (δ) and depth (a) respectively 
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To establish a difference between the active and passive monitoring: (A) the active monitoring refers 
to methods suitable of continuous detection or/and measuring of something; (P) the passive monitor-
ing of cracks refers to methods that always are executed to determine the type and severity, then per-
form a deeply evaluation of the extent, width, and depth of active cracking, generally this methods are 
executed in an evaluation process during inspections. 

In the implementation of fracture control in bridges based on active monitoring (Figure 7.5), for 
sure, it will involve a method able to resolve permanently the detection, location and measure of the 
width, or/and the depth of active cracking. Already this method does not exist; almost all methods 
capable of active detection resolve one or two of these conditions. Where some of them need the 
inspection to be executed first or after to localize or measure. These methods are included in the 
groups of NDT methods: Visual and Optical Testing (VT), Electromagnetic Testing or Eddy Current 
Testing (ET), Acoustic Emission Testing (AE), and Change in Vibration Characteristics (CVC). In the 
next chapters, the description of the involved methods is widely explained and finally evaluated with 
all available commercial sensors, data acquisition, communication, processing and management 
technologies suitable of an active monitoring of cracking in RC structures. 

In this report it was not included the evaluation of ultrasonic techniques, because these methods 
were classified within passive monitoring methods. Nevertheless, attention should be taken to the 
shear wave reflection and scanning laser source methods. If it is needed a deeper study of a crack; 
these techniques appear as the most suitable and complete for this kind of surveys. The recom-
mended commercial equipment available is the Ultraschall Impuls-Echo-Gerät A1220 [1]. The A1220 
equipment works with the ultrasonic testing 
method of shear wave refection. 

7.5 Visual and Optical Testing 
(VT) 

Traditional and newly developed imaging algo-
rithms are used as method in crack detection in 
concrete bridges. They are based almost on 
image edge-detection algorithms. An edge in 
digital images is defined as sharp intensity tran-
sition. Nowadays, the algorithms for edge-
detection can seek to detect and to localize 
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Figure 7.5: The implementation of active and passive monitoring of cracking in RC. 

 
Figure 7.6:  Ultraschall Impuls-Echo-Gerät A1220 [1].
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edges without any input or interference from humans. These algorithms 
could be: Fast Haar Transform (FHT), Fast Fourier Transform (FFT), Sobel, 
and Canny. Each algorithm produces different results for a given image. 
Basically, once an algorithm is identified as the most appropriate, further 
algorithm are developed and introduced in the system to overcome any 
limitations improving the threshold value. The problems to overcome are 
mainly to decide which of all algorithms is the best corresponding to type of 
material and its surface rugosity. 

One commercially available system based on this method is the Optical 
Crack Tracer (OCT) from La Vision Company (Figure 7.7). La Vision’s OCT 
is a new generation of instruments for crack analysis. The OCT works on a 
wide range of different materials: brittle and toughened resins, thermoplas-
tic polymers, adhesives, components, molding resins, metals, ceramics, 
and inorganic glasses [2].  

In combination with every standard materials testing machine La Vision 
OCT was designed to tracking the crack optically during crack initiation and 
propagation and computes fully automatically the Critical Stress Intensity Factor KIC and Strain En-
ergy Release Rate GIC. In this fully integrated OCT package a CCD-camera monitors the crack 
propagation during the fracture toughness test. The applied force is acquired simultaneously. After 
image recording the optical signal is digitally filtered. La Vision OCT calculates automatically the frac-
ture mechanical parameters from crack length and force as a function of time. Data are stored in an 
intuitive format for easy interpretation, analysis and presentation. A MS-Windows graphical user inter-
face and one-touch controls make obtaining data quick and easy [2]. 

The mainly specifications of La Vision’s OCT are: CCD-Camera: 768 x 576 pixel; Time resolution: 
10 Hz; Resolution: typical 0.05 mm (observation window 25 mm); Error of crack length: <0.1 mm; 
Max. time of monitoring: ca. 2min (depending of RAM in PC and image size); Advanced PC; AD-
converter; TTL-I/O; Frame grabber; Stroboscope/ligthning synchronisation; Software: Win-NT Davis-6 
crack software package; Interface to the material testing machine (analog force signal). As optional 
the La Vision’s OCT offer: High-speed crack recording (100 Hz, 1kHz, 40 kHz); High-resolution CCD-
cameras up to 2k x 2k pixel; Micro-crack detection with μm-resolution [2]. 

7.6 Electromagnetic Testing or Eddy Current Testing (ET) 
Electromagnetic testing refers to representation or description of the light propagation in dielectric 
materials, taking into account the notions that light is an electromagnetic wave phenomenon; there-
fore, the electromagnetic wave theory is used to obtain a good representation or description of light 
propagation. Maxwell's equations correctly describe both the space and time interdependence of the 
electric and magnetic fields in linear, homogeneous, isotropic, and source-free media. From these 
equations, the general form of the electromagnetic wave equation can be derived. The wave equation 
describes the propagation of an electromagnetic wave in spatial and time coordinates. If the source-
free medium is a nonconductor (dielectric) the wave equation can be simplified for describing propa-
gation in optical fibers. This chapter does not address optical fibers, which are presented in chapter 8 
and 9.  

Eddy Current Testing refers to the conductance of electrical currents in electric materials. Electrical 
currents are generated in a conductive material by an induced alternating magnetic field. The electri-
cal currents are called eddy currents because they flow in circles at and just below the surface of the 
material. Interruptions in the flow of eddy currents, caused by imperfections, dimensional changes, or 
changes in material's conductive and permeability properties, can be detected with the proper equip-
ment. 

Figure 7.7: Crack 
monitoring by OCT in a 
polymer sample [2].
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In this report, after a deep survey related with the 
crack detection, propagation, and displacement meas-
urement, it was found four mainly methods, the first 
based on the potential drop, the second and third 
based on the electrical resistance, and the fourth re-
lated with the electrical inductance. The third method 
implement of strain gages in transducers especially 
designed to measure crack opening. The fourth 
method also implements transducers to measure based on potentiometers the crack displacement. 
The mainly disadvantage of all these methods correspond to the previously knowledge of the nearest 
location where the crack will appear. 

7.6.1 Potential drop method 

The potential drop method resolves the Crack Detection (CD) and Crack Propagation (CP). 
The Crack Detection gages are designed to provide a convenient, economical method of indicat-

ing the presence of a crack, or indicating when a crack has progressed to a predetermined location. 
By employing several CD gages, it is also possible to monitor the rate of crack growth; however, 
Crack Propagation (CP) gages would normally be selected for that purpose. In some applications, thin 
copper wires bonded to the test structure are used to provide a low-cost method of detecting crack 
initiation or propagation. Because of the behavior of copper wire, however, this method suffers from 
two limitations: (a) the crack tip may progress considerably beyond the wire without breaking the 
strand, and (b) in areas of high cyclic strains, the wire may fail in fatigue without crack initiation in the 
specimen. CD gages are designed to overcome both of these limitations [3]. 

CD gages consist of a single strand of high-endurance alloy (Figure 7.8). A crack propagating be-
neath the gage will induce local fracture of the sensing strand and open the electrical circuit. When 
the CD gage is installed at critical locations of a structure and used as a sensing element in a control 
system, the signal can serve to alert an operator to incipient component failure [3]. 

Two gage constructions are currently available: The CD-02 is made of beryllium copper alloy lami-
nated to polyimide, and offers a low-resistance sensing element. Select the CD-02 type for maximum 
conformability to irregular surfaces and ease of soldering, when greatest fatigue life is not required. 
The CD-23 type is constructed of isoelastic alloy laminated to a glass-fiber-reinforced backing for ap-
plications where the highest endurance is required. The superior fatigue life of the isoelastic alloy al-
lows the CD-23 to be used in high cyclic strain fields without premature failure, while maintaining high 

Figure 7.8: Pattern of CD gages [3].

Table 7.3. Dimensions of commercial available CD gages. 
Dimension (mm) Model No. 

OL OW ML MW GL 
CD-02-10A 14.2 2.5 15.2 3.2 10.2 
CD-02-15A 19.3 2.5 20.3 3.2 15.2 
CD-02-20A 24.4 2.5 25.4 3.2 20.3 
CD-02-25A 29.5 2.5 30.5 3.2 25.4 
CD-02-50A 54.5 2.5 56.4 3.2 50.8 
CD-23-10A 14.2 2.5 15.2 3.2 10.2 
CD-23-15A 19.3 2.5 20.3 3.2 15.2 
CD-23-20A 24.4 2.5 25.4 3.2 20.2 
CD-23-25A 29.5 2.5 30.5 3.2 25.4 
CD-23-50A 54.5 2.5 56.4 3.2 50.8 
OL: Overall length; OW: Overall width; ML: Matrix length, MW: matrix 
width; GL: Gage length (see Figure 7.9). 
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sensitivity to crack formation under the 
gage. This gage is less conformable 
than the CD-02 and requires use of SS-
Flux for tinning of solder tabs for lead 
wire attachment [3]. 
Crack Detection gages are available 
with various strand lengths; from 0.4 in 
(10 mm) [ CD-XX-10-A ] for applications 
where space is limited, to 2.0 in (50 mm) 
[ CD-XX-50-A ] for use where the direc-
tion of crack propagation, or the point of 
crack initiation, is uncertain. The resis-
tance of the CD gages is nominally 0.05 
ohms/mm of active strand length for beryllium copper and 1 ohm/mm for isoelastic gages. The normal 
operating temperature range is -320 to +250 deg F (-195 to +120 deg C) [3]. 

Conventional strain gage adhesives are suitable for bonding CD gages. M-Bond 600, 610, and 43-
B are preferred for excellent performance over the widest operating temperature range. However, M-
Bond AE-10 and AE-15 are also suitable where in-service temperatures will not exceed +200 deg F 
(+95 deg C). M-Bond 200 is satisfactory for fast installation, but should not be used for long-term test-
ing [3]. 

Corrosion, which can cause premature filament failure, is greatly accelerated in the presence of 
high cyclic strain fields. For long-term use, it is essential to protect the crack detection gage from at-
mospheric corrosion and other contamination. M-Bond 43-B is an excellent protective coating when 
the bonding adhesive, lead wire insulation and solder can tolerate the cure temperature. If lower cure 
temperatures are necessary, M-Bond AE-10 and AE-15 are recommended. When in-service environ-
mental conditions are not extreme, a softer coating may prove perfectly adequate. Either 3140 RTV or 
M-Coat D would be a good choice in these instances [3]. 

The Crack Propagation gages provide a convenient method for indicating rate of crack propaga-
tion in a test part or structure. The CPA, CPB, CPC, and CPD patterns (see Figures 7.9, 7.10 and 
7.11) consist of a number of resistor strands connected in parallel. When bonded to a structure, pro-
gression of a surface crack through the gage pattern causes successive open-circuiting of the 
strands, resulting in an increase in total resistance [3]. The CPA pattern incorporates 20 resistor 
strands; the CPB, FAC [4], and KC [5], with the same basic configuration (Figure 7.9), incorporate ten 
to forty one (Table 7.4). The KC patterns can be applied to either flat or curved surfaces. The FAC 
gauge is recommended to steel materials. 

These series produce stepped increases in resistance with successive open-circuiting. In applica-
tions where space permits, the CPC 
pattern with 20 resistor strands may be 
preferred because of greater uniformity 
of increases in total resistance with 
successive strand fractures (Figure 
7.10) [3]. The SG [6] with the configura-
tion (Figure 7.11, left) similar to CPD 
pattern incorporate 10 resistors strands, 
besides 20 of the CPD pattern (Figure 
7.11, right). Also, SG pattern incorpo-
rate a boundary strand to monitoring 
when the crack reaches the gage area. 

The resistor strands of the CPD pat-
tern operate independently, each pro-

       
Figure 7.9: CPA Pattern [3]. 

 
Figure 7.10:  CPC Pattern [3].  
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ducing an open circuit when frac-
tured. This type of gage allows the 
user to electrically predetermine a 
specific point in the fracturing proc-
ess at which the instrumentation will 
perform some type of altering func-
tion [3]. The RDS [7] with the same 
basic configuration (Figure 7.11) in-
corporate from 13 to 44 resistors 
strands, besides 20 of the CPD pat-
tern. 

Crack Propagation Gages CPA, CPB, CPC, and CPD have a nominal gage thickness of only 
0.0017 in (0.043 mm), RDS’s pattern have 35 ± 15 μm. The high-endurance K-alloy foil grid has a 
single cycle strain range of up to ±1.5% (2 % in the case of SG) with a fatigue life of greater than 107 
cycles at ±2000 microstrain [3]. The resistor strands in RDS patterns are made based on constantan 
foil with thickness of 5 μm. The base material for strands in FAC pattern is Cu-Ni alloy foil. The stan-
dard backing is a glass-fiber-reinforced epoxy matrix, not reinforced in the case of FAC pattern. The 
standard backing material in RDS patterns is glass fibre reinforced phenolic resin, and just phester for 
KV gages. 

The CPA, CPB, CPC, and CPD gages are useful through the temperature range of -269°C to over 
+230°C. Since exact self-temperature compensation is unnecessary in crack propagation studies, all 
of these gages are supplied in 09 S-T-C. The FAC gage operates in the temperature range of -20 to 
+80°C [3]. 

Crack Propagation gages feature small copper pads on the tabs for ease of soldering [3]. FAC and 
KV patterns need terminal pads to be implemented (TP-2 and T-P1 respectively are selling sepa-
rately); Terminal pads serve two main purposes. First, they act as intermediate points for attaching 
ribbon leads of thin gage wire to heavier instrumentation wires. Second, they provide stress relief to 
strain gage systems. When the heavy instrumentation wire moves, the terminal pad protects the strain 
gage. 

Crack Propagation Gages should be installed with a solvent-thinned adhesive incorporating a cure 
temperature of at least +150°C. M-Bond 600 and 610 adhesives are recommended for use over the 
widest temperature range. Handling tape should not be applied over the grid or soldering tabs during 
installation. Room-temperature-curing adhesives are not recommended for use with Crack Propaga-

  
Figure 7.11: Left: SG Pattern [6] .Right: CPD Pattern [3].

Table 7.4. Specifications and dimensions of commercial available CP gages. 
Dimension (mm) Designation Nominal Re-

sistance (Ω) 
Grid lines 

(pitch, mm) OL OW ML MW GL 
CPA01 5 20 (0.25) 25.4 5.1 27.4 7.1 12.7 
CPA02 5 20 (0.25) 50.8 10.2 52.8 12.2 25.4 
CPB02 5 10 (0.25) 12.7 2.5 14.2 4.1 6.4 
CPC03 3 20 (2.03) 19.1 39.9 20.3 41.1 17.8 
CPD01 110 20 (1.27) 25.4 25.4 28.1 28.1 19.1 
SG-CP1  13 (0.1*) 1.6 1.6 10.7 10.7  
RDS20 13 20 (1.15) 20 22.5 28 25  
RDS22 44 50 (0.1) 22 5 27.8 6.8  
RDS40 28 10 (0.8) 40 8.4 47 10  
FAC-20 1 41 (0.5) 43 25   20 
KV-5C 1* (0.1)   30 5  
KV-25B 42 1* (0.1)   42 32  
* Approx. 
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tion Gages. CN and RP-2 were recom-
mended as bonding adhesive for FAC 
gages. The CN adhesive is single com-
ponent adhesive, with a curing time be-
tween 20 - 60 seconds under normal 
conditions of temperature The RP-2 
adhesive is a two component adhesive, 
curing time at room temperature is 2 - 3 
hours, use the mixed adhesive within 10 
- 20 minutes. The operational temperature range is between -
20 to 80°C. The protective coating selection considerations 
are similar to those for CD gages in Crack Detection Gages 
[3]. 

For CPA, CPB, and CPC patterns an ohmmeter with milli-
ohm sensitivity is a suitable readout instrument. Alternately, a 
strip chart recorder, connected in the manner shown in Figure 
7.12, can be used to obtain a step curve of strands broken 
versus time. For CPD pattern low voltage instrumentation can 
be employed to shut off a motor, sound an alarm, or trigger 
some other type of alerting function [3]. For FAC gauges a special adaptor (CGA-120) is required be-
tween the FAC-20 gauge and the strain meter (Figure 7.13). 

The output per grid of the CGA-120 adaptor is 50μm/m in a quarter bridge connection with 120 
ohms and 3-wire system [4]. 

Also to use the KV gages it is necessary another adaptor, the KVA-1A is recommended to enable 
the connection to a conventional strain amplifier (Figure 7.14). 

7.7 Strain gages displacement transducers 
The transducers with strain gages are the most frequently used to resolve the Crack Opening Dis-
placement (COD) or crack width. As all transducers, they are especially designed to operate by con-
verting measured physical quantities into mechanical stress, and then detecting that stress with a 
strain gauge. 

The commercially COD gages offer a variety of features like compact size, light weight and easy 
operation, high-precision measurements with excellent linearity and consistency, as well as dynamic 
measurement capability. They can be connected to all types of strain meters, such as Data Loggers 
and dynamic strain meters, for taking measurements. 

They are frequently used in fracture toughness testing including compact tension and bend speci-
mens, The COD gages can be used for the pre-cracking and the crack propagation parts of the frac-
ture test. 

The most common and commercially available are manufactured by Tokyo Sokki Kenkyujo Co., 
Ltd. (TML) [4], they offer some versions. The most suitable types for the purpose of this report are 

 
Figure 7.12: Circuit to be implemented with CPA, CPB, CPC 
[3].

Figure 7.13:  Special adaptor CGA-120 
[4]. 

 
Figure 7.14:  KVA-1A adaptor and circuit installation configuration [5].
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commented in the Table 7.5. 

7.8 Displacement gages based on potentiometers 
The displacement gages implements transducers to measure based on potentiometers the crack dis-
placement. They are also frequently used and well know as Linear Variable Differential Voltage 
Transducers (LVDT). The most common and commercially available especially designed to measure 
crack opening displacement in one or two directions perpendicular to the crack depth are manufacture 
by Tokyo Sokki Kenkyujo Co., Ltd. (TML). Table 7.6 gives a summary of these products. 

Also, recommended and commercially available is the Crack Activity Meter (CAM, see Figure 
Figure 7.16) manufactured by Dynatest Group. It is mainly employed on Highways surveys. The CAM 
enables the road engineer to monitor cracks and their activity so that an appropriate maintenance or 
improvement strategy can be selected. The CAM measures load-associated crack movements on an 
existing road surface. A knowledge of the magnitude of crack movement helps in the selection of an 
appropriate new surfacing seal to accommodate crack movement. Active cracks can reflect through a 
new surfacing if the new surfacing is unable to accommodate the crack movement [8]. 

7.9 Acoustic Emission Testing (AE) 
The acoustic emission testing method refers to the generation of transient elastic waves during the 
rapid release of energy from localized sources within a material. The source of these emissions in 
metals is closely associated with the dislocation movement accompanying plastic deformation and the 

Table 7.5: Summary of characteristics of commercially COD gages [4]. 

Type Capacity Rated Output 
(mV/V) 

Non-linearity 
(%RO) Feature 

±2mm 2 PI 
±5mm 2.5 

1 Small range, Large span, Economy 

UB 2mm 
5mm 2.5 1 

UB-A 5mm 2.5 1 

Small range, COD measurement, Double 
cantilever type, UB-A: The shape of the tip 
can forms to ASTM specifications 

2mm 1 RA 
5mm 1.5 

1 

2mm 1 RA-L 
5mm 1.5 

1 

Small range, Simple design, COD meas-
urement, RA-L: For use under cryogenic 
temperature 

Table 7.6. Summary of characteristics of commercially COD transducer gages [4]. 

Type Capacity Rated Output 
(mV/V) 

Non-linearity 
(%RO) Feature 

±2mm 1.5 KG-A 
±5mm 2 

1 

X-direction 
+4,-2mm 

X-direction 
+2,-1 

KG-B 

Y-direction 
±3mm 

Y-direction 
±1.5 

1 

Crack opening measure-
ment on concrete con-
struction. 
KG-B: 
Bi-axial measurement. 

  
Figure 7.15: COD transducers gage based on potentiometers [4]. Right: KG-A COD transducer gages. Left:  
KG-B  COD transducer gage 
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initiation and extension of cracks in a structure under stress. 
Other sources of Acoustic Emission are: melting, phase trans-
formation, thermal stresses, cool down cracking and stress 
build up [9]. The acoustic emission NDT method is based on 
the detection and conversion of these high frequency elastic 
waves to electrical signals. High frequency acoustic energy is 
emitted by an object when it is undergoing stress, such as 
when corrosion products formed on a corroding rebar push out 
on the concrete surrounding it. The primary advantage acous-
tic emission offers over more conventional NDT methods is 
that it results directly from the process of flow growth. Slow 
crack growth in ductile materials produce few acoustic emis-
sion events, whereas rapid crack growth in brittle materials produces large quantities of high ampli-
tude acoustic emission events. Corrosion product buildup and subsequent micro cracking of concrete 
it represents the latter phenomenon, AEM detects corrosion earlier than the galvanic current and the 
half cell potential measurements [10]. 

A typical AEM system (Figure 7.17) uses piezoelectric sensors acoustically coupled to the test ob-
ject with a suitable acoustic coupling medium (grease or adhesive) and secured with tape, adhesive 
bonds or magnetic hold downs. The output of each piezoelectric sensor is amplified through a low-
noise preamplifier, filtered to remove any extraneous noise and furthered processed by suitable elec-
tronic equipment. The acoustic emission signal is of high frequency, as expected for rapid crack 
growth and is shifted between the transducers. Such a shift in the acoustic emission signals is due to 
the acoustic signal traversing down the rebar and should allow source location of the acoustic emis-
sion event and rebar corrosion to be calculated [10]. 

The commercial available sensors and related system components are not included in this report, 
for more details, please consult: http://www.aeconsulting.com/. 

7.10 Change in Vibration Characteristics (CVC) 
Every solid object and every stretched wire has one or more resonant frequencies at which it will vi-
brate easily. The vibrating wire displacement transducers are based on the resonant frequency of 
vibration of a tensioned steel wire which is proportional to the strain or tension in the wire. Nowadays, 
this fundamental relationship is utilized in a variety of configurations for the measurement of strain, 
load, force, pressure, temperature, and tilt. Vibrating wire sensors are well known for their long term 
stability. The advantage of vibrating wire sensors 
over more conventional types lies mainly in the 
sensor output which is a frequency rather than a 
voltage. Frequencies can be transmitted over long 
(>2000m) cables without appreciable degradation 
of the signal caused by variations in cable resis-
tance which can arise from water penetration, tem-
perature fluctuations, contact resistance, or leak-
age to ground. This factor, coupled with a rugged-
ness transducer designs results in sensors which 
exhibit excellent long-term stability and which are 
ideally suited for long-term measurements in ad-
verse environments [11]. 

The manufacture of commercially available vi-
brating wire displacement transducers to measure 

Figure 7.16:  Crack Activity Meter [8].

Figure 7.17:  Commercial components of AEM 
system, Acoustic Emission Consulting, Inc [11]. 
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active cracking in concrete is for example 
Geokon Inc. The recommended transducer 
correspond to the model 4420 (Figure 7.19, 
Table 7.7), it was designed to measure dis-
placements across joints in buildings, 
bridges, pipelines, dams, etc and tension 
cracks in concrete, rock, soil and structural 
members. In essence, the transducer con-
sists of a vibrating wire in series with a ten-
sion spring. Displacements are accommo-

dated by a stretching of the tension spring, which produces a commensurate increase in wire tension. 
The wire and spring are connected to a free-sliding rod which protrudes from, and is free to slide in-
side, a protective outer tube. An o-ring seal prevents water from entering. The frequency signal is 
transmitted through the cable to the readout location, conditioned, and displayed on portable readouts 
or data loggers [11]. 

The sensor is installed by attaching the ends to anchors (with ball joints) that have been grouted, 
bolted, welded or bonded on opposite sides of the crack or fissure that is to be monitored. 3-D mount-
ing brackets (Figure 7.18) are also available which allow transducers to be installed to measure dis-
placements in three orthogonal directions, as are special clamps that allow transducers to be attached 
to a variety of earth reinforcements and geogrids. Special versions are offered for underwater use, 
where water pressures exceed 1.7 MPa, and for use in cryogenic or elevated temperature regimes 
[11]. Also offer by Geokon Inc. are very important are the multiplexing units to expands the number of 
channels that can be read by their data loggers units, and the possibility of Remote Monitoring (RM) 
using a their RM sentinel model 8050 (Figure 7.19, Table 7.8) this sentinel provides a low-cost means 
of accessing readings from 1 or 2 vibrating wire instruments from remote sites, via the Internet. The 
Sentinel can send data to the Internet up to 12 times a day and can alert users by telephone or email 

if alarm thresholds are met or if any system 
problems occur [11]. 

The Sentinel is supplied complete with 
mounting bracket, solar panel charged power 
supply, cell phone and antenna. Available 
payment plans support daily, weekly or 

monthly reading intervals [11]. 

7.11 Conclusion 
This report presents an overview resolving the ques-
tions:  
– Why to measure cracks in RC structures? 
– How can be possible to measure and to monitor an 

active crack? 
In regard to the first question: It is recognized the 
principal role of an active monitoring to reduce the 
cost in the operation of a bridge and determination of 
optimal periods in maintenance of a structure. The 
goals that any research should look forward to obtain 
on this problem are established. The principal pa-
rameters who contribute to the structural degradation 

Table 7.7: Specifications of crack meter model 4420 [11]. 
Standard Ranges* 12, 25, 50,100 mm 
Sensitivity 0.025% F.S. 
Accuracy ±0.1% F.S. 
Nonlinearity < 0.5% F.S. 
Temperature Range –20°C to +80°C 
Diameter 8 mm (shaft) / 25 mm (coil) 
Length (Transducer) 318, 362, 527 mm 
*Other ranges also available on request 

Table 7.8: Specifications of RM model 8050 [11]. 
Measurement Accuracy 0.02% F.S. 
Measurement Resolution 0.025% F.S. 
Temperature Range –30°C to +70°C 
Humidity 0% to 95% non-condensing 

 
Figure 7.18:  Three Model 4420 Crackmeters 
configured as a single 3-D Crackmeter [11]. 



Sustainable Bridges SB-5.1 2007-11-30 64 
  Rev. 2007-11-30 

 

in RC structures are identified such as the parameters that are usually determined in the evaluation of 
degradation of structures with RC. The types and severity of cracking are classified and connected 
with the deterioration parameter. The function of fracture control in structures is deeply explained, and 
how it can be implemented with an active monitoring of cracking together with the structural reliability 
theory to ensure the global safety of bridges during its service life. 

The second question is answer: First defining the principal measurements in active cracking which 
are the interests in any survey related with this issue. Then compiling all available information related 
with NDT methods which are often used to measure cracking, then summarized and presented to 
identifying the suitable methods to solve the crack detection and location, the propagation, and the 
displacement in an active monitoring. 

Finally the suitable methods of active monitoring of cracking are widely explained, recommending 
at the same time the available commercially of sensors and systems in detail. 
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Figure 7.19:  Remote Monitoring Sentinel model 8050 and Crackmeter model 4420 [11]. Left: RMS model 
8050. Right: Crackmeter model 4420. 
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8 FIBRE OPTIC SENSORS AND SYSTEMS FOR 
MONITORING APPLICATIONS 
W. Boyle and Y. M. Gebremichael, City University 

8.1 Introduction 
Over the past few years, considerable attention has been directed towards the possible application of 
optical fibre sensors for civil engineering applications. Although a range of possible transducer princi-
ples have been investigated, the development of fibre Bragg gratings has enhanced the potential ca-
pabilities of the technology for large structure monitoring. As a result, there has been much invest-
ment throughout the world, notably within the EU, USA, Canada and The Fareast, in this technology 
for diverse range of applications, one of which is strain and temperature monitoring in large struc-
tures. To this end, several collaborative projects have been conducted both internationally and also at 
a national level. Most of these projects, although demonstrating the capability of fibre optic sensors for 
civil engineering applications, they have mostly been directed at addressing a particular applications 
and the systems either utilised high cost components or were limited in performance. Taking the ex-
perience gained form these previous projects, there is a strong need for design and development of 
high performance cost effective fibre optic sensor systems which extend the current capabilities of 
monitoring systems in various aspects. These include the measurement bandwidth, sensitivity, num-
ber of sensors, data processing and communications techniques by employing advanced transducers 
and processing instrumentation suitable for remote monitoring of railway bridges and multiple struc-
tures with information transmitted via an Internet connection. 

The goal of this project is to further research into intelligent systems for long-term remote and con-
tinuous monitoring of structural behaviour of railway bridges under environmental and service loading 
and application of the technology into infrastructure rehabilitation strategies. 

This report reviews a range of fibre optic sensing techniques and sensor systems for continuous 
structural monitoring applications.  The focus is on various measurement techniques for localised and 
distributed strain and temperature measurements and in particular Bragg grating based sensing tech-
niques for civil engineering applications are discussed. Some major field applications, conducted 
worldwide, in the area of civil engineering, both current and completed, are discussed with corre-
sponding sensor systems and monitoring techniques and associated data analysis, reduction and 
communication technologies. 

8.2 Structural Integrity and the Need for Continuous Monitoring 
Structural monitoring involves the continuous analysis of operational behaviour and identification of 
problems before structural failure or component breakage arises enabling the condition and nature of 
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faults to be identified quickly without having to resort to visual inspections. Such early detection of 
problems not only helps to estimate the time remaining before structural failure but also can ain in 
carring out corrective action to be implemented to prolong the operational life of the structure. This 
increases availability and performance of the structure while reducing overall maintenance require-
ments and emergency shutdowns. 

With the increasing application of monitoring and predictive maintenance practices it is extremely 
important that a reliable monitoring system be incorporated so that the structural behaviours are well 
understood to optimise the operation of structure and reduce maintenance costs while improving ser-
vice quality. 

The European rail network and transport industry are constantly under economic pressures to re-
duce costs while increasing service quality and productivity. To this endeavour, continuous and online 
condition monitoring systems, to replace scheduled maintenance practices, are increasingly becom-
ing important as asset management tools. This has led to a requirement for in-situ multi-parameter 
sensors that can provide real-time information on the health of a structure. Fibre optic sensor technol-
ogy offers a means by which these essential functions can be performed for condition monitoring ap-
plications. 

8.3 Evaluation of existing monitoring techniques 
Existing monitoring systems rely on periodic diagnostic test methods based on conventional tech-
niques. Very few continuous, in-service monitoring systems are used because of the high expense of 
these systems, largely based on conventional technologies, and the problems associated with cabling 
issues - electromagnetic interference (high voltage) and harsh field conditions (extreme temperatures 
and/or corrosive environments). The table below recapitulates the existing monitoring techniques.  

 
Table 8.3.1. Common Conventional Transducers in Monitoring Applications 
Instrumentation 
systems  

Parameter Application Remarks 

Resistive gauges Strain Static/dynamic Accurate, requires special 
skills, large cabling require-
ments 

Accelerometers Acceleration Dynamic Accurate 
Thermocouples Temperature Static/dynamic Easy to use 
Acoustic Emission 
Monitoring 

Stress wave Static/dynamic Special skills required 

Linear Voltage 
Displacement 
Transducer 
(LVDT) 

Displacement Static/dynamic Rigid mounting required 

Vibrating Wire 
Strain Gauge 

Strain Static Easy to use, accurate 

Deflection Pole Displacement Static/dynamic Quick to set-up and efficient 
Dial Gauge Displacement Static Rigid mounting required, 

Manual reading 
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8.4 Conventional Strain Gauge Systems and Accelerometers in Monitor-
ing Applications 

Traditional electronic monitoring systems usually involve the logging data from a number of electrical 
and magnetic-based instruments such as electrical strain gauges, piezoelectric transducers, eddy 
current proximity probes or displacement transducers for both static and dynamic measurements. 
Most of such systems developed to date employ force, acoustic emission and vibration, or a combina-
tion of these and other techniques for monitoring applications.  Each technique has a limited fre-
quency range of measurement and is therefore ideally suited for specific applications. 

Vibration and associated frequency analysis involving measurement of displacement, velocity, or 
acceleration has become a very popular monitoring technique due to the myriad of information that it 
can provide about the condition of structures and automatically detecting faults. Furthermore, vibra-
tional analysis is very effective for monitoring of undesirable high vibrational levels or foundation 
looseness, which affect structural health and lead to structural fatigue problems. Accelerometer sen-
sors are widely used for such measurements of transient events, owing to their superior sensitivity at 
higher frequencies. 

There are also a variety of conventional strain sensors available, including: bonded foil piezoresis-
tive, semiconductor piezoresistive, capacitive and inductive types. The most commonly used and low-
est cost strain gauges are the bonded foil piezoresistive type whose electrical resistance varies in 
proportion to the amount of strain in the device. This strain gauge consists of a metallic foil arranged 
in a grid pattern. The grid pattern maximizes the amount of metallic wire or foil subject to strain.  The 
grid is bonded to a thin backing, which is attached directly to the test specimen so that the strain ex-
perienced by the structure is transferred directly to the strain gauge, which responds with a linear 
change in electrical resistance but they require very careful bonding and environmental protection to 
survive in harsh environments. Inductive strain sensors, including magnetoelastic types, have the 
potential to be placed in an exposed environments with greater ease and at lower cost, because in-
ductive sensors are inherently insensitive to moisture ingress.  

Strain gauge measurement involves sensing extremely small changes in resistance. Therefore, to 
ensure accurate and reliable strain measurements proper selection and use of signal conditioning, 
wiring, and data acquisition components are required. If the strain gauge circuit is located a distance 
away from the signal conditioner and excitation source, a possible source of error is voltage drop 
caused by resistance in the wires connecting the excitation voltage to the bridge. Further to this, the 
output signal of strain gauges is relatively weak. Therefore, strain gauge signal conditioners usually 
include amplifiers to boost the signal level to increase measurement resolution and improve signal-to-
noise ratios. In addition, strain gauges may be located in electrically noisy environments. It is there-
fore essential to be able to eliminate noise that can couple to strain gauges. 

Due to the non-passive electrical nature of the measuring system, conventional resistive strain 
gauges have limitations of electromagnetic interference, corrosion, heavy cabling and limited sensitiv-
ity. Monitoring systems based on traditional methods drift and fail on periods far shorter than the ex-
pected lifetime of the structural elements. 

Condition monitoring of a majority of structures in operation is presently performed with conven-
tional piezoelectric accelerometers and resistive-foil strain gauges. However, these sensors are gen-
erally limited to external use only and they are not chemically inert (corrosion is often a major failure 
mechanism). Furthermore, unlike optical fibres, piezoelectric transducers are prone to electromag-
netic interference effects. Clearly, fibre optic sensors offer significant operational advantages over 
conventional techniques for vibration/frequency analysis. 
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8.5 Fire Optic Sensor Technology for Monitoring Applications 
Fibre optic sensor technology has progressed at a rapid pace over the last decade and many different 
sensing techniques have been developed based on several different principles which can be broadly 
classified as being based on intensity modulation, polarisation change and Phase or wavelength shift 
measurements. Many of these use interferometric sensing or processing techniques due to the high 
sensitivity offered. The sensors can be intrinsic in which the fibre is both a sensor and light guiding 
device or extrinsic where the fibre is used just as the light guiding medium. These sensors are sensi-
tive to a range of parameters including temperature, vibration, deformation, strain etc. One of the 
most versatile and relatively mature type is the Fibre Bragg Grating (FBG) sensor. This technique is 
particularly attractive in many monitoring applications in industrial and large civil engineering infra-
structure such as dams, tunnels and rail/road bridge structures. Fibre optic structural sensing technol-
ogy is also equally applicable to other industrial sectors, such as the aerospace and marine industries 
and advanced applications where fibre optic sensors are used to control actuators that allow ad-
vanced space grade materials to adapt to their environment.  

Fibre optic sensors have a number of potential advantages over the conventional electrical sensors 
and are particularly well suited for condition monitoring applications in that they are lightweight, dura-
ble and sensitive to several parameters. They are also inert to most chemical hazards and their flexi-
bility means that they can act as very fine conduits into previously inaccessible harsh environments to 
be incorporated within the structure itself as embedded sensors. Low intrusivity of OFS is essential for 
integration and continuous assessment of structures. 

In the conventional methods, electric circuit connections can easily be affected by various sources 
of interference, such as electromagnetic interference, cross-talk, random noise due to atmospheric 
disturbance. In a fibre optic sensing system, however, the link between the sensor and the detector is 
dielectric, containing only glass fibre. As a result, such external electromagnetic interference effects 
are absent. This is of particular importance in applications where there is high magnetic flux coupling 
such as those near high voltage rail lines. Optical fibres also eliminate the capacitive coupling effects 
of transmission lines. Because of the electrical isolation of the sensor, the system is immune to many 
kinds of external noise and may therefore significantly improve the reliability and sensitivity of meas-
urements in high voltage environments. 

The effects of environmental parameters on the optical properties of the fibre optic can be sensed 
via a number of very precise changes on the properties of the guided light. Hence fibres are now re-
placing the role of conventional electrical devices in sensing applications to the extent where we are 
now seeing a multitude of sensing techniques and applications being explored for a range of practical 
applications with clear economic benefits. The potential use of such sensors for condition monitoring 
applications primarily involve loading behaviour, wear, corrosion and degradation for fatigue analysis 
and performance monitoring 

The development of reliable fibre optic sensor systems and their integration within components, 
coupled with a microprocessor-based processing systems, leads to the realisation of Smart Structures 
and systems which can provide real time monitoring of the condition, operation and integrity of the 
structure and in-situ monitoring of strain fields, vibrations, acoustic emission, pressure, temperature 
and fracturing for fatigue analysis in civil structures. Such continuous monitoring over long periods of 
time, however, generates unmanageable and often unnecessary amount of data. Thus advanced al-
gorithms must be developed for intelligent processing and data reduction such that predetermined 
parameters such as peak strains and mean values over a certain interval are stored. Such perform-
ance data can be used in FE analysis models of the bridge to predict the behaviour of the structure. 

The main objective of this report is to evaluate existing fibre optic sensor technology for the moni-
toring of rail bridges and report on available technology and comparison with conventional systems for 
these applications in relation to performance and cost effectiveness. The evaluation will focus several 
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aspects, which should be considered when designing and developing a monitoring system from a 
technical and cost point of view, these include:  

– The optical fibre sensors, in particular those based on fibre Bragg grating technology. 
– Design and architecture of the fibre Bragg grating sensor interrogation system and practical con-

straints in the design and implementation of monitoring system  
– Instrumentation and integration of sensor elements to physical structures such as rail bridges 
– Investigation and implementation of data acquisition, processing and communications equipment 

for remote monitoring including technologies such as wireless communication as well as wired 
Internet connection for digital data transfer. 

The main project output will be an advanced and cost effective fibre optic monitoring system based on 
Bragg gratings sensors and multiplexed interrogation unit with a customized low power requirement 
and low cost signal capture and data processing system for evaluation as a project demonstrator.  

8.6 Fibre Optic sensors for Structural monitoring applications  
A typical health monitoring system is composed of a network of sensors that measure the parameters 
relevant to the state of the structure and its environment. For civil structures such as bridges, the most 
relevant parameters include physical parameters such as deformations, strains, displacement, accel-
eration and vibration and chemical and environmental parameters such as air temperature, wind 
speed and direction, humidity, pH, and chlorine concentration. To serve this purpose, there are a 
great variety of fibre optic sensors for structural monitoring in both the academic research and the 
industrial areas for the most disparate types of measurement and application. In broad sense, the 
sensors can be classified as discrete point sensors such as extrinsic fibre Fabry-Perot sensors or 
intrinsic fibre Bragg grating sensors, or distributed sensors such as the Optical time domain reflecto-
metry, polarimetric and interferometric based sensors. Polarimetric sensors use birefringent fibres. 
This approach is very attractive in terms of “common mode rejection” because the two arms of the 
interferometer are in the same fibre. Nevertheless this type of sensors is not well developed from a 
commercial point of view (special fibres, cost...) 

8.7 Fibre Optic Displacement Sensors 
A long gauge fibre optic displacement sensor with a resolution in the micrometer range (2 μm) (Wang 
et al) over gauge lengths 200mm (10μm) to 10m (2 μm) and an excellent long-term stability has been 
reported. The system uses low-coherence interferometry to measure the length difference between 
two arms of an all-fibre Michelson interferometer with one arm mechanically coupled to the structure 
to be monitored while the reference fibre is free and acts as temperature reference This system has 
been applied in monitoring several structures, including bridges, tunnels, piles, anchored walls, dams, 
historical monuments, nuclear power plants as well as laboratory models. 

8.8 Microbending Displacement Sensors 
A fibre optic sensor useful for the measurement of length variations is based on the principle of mi-
crobending. When a fibre is bent sufficiently, the light in the core no longer meets the cladding at an 
angle equal to or greater than the critical angle. In this case, total internal reflection does not occur, as 
a result part of the light escapes into the cladding due to the microbending loss. The resulting varia-
tion of transmitted intensity is proportional to the deformation undergone by the structure on which the 
sensor is mounted. Such a system is one of the earliest commercial applications of fibre optic sensors 
for the monitoring of civil structures and was installed in different bridges, tunnels and high-rise struc-
tures.  



Sustainable Bridges SB-5.1 2007-11-30 70 
  Rev. 2007-11-30 

 

Microbending sensors are conceptually simple, however temperature compensation, intensity 
drifts, system calibration and the inherently non-linear relationship between intensity and elongation 
present some challenges. This type of sensor is particularly appropriate for short-term and dynamic 
monitoring as well as for issuing alarms but for long term measurements parameters such as intrinsic 
drift and mechanical stability have to be strongly considered.  It should be also noted that it is intrinsi-
cally difficult to differentiate optical loss coming from the sensing part of the device and optical loss 
which can occur all along the transmission line. 

8.9 Distributed Strain and Temperature Sensing 

8.9.1 Raman Distributed Temperature Sensors 

Raman scattering is the result of a non-linear interaction of the light travelling in the silica fibre core. 
When an intense light signal is launched into the fibre, two frequency shifted components called Ra-
man Stokes and Raman anti-Stokes will appear in the backscattered spectrum. The relative intensity 
of these two components is physically related to the local temperature of the fibre. If the light signal is 
pulsed and the back-scattered intensity is recorded as a function of the round-trip time, it becomes 
possible to obtain a temperature profile along the fibre. Typically a temperature resolution of the order 
of 1°C and a spatial resolution of less than 1m over gauge lengths of up to 10 kilometres are now ob-
tained.  

8.9.2 Brillouin Distributed sensors 

Thermally excited acoustic waves produce modulation of the refractive index of a fibre. This is the 
result of the change the acoustic velocity according to variation in the silica density. Brillouin scatter-
ing is the result of the interaction between such sound waves and optical waves in optical fibres which 
occurs when light propagating in the fibre is backward scattered by the acoustic wave, giving rise to a 
frequency-shifted light component. This process is called spontaneous Brillouin scattering. Brillouin 
scattering sensors offer a potential for distributed strain and temperature monitoring. The most inter-
esting aspect of Brillouin scattering for sensing applications is that the Brillouin frequency shift is pro-
portional to temperature and strain. 

The main challenge in using spontaneous Brillouin scattering for sensing applications is that the 
detected signal is extremely weak. This requires sophisticated signal processing and relatively long 
integration times. Further more, due to the polarization dependence laser power/frequency drifts, the 
measurement accuracy for both temperature and strain is low. This is a disadvantage for field moni-
toring of civil engineering structures. In addition, the size, complexity and cost of the current systems 
render them unsuitable for field use. Brillouin based systems have been employed on several very 
large structure but are considered less suitable for the routine monitoring of typical railway bridges. 

8.10 Multiplexed Fibre Optic Sensing  

8.10.1 Fabry-Perot sensors 

Extrinsic Fabry-Perot interferometers are usually made by aligning two cleaved optical fibres inside a 
capillary tubing with an air cavity of a few tens microns between them. The two fibres are fusion 
spliced to the capillary tube of about 10mm near its two extremities. When light is launched into one of 
the fibres, a backreflected interference signal is obtained due to the reflection of the incoming light on 
the air spaced cavity interfaces. This interference can be demodulated using low-coherence phase 
measurement techniques to measure the changes in the cavity gap. For sensing applications, the 
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induced gap change will correspond to the strain variation between the two attachment points. One 
draw back of Fabry-Perot sensors for monitoring applications is their difficulty in manufacture and 
limitation for multiplexing.  

8.10.2 Bragg Grating Sensors 

Bragg gratings are periodic modulation in the index of refraction of the fibre core usually produced by 
exposing the fibre to a UV light interference pattern. If a broadband light is injected in the fibre con-
taining the grating, a narrow wavelength band corresponding to the grating pitch will be reflected while 
all other wavelengths will pass through the grating undisturbed. The period of the grating is sensitive 
to strain and temperature. These two parameters can be measured to a high accuracy (resolutions of 
the order of 1 με and 0.1 °C) by analysing the spectrum of the reflected light, typically done using a 
tuneable filter (such as a Fabry- Perot cavity) or a spectrometer.  

The main attraction in using Bragg gratings for monitoring large structures is their high multiplexing 
potential to permit many sensor signals to operate on one fibre optic line, (>100 sensors). Many grat-
ings can be written in the same fibre at different locations and tuned to reflect at different wave-
lengths. This allows the measurement of strain and/or temperature at different places along a fibre 
using a single fibre cable.  

The number of gratings that can be measured on a single fibre line is dependent on the width of 
the spectrum of the source used to illuminate the array and the measurement range of each sensor. 
Fibre Bragg gratings can be used as replacement of conventional strain gages by adhering them to 
metals and other smooth surfaces. With adequate packaging they can also be embedded in concrete 
to measure strain changes. 

Humidity sensors based on fibre Bragg grating have also been reported in which polyamide coated 
fibre grating is used as a sensor. Humidity changes can be detected when the coating over the sensor 
swells or shrinks in response to humidity. These sensors can be used for determining moisture con-
tent and corrosion in steel concrete composite structures. 

8.11 Instrumentation 
Sensors and sensing techniques for structural integrity monitoring have mainly been addressed in the 
past from the viewpoint of the sensor technology. This has left a gap between research systems and 
actual robust field instruments for routine industrial use. It is now being increasingly recognised that 
for field applications, key instrumentation issues regarding sensor attachment, robustness for long-
term use, data acquisition and processing must be addressed in rendering the researched technolo-
gies towards industrial products. Several critical issues in this context include: 

– Sensor technology and environmental effects 
– Measurement stability and accuracy 
– Sensor integration (attachment/embeddiment) 
– Remote instrument control and data analysis 
– Distributed data processing  
– Data synchronisation 
– Data communication – wireless/wired Internet 
– Power requirements – battery powered 

8.12 Sensors for monitoring applications 
Strain gauges and accelerometers are commonly used for monitoring applications. Other technolo-
gies include the use of magneto-resistive actuators or ultrasonic excitation with piezo detectors. Con-
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siderable research has also been conducted on fibre optic sensors for such applications for static as 
well as dynamic measurements with large channel count.   

A key issue of sensors for monitoring application include structural integration, sensitivity, accu-
racy, calibration, stability, drift and sensor integrity for long-term use in harsh environments. Environ-
mental effects such as temperature, humidity, corrosion and chemical attack are also important pa-
rameters in structural monitoring applications, the effects physical effects of which must be clearly 
discriminated from other effects, e.g. structural damage. On the measurement level, this requires 
measurements of temperature and humidity among other parameters.    

8.13 Sensor Data Collection and Synchronisation 
Structural monitoring usually involves multiple sensors distributed over large areas of the structure 
with use of more than one type of sensor systems. Sensor elements may also be of multi parameter 
types with varying detected signal levels. Traditionally these sensors have been implemented with 
separate data acquisition and analysis systems. The integration, or sensor fusion, between various 
sensor types is one of the critical elements in the robustness, performance and cost of the system. 
Further more, when large numbers of sensors are involved, it is important that the sensor data must 
be sampled simultaneously with unique time stamps for synchronised data interpretation. 

8.14 Data communication and Remote analysis 
Efficient data communication from the test-site to a remote analysis and management station is an 
important requirement for continuous monitoring applications as part of damage assessment and 
online/real-time structural analysis. Wired or wireless Internet technologies based on a client-server 
model solutions offer remote instrument control and data transfer to various nodes for further analysis, 
reporting and storage.  

8.15 Power requirements 
Monitoring systems in remote sites are required to operate uninterrupted for longer periods. In such 
applications, local power supply is required. In certain remote applications, there may be power out-
age, which could disrupt the operation of the monitoring system. A key issue for monitoring systems is 
low power consumption so that they can be operated with long life battery operated with e.g. solar 
panel charging.  

8.16 Development of Multiplexed Interrogation Unit and Bragg Grating Ar-
ray  

The purpose of this activity is to design and fabricate a customized monitoring system along with 
Bragg grating sensor arrays to demonstrate the capabilities of these devices as multi sensor elements 
for structural monitoring applications. The monitoring system interrogates serially multiplexed (e.g. 
x12 sensors per channel), parallel fibre channels (e.g. x8 channels) utilising a scanning Fabry-Perot 
based wavelength division multiplexing (WDM) technique to de-multiplex the return signals from the 
serial arrays of fibre gratings employed as the strain and temperature sensitive devices. A broadband 
optical source (~40nm) output is shared by several parallel sensor arrays through the fibre network, 
increasing the spatial multiplexing capability and thus reducing the overall cost per sensor. The sen-
sor system is based on the use of Bragg grating arrays, which is initially calibrated using commercially 
available resistive gauge strain sensors. The wavelengths separation of the sensor gratings is deter-
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mined by the dynamic range of the measuring system, this can be as close as 1nm to maximize the 
number of sensors which can be connected to one single channel or higher separation (<10nm, or 
~10,000με) for large strain measurements with smaller number, e.g. ~4, of sensors per channel. This 
means that the wavelength separation between any two neighbouring FBGs should be greater than 
the maximum expected wavelength shift of each FBG due to external perturbations such as strain or 
temperature, so that the magnitude of the wavelength shift can be tracked without cross-talk from 
neighbouring sensors.  

The return signal from each serial array is detected via a set of low noise photo detectors. The 
analogue detector output signal is captured via a custom high speed DSP processing board with a 
data acquisition and signal processing capability. The DSP temporally resolves the optical spectrum 
received from each of the parallel sensor channels during each scan of the Fabry-Perot filter and de-
termines centre position of each grating sensor peak. Precise detection of the peak wavelength is 
essential for accurate strain differentiation, which involves using threshold level detection around the 
peak from which the centroid of the spectral pattern is calculated.  

The sensor system for monitoring applications will have several operational modes including a 
power management scheme and data reduction algorithms. The system utilises custom processing 
algorithms to read and reduce the data and then subsequently store the desired information. It also 
needs to maintain the capability to power-down (e.g. go into ‘sleep-mode’) during long periods of 
steady state conditions, which can be controlled from structural behaviour predictions. The system 
also needs check the data against preset threshold readings or baseline shifts. If a reading exceeds 
these parameters, the system will switch on to ‘active-mode’ to record complete sets of readings at 
high repetition rates for a specific time interval. A ‘warning-mode’ signal will need to be sent to alert 
the monitoring team for such events which may call assessment of these reading in relation to the 
performance and history of the structure. 

8.17 Bragg Grating Sensor Devices Installation Protection and Material 
Integration  

In most applications, both single-axis and three-axis ‘rosette’ Bragg grating strain sensors are either 
surface bonded to existing structures (steel structures) or embedded within the structure during manu-
facture (embedded into concrete by attaching the fibre sensors to re-enforcement steel re-bars). Sen-
sor attachment and protection must be carefully investigated in order to optimise the strain transfer 
from the structure to the fibre sensors and to ensure high repeatability in order to meet the field per-
formance requirements. Here the acrylate coating on the Bragg gratings is stripped off to enhance the 
fibre bonding to the structure prior to attachment, after cleaning with an appropriate solvent. The sur-
face of the structure must also be treated carefully for optimum bond strength.  

Fibre Bragg gratings may not be fully stable (either thermally or temporally) following the initial UV 
irradiation during the writing process. It is essential for effective monitoring applications under a range 
of environments, that the spectral and reflective characteristics of the gratings are highly stable for 
monitoring use over long time periods. Long-term stability is achieved by using an annealing proce-
dure in which the gratings are heated at ~100°C for a period of few hours in an argon atmosphere. 
Argon prevents degradation of the acrylate coating. Equally important to their effective use in strain 
monitoring is the compensation for the thermal response of the gratings during the measurement. 
Bragg gratings give the same type of change in its central wavelength to both longitudinal strain and 
temperature changes. As a result, for long-term structural fatigue analysis, temperature compensation 
is necessary to enable strain to be unambiguously determined. There are several ways of discriminat-
ing temperature and strain measurements. One such technique uses a sensor, which is strain-
decoupled from the main structure but responds to temperature effects in a similar way as the at-
tached strain sensor but without responding to the mechanical strain experienced on the structure. 
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The mechanical strain can be extracted by a differential measurement in the changes of the two grat-
ing sensor elements. In addition, the thermal loading in the structure can be determined separately 
using the de-coupled temperature sensor by subtracting out the thermal response of the fibre (i.e. the 
changes due to the thermo-optic effect and fibre thermal expansion effects, (~11pm/°C) leaving only 
the thermal expansion effects of the steel. For comparison the strain sensitivity is (1pm/μS). The de-
termination of the thermal and mechanical loading history is very important for long term structural 
integrity monitoring and in lifetime prediction analysis.  

8.18 Bragg Grating Sensing System Specifications 

Sensor signal 

The sensor signal is optical in nature with wavelength information sensitive to both strain and tem-
perature changes. The sensors are connected to a detection and signal conditioning circuitry via a low 
loss fibre optic cable, which can be up to few km in length, for signal analysis and further processing. 
Further because the sensor is wavelength based, amplitude variations in the source or in transmis-
sion in the fibre have a very limited effect on the estimation of strain.  

Sensitivity and Dynamic range 

Bragg gratings respond to strain and temperature with a linear (wavelength) responsivity of 1.15pm/με 
and 13pm/°C respectively at 1550nm. The sensor system can measure strain levels of up to <1% 
elongation strain equivalent to ~10,000με with down to ~1με resolution. The usable temperature 
range varies with the type of the fibre coating and using polyimide coated fibres, temperature range 
can be enlarged typically up to 360°C. A standard telecom fibre can operate up to ~100°C. Tempera-
ture resolutions of <0.5°C over -40°C - 100°C are obtainable. 

Calibration 

The Bragg grating sensors are continually referenced against built-in stabilised reference sensors, 
which make the system in effect self-referencing and once installed the system requires no periodic 
recalibration. 

Long term stability and reliability 

Fibre Bragg gratings are immune to most chemical attacks and the wavelength signature and reflec-
tivity is stable over long time periods when used within the safe operating temperature range. Re-
peatable measurements are achieved over long periods provided that the integrity of the sensor at-
tachment is not compromised.  

Sensor Mounting 

Humidity is not usually a concern with the operation of Bragg grating sensors. Careful sensor attach-
ment techniques are critical to the sensitivity, accuracy and long-term stability of the sensor meas-
urements. The mounting and attachment technique must produce 100% strain transfer with little varia-
tion either over time or from one sensor to the next. During the attachment and protection process, 
surfaces must be carefully cleaned and prepared free of dirt and grease to ensure a good bonding 
and efficient strain transfer. Fibre optic connectors should be kept clean and free of dust, especially 
during connection and reconnection, for loss free optical power coupling. 

Response Time 
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The upper and lower frequency range depends on the type of the demodulation technique and the 
electronic circuitry used and thus can potentially cover from d.c. up to few kHz. This range covers the 
natural harmonic frequency of interest used in most large civil engineering applications. In compari-
son, piezoelectric accelerometers only operates over a specific, limited frequency range. A higher 
frequency system not only helps in capturing rapid dynamic events but also allows data filtering for 
sub-micro-strain measurements.  

Power consumption 

While the sensor elements are passive in nature, the demodulation system currently consumes about 
~13W. The power consumption must be kept as low as possible to permit efficient use of power es-
pecially during operation on local power sources (e.g. long-life batteries, solar power, etc.) 

Electromagnetic field interference 

Bragg grating sensors are intrinsically almost completely immune to electromagnetic fields and are 
thus suitable for use in noisy environments such as near to electrified rail tracks.   

Cabling and connectors 

Although fibre optic cables are flexible, small radius bends (<40mm diameter) should be avoided to 
minimise optical power loss. Lead cables should be securely fastened and protected from mechanical 
damage that could result in breakage and signal loss. 

8.19 Overview of Structural Monitoring Applications and Research Pro-
jects: Case Studies 

Structural condition monitoring is the subject of major current research at national and international 
level in civil engineering, aeronautics and process plant industries. Common to all applications is the 
aim to obtain quantifiable information on the integrity of the structure and identification of the onset of 
structural degradation or damage.  

8.19.1 EU Research programmes 

Several projects have been conducted within the EU for monitoring applications. In particular and in 
the context of this report, key fibre optic sensing technologies have been developed to realise feasible 
monitoring systems.  

A number of European projects such as the MILLENNIUM project in which arrays of x32 Bragg 
gratin sensors and conventional resistive strain gauges, were attached at various optimally identified 
points, and the system installed on the 350m long Mjosund steel road bridge in Norway. The objective 
of the Millennium project was to develop sensing methods to improve the knowledge of the integrity of 
large civil engineering structures in order to assess their structural stability and to maintain them in a 
safe and predictable condition. In this work a spatially multiplexed high bandwidth WDM based fibre 
Bragg grating sensor system was developed for structural condition monitoring of large civil engineer-
ing structures under both static and dynamic loading conditions. Under this programme, monitoring 
was conducted over a period of 12 months and the results were used for fatigue analysis of the struc-
ture under traffic loading and seasonal temperature variations over the trial period. 

Other key projects completed within the BRITE programme include OSMOS, which was concerned 
with developing an optical fibre sensing system for monitoring applications based on microbending 
sensing techniques, and FOSMET which was targeted at monitoring strain levels at elevated tem-
peratures (600°C) primarily on steel pipe-work based structures in power generation plants.  



Sustainable Bridges SB-5.1 2007-11-30 76 
  Rev. 2007-11-30 

 

Other projects such as STABILOS and COSMUS focused on the application of fibre optic technol-
ogy to the measurement of movements in tunnels, mines and other geo-structures. The objective of 
the STABILOS project was to develop a fibre optic Bragg grating sensor system applied to the meas-
urement of load and displacements of underground excavations of mines and tunnels. The results of 
the work demonstrated the potential of the technology to operate in adverse conditions experienced 
within the mining industry.  

8.19.2 Research Activities in Canada  

Several monitoring activities have been reported under the Canada Research Networks ‘Intelligent 
Sensing and Structural Health’ monitoring theme (ISIS), which was established in 1995 to provide 
Canadian civil engineers with smarter ways to build, repair and monitor structures using high-strength, 
non-corroding, fibre reinforced polymers (FRPs) along with fibre optic sensor monitoring. Using fibre 
optic sensor networks, many structures can be monitored regionally from a central location, with di-
rected flows of information transmitted via the Internet. Reported applications of these technologies 
include bridges, structures, tunnels, pipelines, harbours, dams and buildings.  

The current research program of under ISIS is focusing on several areas directed at developing fi-
bre optic sensor technologies (based on Bragg grating and Brillouin scattering) to measure strain gra-
dients over short distances and to develop distributed strain measuring system by remote monitoring 
over long distances using standard telecom fibre cables. This was aimed at eliminating costly perma-
nent site installation and reducing the number of site visits. An integral part of ISIS Canada’s mandate 
is to transfer technology from the research laboratory to field use. To this end several field demonstra-
tion projects are underway involving functioning structures.  

One such field demonstration was conducted in October 1998 on the Taylor road Bridge in Head-
ingley, Canada. As a demonstration project, a portion of the bridge was designed using fibre-
reinforced polymer (FRP). The bridge boasts embedded fibre optic structural sensing system instru-
mented with the use of two experimental, multiplexed, fibre Bragg gratings, with 32 sensors each, that 
measure strain, loading and temperature data that will aid the engineers in understanding the long-
term behaviour of the structure.  
 

8.19.3 US Research Activities 

There is a research effort in the US, mainly concentrated at the larger universities, with its main drives 
in the aircraft industry to reducing maintenance costs, and in the civil engineering sector with con-
cerns over its aging transport infrastructure and of earthquake effects as well as other natural and 
man made disasters.  

Several field demonstrations have been reported in the US, including work on two reinforced con-
crete road bridges that had been strengthened with fibre reinforced polymer composites, the Horsetail 
Falls and the Sylvan Bridges in Oregon, USA. Twenty-eight FBG sensors were embedded into com-
posite wrapped concrete beams on the Horsetail Falls Bridge, originally built in 1914. This bridge was 
not designed for present day traffic load demands, and thus fibre reinforced plastic (FRP) composites 
were used for reinforcement in order to increase its load carrying capacity. The FBG sensors were 
integrated into the structural elements of the bridge and continuous monitoring of the sensor data was 
conducted to demonstrate the effectiveness of the strengthening work with FRP on the load carrying 
capacity of the bridge and the performance of the composite structure in the long term.  

The Sylvan Bridge was strengthened in 2000 with FRP composites and was instrumented with 14 
fibre optic strain gauges. This bridge had several cracks and the use of fibre optic sensors was in-
tended to provide data on the effect of composite strengthening on the strain field near a cracks as 
well as on the overall response of the bridge. 
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Continuous monitoring over a period of three years was conducted in order to provide strain data to support the 
computer modeling of the structures, to measure the effect of composite strengthening on bridge response and 
also to monitor changes in bridge response over time.  

Although usable strain data were not acquired prior to retrofit for either bridge, finite element analy-
sis showed that in the case of the Horsetail Falls Bridge the strain due to a known loading decreased 
less than six percent with the composite strengthening. Similarly, the largest strain recorded on the 
Sylvan Bridge during the monitoring was reported to be 22με well below the 1400με typically associ-
ated with concrete fracture.  

The results obtained from sensors installed on these two bridges have demonstrated that fibre op-
tic sensors are capable of measuring both static and dynamic strain measurements on large civil 
structures. After being in place for over three years on the Horsetail Falls Bridge, the sensors are still 
reported to be operational, indicative of the anticipated long-term performance of fibre optic sensors. 
 

8.19.4 Fareast Research Activities  

Large collaborative projects have been performed in the Far-East regions on specific critical bridges. 
In Hong-Kong, monitoring systems have been applied in cable supported bridges for the purposes of 
seismic monitoring, design verification, fatigue analysis and monitoring environmental parameters 
such as temperature and wind to asses seasonal variations. The most notable of which is the instru-
mentation of the world’s longest combined road and rail suspension bridge with a main span of 1377 
metres, (the Tsing-Ma Bridge in Hong Kong) by the Hong-Kong highway department with FBG sensor 
array system. The sensor system developed is a high-speed (simultaneous 20kHz) dense-channel 
interrogation system for FBG sensor arrays developed for the detection of high-speed events (vibra-
tion, impact location and acoustic emission). Over 20 FBG sensors were installed on different parts of 
the bridge (suspension cable, rocker and frame section) to monitor the strain at different parts of the 
bridge under railway highway loading. Various measurements were performed including an overnight 
measurement of about 20 hours with a sampling frequency of about 500 Hz. The measurement re-
sults reveal the presence of significant higher frequency components in the FBG sensor signal during 
train passages. The results of the FBG sensor also compared with existing strain gauges.  
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9 OPTICAL FIBRE SENSORS FOR CIVIL  
ENGINEERING APPLICATIONS 
Veijo Lyöri, University of Oulu 

9.1 Introduction 
Monitoring of structures such as buildings, bridges, highways, tunnels, dams, pipelines, containers, 
wings etc. is useful from the economic and security points of view (Inaudi & Vurpillot 1999, Measures 
2001, p.15). With a proper sensing system it is possible to achieve information about the health of a 
structure which can be used for designing repair schedules and for giving early warnings of degrada-
tion that might lead to a catastrophic failure in the long-term (Measures 2001, p.5). 

 An ageing infrastructure poses an enormous economic challenge for a society. In the USA, for 
example, more than 200 000 highway bridges were deficient in the early 1990’s (Measures 2001, 
p.17).  It is estimated that an average of 3% of the newly-built cost of a structure will be invested 
yearly in its maintenance. With a limited budget, the major challenge lies in finding out which struc-
tures need to be repaired first and what interventions should be carried out (Inaudi 2002). 

 Health monitoring is traditionally based on visual inspection. This method is limited in time and 
scope, however, as it is only possible to see degradations that are visible and apparent at the time of 
inspection.  Furthermore, one can only see degradations relative to the original state or the state at 
the previous inspection, but structural deficiencies that might have been hidden in the structure from 
the start cannot be detected (Inaudi 2002). Fitting the structure with a comprehensive sensor network 
capable of continuously gathering information on all relevant structural parameters offers a better way 
of assessing its real behaviour. 

 Numerous sensor types have been developed during the last 50 years or so for measuring 
such structural parameters as strain, temperature, pressure, humidity and acceleration, among which 
strain and its derivatives, such as cracks, deflection and displacement, are the most important pa-
rameters for structural monitoring (Inaudi 1997). A strain sensor can also provide information on pres-
sure and temperature, as well as on the corrosion of re-bars, for example (Measures 2001, p.423). 

 Conventional strain sensors such as electrical strain gauges are widely used due to their high 
accuracy, measurement speed, reliability and low cost (Katz 1998). A precision of 1 με and measure-
ment frequency of several kHz are typically mentioned on the data sheets of commercial strain gauge 
systems (OMEGA 1998). 

 The problem with strain gauges and other conventional sensors is that there is no means of 
reading several successive sensors with a common interrogation unit, i.e. it is not possible to multi-
plex the sensors (Measures 2001, p.526). As each strain gauge needs two wires for power, two wires 
for the signal path and an amplifier unit, the sensor system becomes very complex, especially in the 
case of large buildings. In fibre reinforced polymer (FRP) structures, where it is practical to embed the 
sensors inside the wall material, the wire harness of a strain gauge network may disturb its operation 



Sustainable Bridges SB-5.1 2007-11-30 80 
  Rev. 2007-11-30 

 

or even be harmful to the integrity of the structure by causing delaminations, for example. Other prob-
lems with strain gauges apart from their poor multiplexing capability are susceptibility to electromag-
netic interference (EMI), long-term degradation and in some case a restricted temperature range. 

Since the advent of low-loss optical fibres in the mid-1960’s (Kao & Hockham 1966) there have 
been numerous trials devoted to how this unique transmission medium could be used for sensing 
purposes. The demonstration of the first fibre-optic strain sensor in 1978 (Butter & Hocker) was an 
essential milestone in this field, as was the invention of a fibre Bragg grating sensor (FBG) and Fabry-
Perot interferometric sensor about ten years later (Morey et al. 1989, Lee & Taylor 1988). The first 
commercial products were acoustic hydrophone arrays and gyroscopes (Udd 1991 a) for military and 
other special applications, but as general-purpose strain and temperature sensors emerged onto the 
market in the mid-1990’s, technicians started to use fibre-optic technology in ordinary measurement 
applications as well. This was due to the many advantages that fibre-optic sensors can offer over their 
conventional counterparts, among which their extreme multiplexing capability is obviously the most 
prominent. With a proper multiplexing technique, such as time division multiplexing (TDM) or wave-
length division multiplexing (WDM), it is possible to read responses from tens or even hundreds of 
sensors along a single fibre path, which enables the building of comprehensive sensor networks in a 
relatively simple manner (Kersey 1995). The growing interest in fibre-optic sensors is also due to 
properties such as their light weight, small size, immunity to electromagnetic interference (EMI), high-
temperature performance, large bandwidth, environmental robustness with respect to vibration and 
shock, high sensitivity and dielectric nature (Culshaw 1988). 

 There are a number of commercially available fibre-optic interrogation systems which are 
based on amplitude measurement with a microbending sensor (OSMOS) or spectrum measurement 
with a fibre Bragg grating (Micron Optics, Insensys, Smart Fibres, Blue Road Research, see reference 
list for www addresses). There also exist measurement systems which utilize interferometry, such as 
the Fabry-Perot system (Fiso Technologies), or a low coherence interferometer (Smartec, Fox-Tek, 
Fogale Nanotech). Furthermore, some systems are based on measuring frequency changes in Bril-
louin backscattered radiation by means of Brillouin optical time domain reflectometry (BOTDR, Yoko-
gawa Electric) or Brillouin optical time domain analysis (BOTDA, Omnisens). 

 Fibre-optic measurement systems differ in gauge length, which can range from a few millime-
tres in a typical FBG system up to several metres in a low-coherence interferometer. There is also a 
wide range of sampling rates, starting from the DC of a Brillouin scattering system and progressing up 
to several kilohertz in an FBG system. The measurement precision of each system is typically of the 
order of one microstrain or below, except that of a Brillouin scattering system, which is about 10 - 20 
microstrains. Brillouin systems have one advantage over the others, that they provide a distributed 
form of measurement. 

9.2 Civil engineering sensing needs 
The potential area of application for fibre-optic sensors in structural monitoring is vast, comprising 
aviation, marine and automotive applications and those to be found in connection with civil engineer-
ing structures. There are different sensing needs throughout the life span of a structure, i.e. during 
manufacturing, testing and service life. Civil engineering and FRP composite structures are obviously 
the most important potential areas of application for fibre-optic sensors, and these will be explained in 
more detail in the following sections. 

9.2.1 Civil engineering structures 
The term civil engineering structures usually means large concrete or steel structures such as 
bridges, tunnels, dams, geostructures, power plants, high-rise buildings and historical monuments. 
Civil engineering structures in particular can benefit from structural health monitoring techniques, as 
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these can improve safety and reduce maintenance costs (Inaudi & Vurpillot 1999, Measures 2001, 
p.15). 

It is possible with the aid of a monitoring system to study the behaviour of a structure under dy-
namic loading conditions and also follow its long-term deterioration (Fig. 9.1). There is a large diver-
sity of monitoring techniques suitable for civil engineering structures, including electrical and optical 
methods as well as techniques that rely on acoustical (Jaeger et al. 1997, Pospisil et al. 2003) and 
geodetical processes (Jacobs 2004, Roberts et al. 2006). 

Electrical sensors such as strain gauges and accelerometers are widely used in civil engineering 
structures to provide information on loading capacity and structural eigenfrequencies, for instance 
(Katz 1998, OMEGA 1998). Electrical sensors are a proven technology and they are well suited for 
dynamic and short-term measurements, but being susceptible to corrosion (Measures 2001, p.233), 
they may not produce reliable information in the long term, which is a prerequisite when monitoring 
the integrity of a structure throughout its life-span. Nevertheless, environmentally immune, passive 
optical fibre-sensors offer a better means of performing this measurement task. In contrast to their 
electrical counterparts, fibre-optic systems also allow serial or parallel multiplexing of sensors with a 
measurement base of up to several metres, which together can facilitate the building of comprehen-
sive sensor networks into or onto structures with characteristic dimensions of several hundreds of 
metres or even kilometres. 

The most relevant parameters to be measured in civil engineering structures are (Inaudi et al. 
2000): 

– Physical quantities: position, deformation, inclination, strain, force, pressure, acceleration, vi-
bration 

– Temperature 
– Chemical quantities: humidity, pH, chlorine concentration 
– Environmental parameters: air temperature, wind speed and direction, irradiation, precipita-

tion, snow accumulation, water levels and flow, pollutant concentration 
Figure 9.2 introduces potential applications for fibre-optic sensors in bridges. A comprehensive data-
base on structural health monitoring techniques for civil engineering structures can be found on the 
website of the International Society for Structural Health Monitoring of Intelligent Infrastructure 
(www.ishmii.org).  
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Figure 9.1: Classification of monitoring techniques and objects (ISHMII 2002, p.2).
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Figure 9.2: Potential applications for fibre-optic sensors in the case of bridges (Measures 2001, p. 40). 

9.2.2 Composite structures 
The term composite structure usually means a multilayer structure that consists of a polymer and rein-
forcing elements. These are manufactured with the aid of a mould by filament winding, pultrusion or 
prepreg techniques. The most common reinforcing elements are glass, carbon and aramid fibres, 
while the polymer is typically a polyester or epoxy resin. Fibre-reinforced polymer composites (FRP) 
are extremely stiff structures in relation to their light weight, which makes them an attractive choice for 
aviation and space applications (Talat 1990). Other applications are various types of cylinders, pipes, 
containers, ropes, wires and turbine blades, for example. Due to their rustproof nature, FRP compos-
ites are also good candidates for repairing ageing infrastructures such as concrete bridges (Meier 
2000, Bakis et al. 2002, Rizkalla & Hassan 2002). 

Despite the many benefits of composites, their material properties may vary significantly depending 
largely on the manufacturing process. The integrity of a structure may suffer from resin eyes, for in-
stance, and residual stresses may arise during curing. As a consequence, the layers can become 
detached from each other, causing what are known as delaminations. In addition, composite struc-
tures may be subject to matrix cracks and fibre breaks caused by heavy impacts (Measures 2001 
p.27), and their strength can be reduced by certain chemicals, especially in the long term (Ka-
jorncheappunngam et al. 2002). 

The uncertainties regarding material properties are a significant barrier to the wide acceptance of 
composite structures (Measures 2001, p.26) and have led officials to place restrictions on their use in 
some critical applications such as underground oil containers. The risk of failure can nevertheless be 
minimized with a continuous monitoring system that gathers measurement data from the structure 
through its life-span, including the manufacturing phase (Measures 2001, p.38). To obtain appropriate 
information, the whole structure should in principle be assembled with a comprehensive sensor net-
work, which is only possible using fibre-optic sensors of various types. A state-of-the art report on 
health monitoring in the case of composite structures has been produced by Fixter & Williamson 
(2006). 
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9.3 Strain measurement considerations 
The propagation of a strain signal in an optical fibre sensing system is illustrated in Figure 9.3. Strain 
in the host structure is transferred to the sensor fibre via some form of bondline. The resulting change 
in the fibre-optic sensor measurement parameter (e.g. amplitude or wavelength) is converted from an 
optical signal in the optical fibre to an electrical signal by the demodulation unit. The electrical signal is 
then interpreted as a strain measurement by the computer (Measures 2001, p.264). 

In a practical strain measurement situation the strain in the host structure is relevant but may not 
correspond to the observed strain in the optical fibre, which necessitates some sort of calibration pro-
cedure (Measures 2001, p.264) in which a known strain and temperature will be imposed on the host 
structure. The calibration experiment permits the system parameters to be characterized, so that 
when an unknown strain is imposed on the host structure, the electrical signal can be used to deter-
mine its magnitude (Valis et al. 1992). 

9.3.1 Strain, deformation and displacement measurements 
Strain, deformation and displacement constitute the most interesting parameters to be monitored in 
the vast majority of structures (Inaudi 1997).  

Strain sensors are deformation sensors with a very short measurement base of a few millimetres. 
Strain measurements are best suited to monitoring of the local behaviour of a material rather than the 
global behaviour of a structure. Strain sensors will therefore be placed at critical points in a structure, 
where high strains are expected that could exceed the resistance of the material.  

Deformation refers to internal variation in the shape of a structure and is usually accompanied by a 
change in the strain field. It is usually measured with a long gauge-length sensor that integrates the 
strain over its measurement base, which can extend from a few metres up to several hundreds of 
metres in the case of some geostructures or long, suspended bridges. Deformation measurements 
are particularly useful in structures that have to show dimensional stability, where the load state is 
usually far lower than the material failure limit, so that local strain measurements are not of interest 
(Inaudi 1997). Long gauge-length deformation sensors are useful for measuring and monitoring the 
following phenomena (Measures 2001, p.498):  

– Deformation of concrete during setting 

 
Figure 9.3: Potential applications for fibre-optic sensors in the case of bridges (Measures 2001, p. 40). 
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– Pre-stressing 
– Neutral axis evolution 
– Concrete-steel interaction 
– Post-seismic damage evaluation 
– Spatial displacement (curvature analysis) 
– Crack opening 
– Creep-flow 
– Long-term deformation 
– Restoration 

Displacement refers to a movement between different parts of a structure, which can occur without 
any change in strain distribution (Inaudi 1997). A displacement sensor monitors the distance varia-
tions between two given points. Examples of displacement measurements are the monitoring of rocks 
sliding with respect to another or movement in a bridge with respect to the ground. Most sensors used 
for deformation can also be used for displacement measurements. 

9.3.2 Strain and temperature-induced effects on fibre-optic sensors 
Strain (ε) is related to the internal compressive, tensile and shear state of a material. If the strain state 
of a structure is constant along the measurement path L, the measured deformation ΔL will be given 
by 

L
L

ε Δ
= . (1) 

By measuring ΔL, it is therefore possible to obtain an indirect measurement of ε (Inaudi 1997). In fi-
bre-optic sensing the fundamental parameter lying behind most sensor approaches is the optical path 
length of the sensing section (Measures 2001, p.265). The sensor optical path length (SOPL, ζL) is 
expressed as 

L nLζ = , (2) 

where n is the refractive index of the fibre core. In general, the SOPL is a function of the applied 
stress and temperature (σ, T). It can be shown that (Measures 2001, p.267) 

L
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where Δε and ΔT represent the changes in strain and temperature from the reference values. The 
strain and temperature sensitivities Sε and ST, respectively, are of the form 
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, (4) 

where the second term in Sε is a strain-optic coefficient, whereas αF in ST is the coefficient of thermal 
expansion for the optical fibre (∼ 0.5 ⋅ 10-6 °C-1). Representative values for the fibre-optic strain and 
temperature sensitivities are Sε = 0.8 ⋅ 10-6 με-1; and ST = 6.0 ⋅ 10-6 °C-1, respectively, but there are 
some variations depending on the sensor type and the wavelength used (Morey et al. 1994, Alavie et 
al. 1995, Russell & Archambault 1996, Sørensen et al. 2006). 

It becomes apparent from Equations 3 and 4 that, due to the strain-optic effect, the measured 
strain is about 20% smaller than the real strain undergone by the structure. It should also be noted 
that a temperature change of 1°C causes a measurable change of about 6 με in an unstrained fibre. 
This is mainly due to a temperature-induced change in the fibre refractive index, as the actual thermal 
strain is only 0.5 με. 
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It should also be noted that the above treatment is valid only for an axially loaded sensor. When 
embedded inside a material, a fibre sensor is usually subject to transverse strain and other strain 
components, as a consequence of which the strain-optic coefficient may vary in an unexpected way. 
One should therefore measure three principal strains, three shear strains and temperature for a reli-
able characterization of the strain state of a material (Van Steenkiste & Springer 1997). In most prac-
tical applications, however, there is some priori knowledge of the loading state of the structure, and 
thus the number of sensors needed is considerably smaller. Strain and thermal effects on fibre-optic 
sensors are comprehensively introduced in the textbooks by Measures (2001) and Van Steenkiste & 
Springer (1997). 

9.3.3 Absolute and relative measurements 
The difference between an absolute strain measurement result and a relative one resides in the fact 
that an absolute value is relative to the unstrained state of the material, while a relative measurement 
result is relative to that measured at the time of sensor installation. If sensors are installed on an al-
ready loaded structure (even only by its own weight), a reading merely indicates variation in the load 
on the structure, whereupon it is difficult to estimate whether the material is approaching its failure 
limit (Inaudi 1997). If an absolute measurement result is important, the sensors should be installed on 
(or in) an unstrained material or on a material that is in a predictable strain state. This is usually pos-
sible in newly-built structures only. 

9.3.4 Dynamic and long-term measurements 
Dynamic measurements are usually related to acoustic vibration or deflection of a structural element 
under dynamic loading conditions. The requirement for the sampling rate depends on the application 
and may vary from a few Hertz up to several kilohertz. As the strain variation is usually appreciable, 
drift in the measurement system is not a concern (Inaudi 1997). 

In a long-term or static measurement the measurement period may vary from weeks up to several 
years. This places high demands on the stability of the measurement system and the durability of its 
components, i.e. fibres, optoelectronic devices, mechanical parts etc. Redundancy, modularity and 
self-testing capabilities are important issues to be addressed in this time domain. 

9.3.5 Temperature compensation 
Generally speaking, all strain sensors are also sensitive to temperature variation. To perform a reli-
able strain measurement, it is therefore necessary to use some form of temperature compensation 
technique. One can use a sensor with a thermal behaviour that is negligible in relation to the desired 
accuracy, for example, or else measure both strain and temperature and eliminate the temperature 
effect by means of a calibration curve or table. 

One common means of temperature compensation in fibre-optic sensing is to use two similar sen-
sors, one attached firmly to a structure and the other loosely somewhere in its proximity. As both sen-
sors are subject to temperature variation and only one is strained, it is possible to deduct the tempera-
ture-induced change from the fibre refractive index. A comprehensive review of compensation tech-
niques can be found in the book “Structural Monitoring with Fiber Optic Technology” (Measures 2001, 
pp.263-324). 
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9.4 Fibre-optic strain sensors and their interrogation methods 

9.4.1 The fibre Bragg grating measurement system 
A fibre Bragg grating (FBG) is a wavelength filter that is photo-induced into a fibre core using an in-
tense UV light and a phase mask. Bragg gratings are generally used in telecommunications for wave-
length division multiplexing (WDM), for example, but they can also be applied to strain sensing (Morey 
et al. 1989, Kersey 1997 a). 

As shown in Figure 9.4, the small refractive index changes that form the grating reflect light at cer-
tain wavelengths defined by the period Λ, while the remainder of the spectrum remains unchanged. 
When the fibre is stressed the period of the grating changes, and as a consequence the central wave-
length of the reflection spectrum shifts to another wavelength that can be determined by spectral 
measurement techniques. 

There are a number of demodulation schemes for FBGs (Measures 2001, pp. 371-402). Commer-
cial devices, e.g. those from Micron Optics, typically employ a scanning Fabry-Perot tuneable filter, as 
it allows sub-microstrain measurement precision for a series of FBGs multiplexed in the wavelength 
domain, as shown in Figure 9.5. Due to the spectral limitation on the light source used in the WDM 
approach, < 80 nm, there is a trade-off between the number of sensors and the measurement range 
of an FBG. As 1 με corresponds to 1.2 pm in wavelength (Doyle 2003), it is possible to measure 
roughly 6 gratings with a maximum strain of 10 000 με [(80 nm / 1.2 pm ⋅ 1 με) / 10 000 με ∼ 6.7)], 12 
gratings with 5 000 με, and so on. Nevertheless, by using a time-division-multiplexing (TDM) tech-
nique the number of FBGs can be greatly increased to 100 units per sensor fibre without any limita-
tion on the measurement range. In a TDM system all the FBGs with a low reflectivity of about 1 - 5% 
(in contrast to ∼ 90% in the WDM approach), operate at the same wavelength, which substantially 
simplifies the architecture of the sensor fibre. As all FBGs are equal, it is relatively easy to manufac-
ture sensors automatically in large series, which greatly reduces costs. TDM-based FBG interrogation 
systems are commercially available from Insensys Ltd, UK (Bogue 2005, Everall & Lloyd 2006) and 
from Smart Fibres Ltd, UK (Doyle 2003), for example. 

There are a number of research groups that have used FBG sensors for structural monitoring 
(Idriss et al. 1997, Kunzler et al. 2003, Calvert & Mooney 2004, Doornink et al. 2004, Lin et al. 2004, 
Chan et al. 2006, Zhang et al. 2006). Most of these experiments have been based on wavelength 
division multiplexing, but the TDM technique has gained ground during the last couple of years (FOS 
2004). 

 

 
Figure 9.4: The principle of a fibre Bragg grating (Kersey 1997 b).
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9.4.2 Fabry- Pérot strain sensors 
An Extrinsic Fabry-Perot sensor (EFPI) is a point-type fibre-optic strain gauge that involves a small air 
gap between two reflective surfaces installed in a micro-capillary tube (Lee & Taylor 1995). A sche-
matic diagram of a commercial low-coherence interferometer from FISO Technologies Inc. which 
uses an optical cross-correlation technique to evaluate the absolute strain experienced by an EFPI 
sensor is shown in Figure 9.6. The broadband light modulated and reflected by the EFPI sensor is 
passed through a cylindrical lens and analysed by a wedge-shaped Fizeau interferometer (Measures 
2001, pp.461-463), which transmits minimally at the exact location along the wedge where its spacing 
matches the EFPI cavity length. When the EFPI sensor is subjected to strain the cavity length 
changes, whereupon the position of the minimum in transmission shifts along the linear CCD array 
accordingly. Knowledge of the slope of the wedge, the unstrained cavity length and the gauge length 
is used to calculate the strain experienced by the EFPI sensor (Measures 2001, pp.461-463). 

FISO’s measurement systems provide a sampling frequency that typically exceeds 10 Hz and has 
a precision of less than 0.3 με. The inherent gauge length of the EFPI sensor is of the order of 1 cm, 
but with a suitable package it can be enlarged to 10 cm. The strain range depends directly on the 

 
Figure 9.5: FBG interrogation method based on a Fabry-Perot tuneable filter (Kersey et al. 1993). 

 
Figure 9.6: A commercial Fabry-Pérot interrogation system. Schematic diagram of a commercial fibre-optic 
Fabry-Perot measurement system. Reprinted by courtesy of FISO Technologies Inc. 
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gauge length and can be chosen between ± 1 000 με and ± 10 000 με. The Fabry-Perot measure-
ment system is inherently a single-channel approach, but the number of sensors can be increased 
markedly by means of an optical fibre switch. Immunity to transversal strain is the main benefit of the 
EFPI sensor over the FBG, accompanied by reduced sensitivity to temperature changes (Measures 
2001, p.456). 

Commercial EFPI sensors have been widely used for structural monitoring e.g. by Morin et al. 
(1996), Lawrence et al. (1997) and Habel et al. (1997). 

9.4.3 Microbending measurement system 
The microbending sensor is one of the earliest fibre-optic measurement approaches, having originally 
been demonstrated by Fields and Cole (1980) for acoustic measurements. In a microbending sensor 
a change in the strain field affects the light power that propagates inside a fibre core. Operation is 
based on modulating the bend radius of the fibre with a corrugated structure, as shown in Figure 9.7 
(a). In this arrangement a sensor fibre is installed between two plates with saw-shaped edges. Upon 
elongation the plates attached to the structure draw away from the fibre, leading to an increase in the 
light level, while in compression the effect is the opposite. 

Another way of implementing a microbending structure in a fibre is presented in Figure 9.7 (b). In 
this configuration a spiral wire is wrapped around the whole length of the fibre to enable distributed 
pressure measurement, but it is also possible to measure the integral strain between the anchoring 
points with a suitable package. 

Microbending sensors are manufactured commercially by the French company OSMOS SA, for in-
stance. In their setup, an optical fibre is twisted with one or more fibres along its sensing length. As 
the sensor is subjected to elongation the fibres will induce bending in each another and cause part of 
the light to escape the fibre. It is therefore possible to obtain the deformation of the structure by 
measuring the intensity of the transmitted light. The precision and sampling rate of the OSMOS sys-
tem are typically 1 με and 100 Hz, respectively, for a single sensor with a gauge-length of 10 cm – 10 
m. 

a) 

b) 

Figure 9.7:  Microbending sensors. a) Point-type strain sensor (Berthold 1997), b) Distributed pressure sensor 
(Horiguchi et al. 1997) 
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OSMOS deformation sensors have been widely used throughout the world for monitoring bridges, 
tunnels, buildings and historical monuments, for example. Braunstein et al. (2002) assembled eight 
OSMOS sensors, each 5 m long, on the Skovdiget Bridge in Denmark to measure longitudinal defor-
mations in the girders and transversal deformations in the ribs. The dynamic deformation was 28 με 
and 75 με for the girders and ribs, respectively, as a heavy truck passed over the bridge. Braunstein 
et al., studying Herrenbrücke Bridge in Lübeck, Germany, used OSMOS sensors for measuring 
weight in motion (WIM) and classifying the vehicle types. A comprehensive study of various structural 
parameters in four bridges showed that microbending deformation sensors provide information on the 
status of an object and allow for the early detection of structural problems. Additionally, the monitoring 
system leads to a reduction in maintenance costs and significantly facilitates management of the 
structure. 

Commercial microbending systems, e.g. those manufactured by OSMOS SA, are typically single-
sensor approaches, but it is possible to implement serially multiplexed sensor networks by using an 
OTDR as an interrogation device. The OTDR technique, which is commonly used for analysing tele-
communications links, utilizes an inherent Rayleigh scattering process to derive losses in an optical 
fibre and its connectors, splices and so forth (Barnoski & Jensen 1976). The capability of OTDR tech-
niques for analysing small losses in a fibre can be used to form distributed (or quasi-distributed) sen-
sor systems, in which losses intentionally introduced into a fibre via a transducing element can be 
monitored (Fig. 9.8).  

With a typical OTDR providing a dynamic range and resolution of 20-30 dB and 0.01  dB, respec-
tively, distributed microbending sensors can operate at ranges of up to a few kilometres with up to 
1000 effective interrogated sections along the fibre (Horiguchi et al. 1997). Measurements to about 
10% accuracy are feasible in principle, but the concept is usually best suited to operation as a distrib-
uted alarm, especially since the sensitivity is a function of position, due to increasing loss along the 
fibre, and is also a function of the actual measurement field applied (Horiguchi et al. 1997). Neverthe-
less, a quasi-distributed OTDR approach allows a better performance for a considerably smaller 
number of sensors (Pinto et al. 2006). 

OTDR techniques have been used to develop a range of intrinsic distributed and quasi-distributed 
sensor systems (Dakin 1993, Niewisch & Bartelt 1994, Bennett & McLaughlin 1995, Michie et al. 
1995, Rogers 1999, Gu et al. 2000, MacLean et al. 2001, Chen et al. 2001, Culshaw 2004, Pinto et al. 
2006). 

 
Figure 9.8: A quasi-distributed measurement approach based on an OTDR (Kersey 1997 b). 
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9.4.4 Low-coherence interferometer 
In the commercial fibre-optic interrogation system presented in Figure 9.9, which is a modification of a 
traditional Michelson interferometer, a single mode optical fibre is illuminated with a DC-type broad-
band light that is evenly divided between a sensor fibre and a reference fibre in an optical fibre cou-
pler. The sensor fibre is pre-tensioned and mechanically coupled to the structure at two anchorage 
points in order to follow its deformations, while the reference fibre is free and acts as a temperature 
reference (Inaudi et al. 2000). If the fibres are of equal length, constructive interference is seen in a 
photo detector. If there is a mismatch between the optical path lengths a movable mirror is used to 
compensate for the imbalance. Due to the short coherence length of the broadband source the maxi-
mum signal is easily detectable. 

The measurement system is manufactured by a Swiss company, Smartec SA, and carries the 
product name SOFO. The strain precision of the SOFO sensing system is typically about 1 με, the 
measurement time a few seconds and the sensor length 20 cm – 20 m. The SOFO sensing system 
can measure one sensor at a time, but allows a substantial increase in the number of sensors if an 
optical fibre switch is used. The SOFO sensing system is widely used in various civil engineering and 
other applications such as bridges, tunnels, piles, anchored walls, dams, historical monuments and 
nuclear power plants (Inaudi et al. 2000). 

A commercial device based on low-coherence interferometry is also available from a Canadian 
company, FOX-TEK, Inc whose products have been tested e.g. by Cauchi et al. (2007). A low-
coherence interferometer capable of measuring a number of long gauge-length serial sensors is 
commercially available from a French company, Fogale Nanotech. This system has been tested by 
Delepine-Lesoille et al. (2006), who report on the design and realization of a wave-shaped optical 
fibre sensor for continuous measurement of concrete strains over very long distances. 

9.4.5 Brillouin scattering based distributed deformation and temperature sensors 
Brillouin scattering is an inelastic form of scattering generated by photon/phonon interaction in an op-
tical fibre. In a spontaneous Brillouin process thermally excited acoustic waves (phonons) produce a 
periodic modulation of the refractive index. Brillouin scattering occurs when light propagating in the 
fibre is diffracted backwards by the moving grating, giving rise to a frequency-shifted component 
through a phenomenon similar to Doppler shift (Inaudi 2002). The usefulness of Brillouin scattering for 

       
Figure 9.9: A commercial fibre-optic interferometer.
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optical fibre sensing resides in the fact that the frequency shift depends on the silica density, which is 
a function of strain and temperature. 

While the efficiency of spontaneous Brillouin scattering is extremely low, stimulated scattering al-
lows much stronger signals to be produced. The first Brillouin scattering concept utilizing this phe-
nomenon was demonstrated by Kurashima et al. (1990) and was termed Brillouin optical time domain 
analysis (BOTDA). In their configuration, as shown schematically in Fig. 9.10, a short pump pulse is 
sent into the sensor fibre at one end, while a continuous wave probe beam with a frequency offset 
corresponding to the nominal Brillouin shift (νB) is launched into the fibre at the other. The continuous 
wave probe light experiences Brillouin gain at the fibre locations where the frequency offset is 
matched to the peak Brillouin gain (Kersey 1997 c). The time dependence of the detected continuous 
wave light thus provides the gain profile experienced by the probe light as the pump pulse passes 
along the fibre. Measurements carried out with a wide range of frequency offsets allow a full picture of 
the Brillouin frequency for each fibre location to be achieved (Kersey 1997 c). As a consequence the 
distribution of strain and temperature can be derived within the spatial resolution determined by the 
width of the pump pulse. 

A distributed interrogation system based on stimulated Brillouin scattering is available from a Swiss 
company, Omnisens SA, for example. The structure of this device deviates from Fig. 9.10 in that the 
pump and probe signals are generated from a single laser source with the aid of an integrated optics 
modulator (Nikles et al. 2004). This kind of arrangement improves the stability and also allows a sin-
gle-end measurement. Omnisens’ device allows both strain and temperature measurement with typi-
cal precisions of 10 με and 0.3°C, respectively, a spatial resolution of 1 m over a fibre length of 10 km 
and a typical measurement time of about 2 min. 

Due to their distributed nature, Brillouin scattering systems are especially suited for monitoring very 
large structures with characteristic dimensions that can extend up to a matter of kilometres, as in the 
case of oil and gas pipelines or geostructures, for example. The main advantage of a distributed ap-
proach resides in the fact that as the whole fibre length serves as a sensor, no a priori knowledge of 
structurally highly loaded areas or weak points is necessary. 

Inaudi & Glisic (2005) used a Brillouin scattering system from Omnisens to identify high strain ar-
eas, crack onset, leakage and temperature distributions in structures such as dams, bridges and pipe-
lines. According to Inaudi the use of distributed fibre-optic sensors for the monitoring of civil structures 
and infrastructures opens up new possibilities that have no equivalent in conventional sensor sys-

 

 
Figure 9.10: A distributed measurement system based on stimulated Brillouin scattering (Kersey 1997 c). 
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tems. Using an appropriate sensor design it is possible to successfully install distributed sensors on 
large structures and obtain useful data for their evaluation and management. 

Gao et al. (2006) used a Brillouin optical time domain reflectometer (BOTDR) from Yokogawa 
Electric Co. to monitor the stress in post-tensioning cables. Yokogawa’s approach is different from 
Omnisens’ system in that it makes use of spontaneous Brillouin scattering for measurement pur-
poses. Gao’s experiment showed that the fibre-optic distributed sensor possesses high accuracy, as 
the relative deviation of the measurement results between the fibre-optic sensors and electrical strain 
gauges was less than 2.7%. According to Gao, the stress distribution of a post-tensioning cable under 
all loads can be used to evaluating the state of health of the beam. 

Brillouin scattering systems have also been used for structural monitoring by researchers such as 
Bao & DeMerchant (2001) and Li et al. (2006). 

9.4.6 Pulsed time-of-flight deformation sensors 
In a pulsed time-of-flight (TOF) method a short light pulse (τ = 100 ps) is sent into a fibre that contains 
semitransparent reflectors (e.g. fibre-optic connectors) as shown in Figure 9.11. The reflectors pro-
duce a series of pulses that have a typical delay of a few tenths of a nanosecond depending on the 
sensor length. The delay that is a measure of the sensor length can be determined with a high-
resolution OTDR such as shown in Figure 9.11. 
This device is commercially available from Tempo (www.tempo.textron.com) and it has a resolution of 
about 10 picosecond (1 mm) and spatial resolution of 5 cm. The measurement result is read from the 
monitor with cursors that makes the system capable of measuring static phenomena only. The price 
of the measurement system is about 60 000 EUR. 

Another TOF system that is not yet commercially available is presented in Figure 9.12 and is ex-
plained in more detail in SB-5.9. The measurement system utilizes a sophisticated 9-channel time-to-
digital converter (TDC) that is implemented in a standard CMOS-process. This makes the system 
capable of measuring both dynamic (50 – 100 Hz) and static phenomena with a precision of 1 ps (100 
μm) and spatial resolution below 0.50 m. By using a fibre-loop technique the precision can be re-
markably improved to the level of about 10 μm, a typical value in an interferometric approach. 

9.5 Implementation issues 
Due to the variety of materials and environmental conditions that can be found in the different fields 
where fibre-optic sensors can be applied, it is difficult to give general guidelines for the installation of 
the sensors and the optical links (López-Higuera 2002). However, some critical points are common to 
the different fields and should be considered attentively in the design process. The first concern is the 
installation of the sensors themselves into or onto to the host material. On the other hand it is neces-
sary to guarantee a good mechanical contact between the fibre sensor and the structure, while on the 

                                                                                                 
Figure 9.11: The principle of a pulsed time-of-flight (TOF) sensor and a commercial fibre-optic TOF interrogation 
device. 
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other hand it is important to protect the fibres mechanically. In the case of short-gauge strain sensors 
it is difficult to add additional layers of protection to the fibres without altering the sensor response. In 
this case the sensor has to be adhered or embedded in the structure directly. For example it is possi-
ble to glue a Bragg grating sensor to the re-bars before concrete is poured or to imbed the sensor into 
a composite material. In other cases the strain sensor can first be embedded in a buffer material that 
is mechanically compatible with the surrounding material (for example a mortar prism for installation in 
a concrete material. 

When a fibre is completely surrounded by the host or the buffer material it is possible that parasite 
sensitivity appears in the strain components transversal to the fibre axis (López-Higuera 2002). This is 
particularly true in the case of interferometric sensors (including Bragg grating sensors), where a 
transverse pressure will change the fibre’s index of refraction. This change will be incorrectly inter-
preted as an axial strain variation. This may be overcome by a proposed method using two superim-
posed Bragg gratings written in a birefringent optical fibre (López-Higuera 2002). 

In the case of deformation sensors with a measurement base far longer than the fibre diameter two 
installation approaches are possible: full length and local coupling (López-Higuera 2002). In the first 
case the fibre is in mechanical contact with the host structure along its whole active length. In the 
second case the fibre is attached to structure only at the ends of the active region and pre-stressed 
in-between. In the case of full-length coupling the strain between the fibre and the surrounding mate-
rial will be distributed over the whole sensor length. The fibre has to be directly attached to the mate-
rial as in the case of a strain sensor making it difficult to protect it sufficiently. Full-length coupling 
should therefore be considered only when the fibres can be directly embedded in the host material 
without a significant failure risk. It is generally admitted that with sufficiently long sensors, it is possible 
to transmit small efforts through the primary UV-coating or even through a tight nylon buffer coating 
without any slipping of the fibre. On the other hand, local coupling offers the advantage of a higher 
degree of protection from external agents at the expense of increased sensor size. In this case all the 
efforts will be transmitted from the structure to the fibre at the attachment points. Special care should 
be taken in the choice of the appropriate glue and coating in order to ensure perfect mechanical con-
tact and to avoid any creeping or slipping problems.  Glueing on the acrylate primary coating should 
be avoided. Mechanically removing the coating always results in a significant reduction of the fibre 
resistance to traction. It is however possible to obtain a good mechanical through the much thinner 
polyimide coating. 

The ingress and egress points of the fibres in the structure are other critical details to be consid-
ered (López-Higuera 2002). These points often represent an important failure source, especially in the 
case of host materials that require external finishing (e.g. removal of the casting forms from a con-
crete structure or cutting of a composite panel). In the case of concrete structures these problems can 

 
 

Figure 9.12: TOF interrogation device developed at the Electronics Laboratory of the University of Oulu.
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usually be solved by installing appropriate reservation boxes containing and protecting the fibre con-
nectors or splices. 

In many cases the installation of the sensors in the structure constitutes a serous challenge that 
should not be underestimated (López-Higuera 2002). Many trials (and errors!) are often necessary 
before a reliable and efficient procedure can be established. It is desirable that the installation tech-
nique is included from the beginning in the design process and early trials should be carried out in 
real conditions, even before the whole sensing system is operational. 

Packaged sensors designed for installation in or on civil structures are now on the market (López-
Higuera 2002). In particular it is possible to obtain packages to install fibre Bragg gratings and EFPI’s 
on metallic structures or embed them in concrete. Long gauge sensors based on microbending or 
low-coherence (SOFO system) can also be easily concreted or surface attached. As for distributed 
measurements, it is usually possible to use a standard armoured telecommunication cable as a sen-
sor for temperatures. 

9.6 Concluding remarks 
This section summarizes the main features of commercially available fibre-optic strain measurement 
systems and comments on their potential for structural monitoring. Some comments presented here 
are the author’s own opinions and do not necessarily have any wider acceptance. The performance 
table included in this chapter allows easy comparison between the various measurement systems. 

To sum up, there exist five types of fibre-optic sensor that have been widely used for structural 
strain monitoring: a fibre Bragg grating (FBG), an external Fabry-Perot interferometric sensor (EFPI), 
a low-coherence interferometric sensor, a microbending sensor and a Brillouin scattering-based sen-
sor.  

The fibre Bragg grating is the most promising sensor technology for most applications, including 
FRP composite, concrete and metal structures. With sub-micron precision and high sampling fre-
quency, typically exceeding 100 Hz, it allows precise measurements to be made in both the static and 
dynamic time domain. An FBG system provides an extremely high serial multiplexing capacity, espe-
cially when working in TDM mode, allowing sensor systems in excess of 100 units to be built in a rela-
tively simple manner. As a point-type sensor, a fibre Bragg grating is especially suitable for strain 
measurement, but with an appropriate package its inherent gauge-length of a few millimetres can be 
enlarged to several metres, thus allowing deformation measurements as well. 

The external Fabry-Perot interferometric sensor was one of the earliest fibre-optic sensor ap-
proaches to become commercially available. The performance of a point-type EFPI sensor resembles 
that of a fibre Bragg grating, and the gauge-length of an EFPI sensor can similarly be increased with a 
suitable package. A typical EFPI interrogation system only allows parallel multiplexing, however, 
which makes the structure of a sensor system rather complicated with respect to the FBG approach. 
The main benefit of an EFPI sensor over an FBG is its immunity to transversal strain and the possibil-
ity of compensating for thermal effects by using an appropriate package. Due to their poor multiplex-
ing capability and costly sensors, EFPI systems will obviously lose their popularity relative to FBG 
systems. 

Low-coherence interferometric sensors have been widely used in various civil engineering and 
other applications such as bridges, tunnels, piles, anchored walls, dams, historical monuments and 
nuclear power plants. Achieving a high precision of the order of 1 με with a wide range of gauge-
lengths from about 20 cm up to 20 m, a low-coherence fibre-optic interferometer is capable of moni-
toring concrete deformation during setting, pre-stressing, crack opening and long-term deformation, 
for instance. This inherently single-channel measurement approach allows DC-type measurements to 
be made with a number of sensors by means of an optical fibre switch. 
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Commercial microbending systems are usually single sensor approaches in which the number of 
sensors can be greatly increased by using an optical fibre switch. Allowing a precision and sampling 
rate of 1 με and 100 Hz, respectively, for gauge-lengths up to several metres, microbending systems 
have been widely used, especially for the measurement of deformation in various structures such as 
bridges. A microbending system is a cost-effective competitor, especially for a low-coherence inter-
ferometer. 

To the best of the author’s knowledge, no commercial microbending sensors based on an OTDR 
are available, although such systems would have potential for alarm purposes. 

Of all the fibre-optic measurement systems, only the Brillouin scattering techniques, BOTDA or 
BOTDR, allow distributed strain sensing. With a typical spatial resolution in the range of 1 – 2 m, they 
allow the static measurement of strain with a precision of about 10 – 20 με for a sensor fibre exceed-
ing 10 km in length. Due to their very complex architecture, Brillouin scattering systems are extremely 
costly devices, but their capability for producing strain information for thousands of locations along a 
sensor fibre makes them nevertheless the best choice for monitoring very large structures such as 
pipelines and geostructures with characteristic dimensions extending for a matter of kilometres. 
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10 OPTICAL DISTANCE MEASUREMENT  
TECHNIQUES IN CIVIL ENGINEERING  
APPLICATIONS 
Ari Kilpelä, University of Oulu 

10.1 Introduction 
The movement and position of any arbitrary point on a civil engineering 
structure, like bridge, can be defined by means of optical distance 
measurement. If the structure, load and original dimensions of the 
bridge are known, condition of the bridge can be evaluated on the ba-
sis of the measurement. In order to carry out the measurement proc-
ess successfully one or several stable, easily reachable, reference 
points are needed. The classical method to measure coordinate points 
in surveying is to use a theodolite, which is based on optical / me-
chanical triangulation principle and thus needs the operator to carry out 
measurements partly or totally manually. If the theodolite is equipped 
with a laser range finder, a total coordinate measurement station is 
achieved (Figure 10.1). Operation of the measurement station is either 
semiautomatic or fully automatic, if active targets (retroreflectors) are 
used.  

The optical systems may be divided to two groups, instruments operating in free space and instru-
ments, which use fibres for the measurement process. However, in many cases, like with TOF laser 
range finders, the operating principle and the structure of the electronics part of the instrument are 
similar in both cases.  

Some of the other methods, which can be used in-
stead of optical methods in measuring the strain and de-
formations of civil engineering structures, are inductive 
sensors, resistive strain gauges, rod extensiometers, in-
clinometers and levelling systems. The benefits of optical 
systems operating in free space are immunity to electrical 
noise and speed and simplicity of installation of measur-
ing equipment. The benefits of optical systems using fi-
bres are electrical noise immunity, high accuracy and 
possibility to vary the size of the measured object (seg-
ment of a bridge, for example) by changing the length of 
the fibre. Accurate optical fibre measurement techniques 

Figure 10.1: Measuring a 
bridge with a total measure-
ment station based on 
theodolite [1].  

Figure 10.2:  Installation of fibre sensors for 
measuring the curvatures of different sections 
of a bridge [2].  
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also allow to measure the load of a bridge by measuring the curvature of some section of the bridge 
by using the sensors installed near the top and bottom of the concrete structure (Figure 10.2).  

In this paper the basic optical measurement systems are presented and performance parameters 
are given. 

10.2 Optical distance measurement methods 

10.2.1 Classification of the methods 

The optical distance meters are often called LADARs of LIDARs (LADAR = Laser Detection and 
Ranging, LIDAR = Light Detection and Ranging).  The optical distance measurement methods operat-
ing in free space can be divided in many ways, one of them being the classification to passive and 
active methods (Table 10.1). The passive methods do not need their own light source, but they use 
the ambient light for gathering the distance information from the target. The active methods have a 
light source of their own for illuminating the target. The most important active methods are interfer-
ometric methods, geometric methods (triangulation) and time-of-flight (TOF) [3]. The triangulation 
method may also be passive, like used in theodolites. Another classification divides the methods to 
image-based and direct ones. The direct methods give an unambiguous distance to some point in the 
target. In the image-based methods the distance is calculated with some algorithm based on shades 
or relative positions of the different parts of the target, for example. The third classification type di-
vides the methods to monocular and multiple view methods [4,5]. The TOF method may also have 
two optical axes, in which case one axis is for the transmitter and the other for the receiver, but be-
cause the optical axes are very close to one another, the method is classified as monocular. When 
high measurement accuracy is needed in long distances, like in civil engineering, all direct methods 
are suitable. The image-based methods are suitable for applications demanding cm-level or worse 
accuracy, like in robot guidance.  

The targets can also be classified as active or passive ones. The passive targets mean non-
cooperative targets, which have very large variation of the reflectance. The reflectance may also vary 
much as a function of the measurement angle, from a Lambertian surface (with equal brightness to all 
directions) to mirror-like reflective surfaces. The target will be active, when some reflector, such as a 
reflective tape or corner prism, is attached on it. The reflectors increase the measurement accuracy, 
but slow the measurement process due to time needed for installation. 

10.2.2 Triangulation method 

The triangulation methods are based on measuring the two angles of a triangle and if the length of 
one side of the triangle is known, the coordinate point of another corner can be calculated. If also a 
laser range finder is be used with the theodolite, any coordinate points in a 3-D (three dimensional) 
space can be measured without any predefined reference segment. The best theodolites are accu-
rate, an accuracy of +/- 1 mm can be achieved in 3-D space in a distance range of some dozen me-
ters. However, in order to measure multiple points, the measurement station based on a theodolite 
must be directed separately to each measurement point, which needs quite long time. If it is needed 
to change the installation (reference) position of the theodolite, accurate positioning of the instrument 
to the new position is needed, which is also rather slow process and brings measurement inaccuracy.  

10.2.3 Interferometric method 

Interferometric methods are commonly used for high-resolution distance measurements. In the inter-
ferometric method the laser beam is divided to two beams, one of which is reflected from the meas-
ured target and the other is reflected from a reference point, the position of which is known. When the 
two monochromatic beams are combined optically (inside the instrument), a fringe pattern is obtained 
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and the position of the target can be defined by calculating the number of interference fringes passing 
by. A resolution better than 100 nm is obtained by using commercially available interferometers. The 
main drawback of this technique is the need to count optical fringes, which is cumbersome and slow. 
Alternative interferometric methods, based on multiple-wavelength interferometry or white-light inter-
ferometry (low coherence interferometry) have been developed in order to perform absolute distance 
measurements. In white-light interferometry the interference occurs only when the reference and 
measured optical paths have exactly the same length. One problem with white-light interferometry, 
however, is that powerful enough light sources, super luminescence LEDs, are very expensive. In 
principle the interferometric method is the most accurate distance measurement method. It is also a 
slow method, because usually the measured distance is compared to some calibrated distance, which 
can be varied for example with a stepping motor. The mechanical movement of the motor needs time 
and limits the practical accuracy of the method. In [2] an interferometric sensor using fibres for struc-
tural monitoring of bridges is presented. The accuracy and resolution are 100 and 2 um, respectively. 

10.2.4 TOF methods 

Some of the main advantages of the TOF methods are that the transmitter and receiver beams are 
coaxial and that the measurement accuracy does not depend linearly on distance (which is not the 
case with triangulation, for example) [6]. In TOF laser range finders either pulse, amplitude or fre-
quency modulation is used, the most important methods being the pulse and amplitude modulation. 
The pulsed TOF laser range finder is based on measuring the time difference between the laser 
pulses sent to and reflected back from the target [7, 8, 9]. A common structure of the TOF laser range 
finder consists of a semiconductor laser, one or two receiver channels and timing discriminators and a 
time measuring unit. If the measurement takes place in free space, optics is needed for transmitter 
and receiver. If the length of a fibre is to be measured, the optical installation is much simpler. In the 
amplitude modulation method the phase difference between the sine modulated transmitted and re-
flected beams are measured [10, 11, 12]. The principle is about the same as in the interference 
method, the difference being that in the interference method the wavelength of light (~1 μm ) is used 
and in amplitude modulation method the modulation wavelength is in the range of some meters to 
some dozen meters. The maximum unambiguously measured distance with the amplitude modulation 
method is only half of the wavelength. If longer distances are to be measured, several modulation 
frequencies must be used. With high modulation frequencies high precision and high accuracy can be 
achieved (with relatively long averaging times). For example, in [12] a complete measuring station 
with an amplitude modulated laser range finder is presented with accuracy of +/- 1 mm with an aver-
aging time of 1 second and 40 m maximum distance to passive targets. With active targets (prism) 
even up to 2000 m distances can be measured, but the accuracy is clearly worse (+/- 20 mm @ 
2000m). 

Passive, direct  Passive, image 
based 

Active, direct Active, image 
based 

Monocular  shape-from-shading 

shape-from-texture 

shape-from-motion 

shape-from-focus 

interferometric 
methods 

 

TOF-methods 

illuminated 

shape-from-x 

 

Multiple view passive triangula-
tion 

 active triangulation Multiple view 

Table 10.1. Optical distance measurement methods 
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In the TOF method either direct or coherent detection methods can be used in the receiver. In di-
rect detection the signal power from the detector is measured as a function of time. The advantage of 
coherent detection is the capability to measure not only distance, but speed as well, because also the 
phase information is preserved in the receiver and the speed can be calculated from the Doppler fre-
quency [13]. All three modulation methods, amplitude, phase or frequency modulation can be used 
with coherent detection.  The drawback of coherent detection is more complicated structure, because 
in the detection process a coherent local oscillator laser is needed. 

Some commercially available laser range finders based on pulse and amplitude modulated TOF 
methods are presented in [14]. All range finders in [14] utilize direct detection method and operate in 
free space, except one instrument utilizing interferometric principle and measures length of fibres. In 
[14] the amplitude (sine wave) modulated range finders are slower than the pulsed one, but more ac-
curate. The pulsed methods have been used mainly in long distances and in applications, which need 
short measuring time. However, in [14] it has been shown with calculations that the pulse modulation 
method has better precsion than the amplitude modulation method, when the average output powers 
are equal. The temperature and long-term stabilities of a pulsed TOF laser range finder can be im-
proved by using a single-channel structure to the same level (even better than 1 mm) as with the am-
plitude modulated range finders [15]. Also using an optical fibre as a reference length improves the 
stability achieved.  

The additional bonus of all TOF methods is the possibility to increase the measurement accuracy 
using fibres. The fibres can be rotated many times around the measured distance, which increases 
the measurement accuracy directly related to the number of fibre loops. Also one further advantage of 
pulsed TOF method is the possibility to change the measurement speed directly related to change in 
pulsing frequency. 

10.3 Performance parameters 

Resolution 

The term resolution means the smallest change in the distance that can be resolved. If the reading 
scale is digital, it means the smallest digit in the scale. In analog scale the resolution means the 

Name Type Dist. meas. 
Range max. 

(D) 

Dist. meas. 
accuracy 

Dist. 
meas. 
time 

Angle meas. 
accuracy 

Sofo V  [1] Low-coherence 
interferometric 
(uses fibres) 

50 mm (the 
change of 
measured 

length of fibre) 

100 um  
( resolution 2 

um RMS) 

10 s. - 

Leica DISTO pro Amplitude 
modulated TOF  

0.3 – 100 m 
(passive targ.) 

+/- 3 mm 0.5 – 4 s. - 

Sokkia Net 1200 Amplitude modu-
lated TOF + 
theodolite 

1.3-40 m (pas-
sive targ.) 

1.3-2000 m 
(active targ.) 

+/- 1 mm + 2 
ppm *D (σ-

value) 

1 s. 1” (0.48 mm in 100 
m distance) 

Leica TPS5000 Amplitude modu-
lated TOF + 
theodolite 

2-600 m (active 
targ.) 

+/- 1 mm + 2 
ppm *D (σ-

value) 

- 0.8” (0.38 mm in 
100 m distance) 

Riegl LD90-
3100VHS-FLP 

Pulsed TOF  2-200 m 
(passive targ.) 

+/- 2.5 cm 0.5 ms  

Table 10.2. Some examples of commercially available laser range finders and measurement stations includ-
ing theodolites.. 
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smallest change that can be resolved in the scale and is limited by some factor, such as optical clarity 
or width of the needle indicating the number. Often the resolution means only the display resolution 
and does not show the actual accuracy of the instrument. With interferometric instruments the resolu-
tion is in μm-class. 

Precision 

The term single-shot precision describes the uncertainty limited by random errors (noise) in the 
measurement and it is defined with statistical variance (s-value) of the distribution of measured dis-
tance values, when some constant distance is measured. The precision is calculated from a large 
enough group of measurement results. The averaged precision values of all methods can be com-
pared, when the measurement times are known. In every method the precision is improved, when the 
averaging time increases, up to some value, which is limited by stability of the instrument. The preci-
sion of pulsed TOF distance meters is the best among all optical distance meters, when short meas-
urement times are used. If the measurement time is not limited, all methods are in principle equal and 
other things, like temperature stability and availability of reference distances are more important for 
the final accuracy of the instrument. 

Repeatability 

The repeatability includes all random errors, when a fixed distance is measured repeatedly in fixed 
conditions. The difference between repeatability and precision is that repeatability defines the repeat-
ability of the whole measurement procedure whereas precision defines the differences between suc-
cessive independent single measurements. The systematic errors are errors, which are repeatable, 
for example they occur at defined temperature, and thus they can be minimized by calibrating. The 
repeatability of instruments, which are fixed to the measurement position (like fibre instruments) is 
usually better than the repeatability of the instruments which need new positioning every time when 
the measurement is started (like the theodolites). 

Stability 

The term stability defines the changes in the measurement results during some, usually long, time 
period. The stability may, however, worsen in the course of time, so it cannot be compensated by 
calibration. In TOF range finders the stability is affected by the stability of the time scale (quartz oscil-
lator). If reference distances (like reference fibres) are available, the stability can be improved drasti-
cally.  

Accuracy 

The term accuracy means the largest total error in some defined measurement range and in a defined 
time period. Accuracy includes all errors, both random and systematic, so accuracy can be improved 
by executing test measurements and calibrating the device in variable conditions, like temperature 
and humidity. The accuracy of interferometers is the best among optical distance meters, but the ac-
curacy achieved with the best pulse and amplitude modulated TOF distance meters are about equal 
with each other [12, 15]. One of the reasons for good accuracy of interferometers is that the interfer-
ometers include the reference distance embedded in the structure of the instrument, while the abso-
lute accuracy of a pulsed TOF decreases, when the measured distance increases.  However, the ac-
curacy of pulsed TOF and also other instrument types can be improved remarkably by using refer-
ence fibres or calibrated reference distances.  
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Speed 

The measurement needs are most of all static and the speed of all optical methods is high enough 
(measurement times 1-10 s). Dynamic measurements are in principle possible to carry out with all 
methods, but at the cost of accuracy. With pulsed TOF systems it is possible to increase the pulsing 
frequency easily, which increases both precision and measuring speed, but the limiting factor is often 
the speed of digital electronics, which collects the measurement results. 

Costs 

The costs of optical distance measurement devices depend on the operating principle of the instru-
ment and on the type of sensors (fibres). An accurate measurement station based on theodolite costs 
~20 000 €. An interferometric fibre measurement system costs ~40 000 – 50 000 € depending on the 
number of channels without fibre sensors. Each sensor costs 500-1000 €. 

10.4 Usage 

Calibration 

The accuracy of the laser / optical distance meters can be improved by calibrating the instrument. 
With many types of instruments, like interferometers, the accuracy is good enough without any cali-
bration. With TOF laser radars, however, the improvement achieved by calibration may have signifi-
cant impact on the final accuracy. 

Temperature 

The instruments operating in free space, like theodolites and measuring stations, are most vulnerable 
to temperature changes, but usually they are built to stand changing weather, at least –10 C - +50 C 
[11]. The temperature of air affects to the measurement result of the instruments operating in free 
space, especially in long distances and / or high temperature differences. The instruments embedded 
in the structure (concrete) have more stable ambient temperature. The refraction index of fibres is 
very sensitive to temperature variations and thus it must be compensated by using a reference fibre, 
which has the same length and has exactly the same temperature as the measurement fibre. 

Humidity 

The optical instruments operating in free space usually don’t have significant problems with excess 
humidity. The humidity created inside an optical instrument may be a problem, if the temperature 
change is fast and occurs from cold to warm, but so rapid change is not usually happening in real life 
outdoor measurements. The optical fibres are sensitive to excess humidity and should be shielded 
inside some water-resistant tube. 

Electromagnetic fields 

Generally, the optical systems are not affected by electromagnetic fields. The electronics inside the 
instruments, however, may be sensitive to high electromagnetic fields, but using optical fibres, for 
example, the electronics may be separated far enough from excess electromagnetic fields. 

Mounting 

Mounting of optical distance meters varies drastically depending on the type of measurement. In free 
space measurements the instruments usually are mounted specially for each measurement point or a 
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couple of measurement points and the mounting position has to be changed for measuring all needed 
coordinate points of a bridge. If embedded fibres are used as sensors, they have to be mounted only 
once and the electronics part of the instrument may locate on some shielded instrument cabinet and 
the measurement values can be transferred even using WLAN, GPRS, Ethernet or modem connec-
tions. 

 

Cabling and connectors 

The theodolites and measuring stations don’t need any cabling except to local PC computer, which 
simplifies the measuring process. When fibres are used, they need careful installation work to be exe-
cuted on the assembling stage. However, it is needed to be done only once. 

10.4.1 Manufacturers 

– Smartec SA (interferometric instruments) http://www.smartec.ch/ 
– Leica Geosystems (measurement stations and amplitude modulated TOF range finders) 

http://www.leica.com/ 
– Sokkia Co. Ltd. (measurement stations) http://www.sokkia.com/ 
– Riegl CO. (pulsed TOF range finders) http://www.rieglusa.com/ 
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11 COMPUTER-BASED DATA ACQUISITION 
G. Feltrin, Swiss Federal Laboratories for Materials Testing and Research (EMPA) 

11.1 Introduction 
Most modern sensors produce an analogue out-
put. The data processing, however, is typically 
performed on digital computers. An essential 
operation within a measurement system is there-
fore to convert the analogue signals to digital 
data. This operation is usually performed by a 
data acquisition device. Today, the preferred so-
lution for data acquisition consists of a mul-
tichannel data acquisition board which is inter-
faced with a personal computer (desktop or port-
able, Figure 11.1). Boards are available for all 
standard PC buses (PCI, ISA, PCMCIA for port-
able applications, USB). Applications in civil en-
gineering for which PC based systems proves 
unsatisfactory are increasingly few. 

A simplified block diagram of a standard multi-
channel data acquisition board is shown in Figure 
11.2. The analogue signals of the sensors pass a multiplexer (MUX) which feeds a programmable 
gain amplifier (PGA). The analogue signal is then directed to a sample-hold module (SH). Its output is 
processed by analogue-digital converter which finally produces the digital data stream. This data is 

Figure 11.1: Data acquisition boards of National In-
struments. 

channel  #1

channel  #2

channel  #n

programmable  
gain amplifier (PGA)

MUX PGA SH ADC

sample and hold 
module (SH)

analogue digital 
converter (DAC) memory

control 
logic

multiplexer (MUX)

PC

Figure 11.2: Block diagram of a multichannel data acquisition board.  
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first stored on a memory chip before transferring it via 
a bus interface to the PC. A control logic module co-
ordinates the different devices and synchronises the 
different operations.  

11.1.1 Multiplexer 

Each analogue input channel is connected to a ana-
logue multiplexer (MUX). A multiplexer is an electronic 
switch connecting sequentially one among several 
inputs to a single output. Multiplexer allow to connect 
many input channels to a single analogue digital con-
verter reducing costs of data acquisition boards. Four-
, eight- and sixteen-channel multiplexer are widely 
available.  

When several input channels are simultaneously 
used, the per-channel data acquisition rate is equal to 
the quoted speed divided by the number of channels. 
Thus, the effective per-channel rate of a data acquisi-
tion card, with a sampling rate of 200 kS/s, operating 
with 10 input channels is 20 kS/s. Notice that most 
cards have no anti-aliasing filters so that the effective 
sampling rate is further reduced by a factor of four to 
ten for avoiding aliasing effects.  

The use of a multiplexer implies that the input 
channels are not registered simultaneously. A small 
time delay arises between the acquisition of two sub-
sequent channels. The time delay equals the inverse 
of the aggregate sampling rate, the aggregate sam-
pling period, of the data acquisition board. The time 
delay between the first and the last channel equals 
the number of channels times the aggregate sampling 
period. For example, a board with an aggregate sampling rate of 200 kS/s yields a time delay of 5 μs 
between two subsequent channels. When 20 channels are acquired, the time delay between the first 
and last channel is 100 μs. Such small time delays are rarely of concern in civil engineering applica-
tions. The time delay introduces errors in the phase relationship between the different input channels.  

11.1.2 Programmable gain amplifier 

The analogue MUX output is fed to programmable gain amplifier (PGA). This device amplifies the 
signal for optimal matching of the analogue-digital converter input range. Every input channel (sensor 
output) may be amplified with a different gain value. Gain is the factor by which the signal is amplified. 
A programmable sequencer on the board ensures that each channel is amplified by the correct gain.  

11.1.3 Sample-hold module 

The sample-hold module provides the analogue-digital converter with a constant input signal for digi-
talization. During the sample state, the module output follows the signal change of the input (Figure 
11.3). In the hold state, the module output is kept constant while the input is still changing (Figure 
11.3). This constant signal is used by analogue-digital converter to produce the digital data item. The 
switch from sample to hold state and back is controlled by the control logic and happens at equal time 
intervals: the sampling period. These operations are slaved to a system clock.  

Time
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Figure 11.3: a) Idealized output waveform of a 
sample-hold module. The sample intervals are 
denoted by S and the hold intervals by H. b) 
Sampled time series of the original analogue 
signal. 
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To avoid any time delay between the acquisition of two input channels, each input channel is 
equipped with a sample-hold modules before the signal enters the multiplexer. The sample and hold 
states of each sample-hold module are then synchronized to work in parallel.  

11.1.4 Analogue to digital converter 

The analogue to digital converter (ADC) takes the constant output of the sample-hold module and 
converts it into a stream of bits of given length: a digital data item. Ideally, the continuous analogue 
signal is converted into a step function (Figure 11.4). The height of the steps is constant and results 
from the input range of the ADC and the length of the data item, typically from 12 to 16 bits. The 
smaller the step heights the closer follows the digital data stream the original analogue signal. The 
step height defines the conversion accuracy. Notice that the step height does not only depend on the 
number of bits but also on how good the range of the analogue signal covers the input range of the 
ADC. A proper amplification of the sensor output signal is therefore essential for accurate measure-
ments.  

The length of the data item defines the speed of the data acquisition process. Cards with high ag-
gregate sampling rates, up to a few MHz, uses typically 12 bit ADC. Clearly, a high sampling rate en-
hances the accuracy of the digital data stream with respect to the original analogue signal.  

11.2 Sampling considerations 
A correct choice of the sampling rate has far reaching consequences on the quality of measurement 
data. For achieving highly accurate data, sampling should be performed as frequently as possible. A 
high sampling however produces high demands on the speed of data acquisition boards and a large 
number of data items to be stored and processed. The sample rate may become an issue when moni-
toring dynamic processes.  

11.2.1 Sampling rate 

The sampling rate describes the rate at which a single analogue signal is acquired and digitalized by 
a data acquisition board. The sampling rate has dimensions of Hz and describes how many data 
items are acquired per second. For example, 100 Hz means that 100 data items are acquired every 
second. The time lap between the acquisitions of two consecutive samples is called sampling period.  
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Figure 11.4: Relation between analogue input signal and digital output.
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11.2.2 Nyquist frequency 

The sampling rate sf  defines the frequency range in which a harmonic component of an analogue 
signal is correctly acquired (Figure 11.6). The upper limit of the frequency range is called Nyquist fre-
quency Nf  and is exactly one-half of the sampling rate: 

2
= s

N
ff . 

Therefore, the minimum sampling rate must be twice the rate of the highest significant frequency 
component in the analogue signal being sampled.  

11.2.3 Aliasing 

Frequency components of the analogue signal above the Nyquist frequency are incorrectly mapped 
between DC and the Nyquist frequency. This effect is called aliasing. To make the issue more spe-
cific, consider the harmonic oscillation with a frequency of 2 Hz shown in Figure 11.5a). This oscilla-
tion is sampled with a sampling rate of 3.2 Hz. The Nyquist frequency is 1.6 Hz and therefore smaller 
as the frequency of the oscillation. The Fourier spectrum of the digitalized time series shown in Figure 
11.6b) reveals a spectrum component at 1.2 Hz instead of 2 Hz. In fact, the sampled time series looks 
like a harmonic oscillation with a frequency of 1.2 Hz. This phenomenon is the aliasing effect. 
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Figure 11.5: Illustration of aliasing caused by a too small sampling rate. 
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Figure 11.6: Relationship between the time-continuous and time discrete frequency due to sampling.
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To significantly reduce the effect of aliasing, the analogue signal is filtered by an anti-aliasing filter. 
Ideally, this filter, an analogue low pass filter with a sharp cut-off, should remove all frequency com-
ponents above the Nyquist Frequency. However, the common data acquisition boards are not 
equipped with anti-aliasing filters. To avoid signal distortion through aliasing, the acquired digital sig-
nal should be filtered using a digital low pass filter with a cut-off frequency which equals the targeted 
sampling rate. The data acquisition is then performed with a sampling rate which is twice the targeted 
sampling rate. In practical applications however, the actual sampling rate should be at least four times 
the targeted sampling rate. The filtered signal is finally numerically downsampled to the targeted 
sampling rate.  

11.3 Characteristics 
Representative features of multifunction data acquisition cards include: 
– 2 to 64 single-ended input channels with 16 bit A/D conversion at 100 to 200 kS/s. 
– input channel range of ±10 V 
– 2 or more analog output channels with 16 bit resolution at 100 to 200 kS/s 
– output channel range of ±10 V 
– programmable input gain settings (usually 4 levels)  
– 8 or more digital input/output lines  
– two 24-bit, 20 MHz counters/timers 

11.4 Usage 
Multifunction data acquisition cards are configured and instructed to carry out the measurements via 
software running on a PC. The software is provided by the card manufacturers. The most elementary 
software are drivers that provide an interface for a high level programming language running on dif-
ferent operation systems. This allow a flexible, specific and efficient control of the data acquisition 
card but requires a deep understanding of the card and programming expertise. Today, more user-
friendly software packets with graphical programming interface exist that still provide an extensive 
control of the data acquisition card. Manufacturer may also provide software with graphical user inter-
face but very limited programming features that allows performing the most common measurement 
tasks with little knowledge of the data acquisition cards. An effective choice of a data acquisition card 
must always be based on the hard- and software characteristics. A list of precise requirements in 
terms of number of input channels, channel range, channel configuration (single-ended or differential), 
input gains, sampling rate, configuration states, and measurement procedures should be formulated 
before starting the evaluation of a data acquisition card. Details and queries should be discussed with 
a competent member of the technical assistance team of the manufacturer. 

11.5 Manufacturers 
PC-based data acquisition boards are produced by many manufacturers. Some of them are  
– Data Translation (www.datatranslation.com) 
– Measurement Computing (www.measurementcomputing.com) 
– National Instruments (www.ni.com) 
– Super Logics (www.superlogics.com 
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12  SIGNAL AND DATA COMMUNICATION 
J. Meyer, Swiss Federal Laboratories for Materials Testing and Research (EMPA) 

12.1 Introduction
When monitoring processes and events in our environment1, data has to be collected. The measured 
values have to be stored somewhere or at least evaluated in order to extract the relevant information 
out of the raw data stream. Nowadays these tasks are done by digitizing (sampling) data and proc-
essing it with a computer and/or store it on a hard disk drive for archiving purposes. Digital data proc-
essing offers many advantages compared to analogue processing. For example digital systems are 
not susceptible to noise and temperature drift and don’t need any calibration. Digital filters are abso-
lutely stable and flexible because they can easily be reprogrammed whenever needed. 

The noise immunity is largely improved if the measurement signals are sampled near to their 
source, i.e. near to the sensor, that way the long and expensive cable runs leading analogue signals 
to a central data logger are no longer needed. Data can be communicated in a digital way to a termi-
nal for further processing either by using a wired or a wireless network technology. 

This report has the intention to give a rough overview of digital communication systems taking into 
account the implementation in bridge monitoring applications. 

12.2 Wired Communication 

12.2.1 Topologies 

The network topology is determined by the way single measurement nodes are connected to each 
other (Figure 12.1). When monitoring civil engineering structures different advantages and disadvan-
tages arise by choosing a particular topology. The following gives a brief overview of different topolo-
gies. 

Ring Topology 

Each measurement node connects to two neighbour nodes forming a ring. The data is relayed by 
adjacent nodes until it reaches the terminal. The advantages of a ring topology are: 
– Tow redundant paths to the data terminal exist. If a single node fails there is always a second path 

to the terminal (depending on the implementation). 
– Low cabling effort. 
The most significant disadvantage is the relatively long delay until the data reaches the terminal due 
to relaying. 

                                                           
1 Environment means just everything that surrounds us. 
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Star Topology 

Each measurement node is directly connected to the terminal. This 
setup is quite similar to the conventional instrumentation technique 
where the sensor output is an analogue signal transmitted over a 
coaxial cable to a central data logging system. 
 
Advantages: 
– The nodes work independently from each other. If one node fails, 

others are not affected. 
– Each node can use the full cable bandwidth. 
Disadvantages: 
– Very extensive cabling. No improvements concerning cabling 

effort compared to the conventional analogue techniques. 
– High demands on data terminal unit as it copes with high data 

rates. 

Tree Topology  

Certain nodes in the network merge two or more signal paths form 
the leave nodes to the terminal forming a tree like structure. The 
merging nodes are called hubs. 
 
Advantages: 
– Medium cabling effort. 
Disadvantages: 
– If a hub node fails the entire sub-branches fail. 

Mesh Topology 

Advantage: 
– highly reliable due to redundant paths 
Disadvantages: 
– High cabling effort. 
– Routing of data packets becomes a non trivial task. 
– Communication unit of nodes becomes more complicated. 

Bus Topology 

The bus topology is a type of network setup where each node is connected to a single cable or back-
bone. 
 
Advantages: 
– Very simple cabling and low installation costs. 
– If the nodes are independently connected to the bus wires (not relying data), node failure does not 

affect the overall communication. 
Disadvantages: 
– All nodes have to share the available bandwidth. 

12.2.2 Suitable Topologies for bridge monitoring 

Due to the geometrical shape of bridges the bus topology is an adequate solution for communicating 
monitor data to a terminal. Ideally a single cable can be installed along the bridge. The measurement 

Terminal
Measurement

Ring topology

Star topology

Tree topology

Mesh topology

Bus topology

Figure 12.1: Data communication 
network topologies.  
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nodes distributed over the entire structure are 
connected to that bus with drop lines. The limited 
communication bandwidth available at each node 
doesn’t pose any serious constraint since the 
data can be compressed before transmitting.  

Furthermore it is possible to power the nodes 
over the bus cable so additional power wiring can 
be omitted. 

12.2.3 Technologies 

Many fieldbus technologies with different per-
formance and physical characteristics exist on 
the market. Table 12.1 shows a selection of field-
bus technologies. Common to each bus is the 
capability of running on a twisted pair copper ca-
ble. This kind of cable is relatively cheap and 
easy to install. Certain technologies allow in-
creasing the data rate by exchanging the copper 
cable by a coaxial- or even an optical fiber cable. 
Optical fibers are characterised by immunity to 
electro-magnetic interferences, low signal at-
tenuation and high multiplexing capability. Be-
cause of the higher installation and operation 
costs, optical fibers are particularly well suited if 
high data rates have to be achieved over long 

distances. The data rate highly depends on the cable length. The longer the cable the lower the 
achievable data rate is. Also the number of nodes connected to the bus, forming the electrical load, 
has a negative influence on the data rate. 

12.2.4 Data rates and Compression 

An important issue, when designing a fieldbus implementation, is the maximum data rate needed on 
the bus. For example when monitoring the vibrations of a civil structure, the upper bound of the inter-
esting frequency range lies between 20 Hz and 50 Hz. If the signal is sampled with a resolution of 16 
bits, the resulting baud rate is between 400 Baud and 2 kBaud. If some administration and configura-
tion overhead is added this rate increases to about 600 Baud to 3 kBaud. This represents a raw data 
rate per channel. If multiple channels are required this rate increases with each added channel i.e. the 
data rate on the bus is the product of the data rate per channels multiplied by the number of channels. 

Even more bandwidth is needed if signals have to be sampled at a higher rate (for example acous-
tic emission measurements) or with a higher resolution (for example high precision acceleration 
measurement to detect seismic activities). Such applications impose high demands on communica-
tion throughput. As a consequence the storage associated with the data terminal has to be quite 
large. A possibility to reduce the needed communication bandwidth and storage is to compress the 
measurement data. The compression is preferably done in the measurement node before transmitting 
the data. This way the requirements on communication speed can be drastically decreased.  

12.2.5 European market 

If only considering the European market then Profibus DP is the most widely spread fieldbus fol-
lowed by Industrial-Ethernet and CAN/CANopen. They are mainly used in automation and process 
control. As a consequence many network components and data acquisition devices are available. 

Table 12.1: Comparison chart of different fieldbus 
technologies. 

Fieldbus 
Name 

max 
Nodes 

max Speed max Segment 
Length  

CAN 64* 125 kbps 
1 Mbps 

500 m 
40 m 

SDS 64 125 kbps 
1 Mbps 

500 m 
25 m 

Interbus 256 500 kbps 400 m 

DeviceNet 64 125 kbps 
500 kbps 

500 m 
39 m 

AS-I 32 167 kbps 100 m 

Foundation 
Fieldbus H1 

240 31.25 kbps 1.9 km 

LonWorks 32000 1.25 Mbps 
78 kbps 

 
2 km 

Profibus DP 127 12 Mbps 100 m 

FIP 256 1 Mbps 
2.5 Mbps 

2 km 

* Depending on bus load 
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Because a mass market exists, components are available at reasonable low prices. Other systems 
have a big market share in USA. 

12.2.6 Costs 

To determine the costs of a particular fieldbus installation it is necessary to divide the entire system in 
different parts. One main component is the interfacing unit to the PC. This is available in PCI, PXI and 
PCMCIA format at a price range between EUR 1000.- and EUR 3000.-. 

Each measurement/sensor device to be connected to the bus has also to be equipped with some 
interfacing electronics. For a rough estimation one can schedule about EUR 100 to EUR 300 for each 
analogue input channel. 

The cabling effort will be comparable for every listed fieldbus system because they all use a 
shielded twisted pair cable. These cables are quite inexpensive amounting to about EUR 1000.-. The 
costly task is the cabling itself. Depending on the structures size and geometry and on the deploy-
ment of the measurement points, installation of cables can become the most expensive part of the 
whole data communication system. 

If very long distances have to be covered additional signal repeaters should be considered. 
The total costs for equipping a short span bridge with a communication system for 10 to 20 sen-

sors will add up to EUR 5000.- to EUR 10000.-, sensors and data terminal (PC) not included. 

12.3 Wireless Communication 
The main advantage of wireless communication systems is that no cables are needed. Therefore, 
installation costs can drastically be reduced. This benefit is omitted if the measurement nodes have to 
be powered over a cable. In order to gat an easy and cheap applicable measurement system, the 
nodes have to be self-powered, i.e. by batteries or some alternative energy sources as solar cell or 
other energy scavenging units. All these sources are energy limited. This fact predominantly affects 
the achievable system performance. 

A monitoring system is supposed to work for several years therefore it has to save as much energy 
as possible in order to achieve a maximum lifetime. 

12.3.1 Topologies 

In principle, the topologies of wired networks could be adopted to wireless technologies by simply 
replacing cables with a wireless links. For example the omnipresent WLAN shows a star topology and 
could be used for monitoring applications with the base station figuring as data terminal. But most of 
the topologies described above are not suitable from an aspect of power consumption. The transmis-
sion power needed to send data to a destination increases more than linearly with its distance2. In 
order to minimize power consumption it is preferable to send the data over as short distances as pos-
sible. Therefore a multi-hop communication has to be used forming a mesh topology. Each measure-
ment node figures as data source and relaying station, forwarding the data of other nodes. These 
networks are subject of research and hardly commercially available. 

12.3.2 Technologies 

As mentioned above, commercial systems are not well suited for communicating monitoring data. 
Nevertheless an overview is given. 

                                                           
2 The power needed to transmit data over a distance d  is approximately proportional to 2d  outdoors, 4d  in-
doors. 
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One of the most common wireless technologies is the 
WLAN used in office and home computer networking. It 
offers quite high data rates from 2 Mbps to 54 Mbps (100 
Mbps in future). It can communicate over several tenths of 
meters but is very power consuming compared to other 
technologies. 

Another well known technology is Bluetooth™ offering a 
data rata of 1 Mbps. It is designed to network portable de-
vices. Because of lower data rates it consumes less power 
than WLAN and therefore is better suited for battery pow-
ered devices. Its communication range is abut 10 m de-
pending on the environment. Although the power con-
sumption is relatively small it is still to large to realize a 
network connectivity working for several years. 

A third communication standard is HomeRF. It covers a range of about 50 m at a data rate from 
800 kbps to 10 Mbps. Similar to other solutions, HomeRF is too power consuming for long living ap-
plications.  

A newly developed standard is ZigBee™. It is communicating at lower data rates from 20 kbps to 
250 kbps in a range of 10 m. The low rates allow the devices to operate with little power require-
ments. At the time no products are available using ZigBee™. First devices are expected in the begin-
ning of 2005. 

Many working groups have developed their own RF communication devices using low power radio 
transceiver. These implementations have rather experimental character and are not yet suitable for 
deployment in monitoring applications but they offer a flexible development and research platform 
(Figure 12.2). 

12.3.3 Data rates and Compression 

When using wireless communication data compression becomes very important. Battery powered 
measurement nodes which have to operate for several years have to perform some compression al-
gorithms in order to communicate as few data as possible because compressing data needs less en-
ergy than communicating it. At this time it is not possible to stream measurement data without fast 
energy resources degradation. 

Preferably each node can compute its local algorithms in order to extract or compress the relevant 
information in the measurement stream. Also conceivable are algorithms which need to communicate 
with its immediate neighbours to determine if an event occurred which has to be reported to a host.  

As a rule of thumb the mean communication time should be about 1% the processing time about 
5% to 10% to get the desired network lifetime. 

12.3.4 European Market and Research 

When considering wireless network solutions one does not have to split up different markets. There 
rather exists only one global market. The standards are international because manufacturers coordi-
nated their development in order to get access to bigger markets. This results in low prices due to 
mass production. 

As mentioned above no commercial system exists which satisfies all the needs of a long living 
monitoring system. Sensor networks and structural monitoring is a field of active research and many 
innovative ideas can be expected for the next years. 

Figure 12.2: Smart-Its RF Transceiver devel-
oped by TecO University Karlsruhe
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12.4 Resources 

12.4.1 Wired Communication 

http://www.profibus.com/ 
http://ethernet.industrial-networking.com 
http://www.can-cia.de/ 

12.4.2 Wireless Communication 

http://standards.ieee.org/wireless/ 
http://www.zigbee.org 
http://particle.teco.edu/ 
http://www.millennial.net/ 
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13  EXPERIENCES WITH AUTOMATIC DATA  
ACQUISITION SYSTEM OF TRAFFIC LOAD 
T. Ryynänen and T. Aho, University of Oulu 

13.1 Introduction 
This data acquisition system was developed at the University of Oulu to investigate load effects of 
vehicular traffic in the road structure. The project was launched in 1996 while the recording of data 
began in 1998. Data is still being acquired. The amount of data is currently appr. 100 GB. Since the 
data acquisition equipment was developed to measure dynamic load effects of vehicular traffic, it may 
also be applied to measure dynamic load and strain in bridges. Bridge measurement may concentrate 
on different variables selected on grounds critical to the function of the bridge. 

There are two types of measurement: 
1. Dynamic response measurement, in which all responses are measured continuously at the fre-

quency of 500 Hz. Results are only recorded when dynamic responses are sufficiently high. Re-
cording starts off when the strain is sufficiently high i.e. the measurement site is passed by a vehi-
cle greater than a passenger car. The distance of the vehicle from the road border as well as the 
speed and length of the vehicle is recorded on the same principle. 

2. Clock-timed temperature measurement, which is activated every 15 minutes for 3 seconds. The 
average of the 150 samples obtained from each transducer is calculated and saved. 

The devices of the system are active 23.5 hours per day. The remaining 0.5 hours is used for data 
compression and transfer. The measured responses are stretches on the bottom of the bound layer 
as well as compression and pressure of the road structure. The following factors affecting these re-
sponses are measured: temperature of air and road structure; groundwater level; pore pressure; the 
speed, length and distance of vehicles from the road border. 

As the system is designed for research purposes, it is substantially large, comprises several com-
ponents with a large amount of collected data. However, to process the data in order to reduce them 
and to simplify the system is possible only when the phenomena and the factors influencing them are 
sufficiently known. For research purposes the system has mainly proven to be functional and easily 
manageable. 

13.2 The data acquisition system 

13.2.1 General description 

The data acquisition system comprises three PC’s (Figure 13.1), which are connected to the LAN 
(Local Area Network) for data transfer and system services. Besides measurements, one of the com-
puters functions as a server receiving remote control commands. Measurement is controlled by data 
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acquisition software installed in the computer, through which the measurements are timed, recording 
of responses is triggered, measurement signal is processed during measurement and any adjust-
ments related to the measurements are made. As required, by the measurement software the meas-
ured signal may be followed in real time either numerically or graphically. 

Each computer includes a data acquisition card. Linked to these are extension cards with trans-
ducer-specific signal conditioners. The conditioners are selected to comply with the requirements of 
the particular transducers, and they feed the operating voltages to the transducers, receive signals 
from the transducers and, if necessary, amplify, linearise or otherwise modify the data signal from the 
transducer suitable for digitising. 

The system is controlled through a remote control connection. Data transfer, the changing of the 
measurement parameters, program updates and activating of measurements take place 50 km away 
from the measurement site. The acquired data is saved as original and further processing is made to 
the original data. 

The transducers measuring traffic load responses and temperature of the road structure are 
mounted in the road structure. This positioning is demanding as the transducers are imposed to strain 
caused by damp, ground frost and traffic. The transducers closest to the surface are situated on the 
bottom of the bound layer at 0.11 metres and the undermost ones at the depth of appr. 3 metres. 

13.2.2 Equipment and software 

Computers and operating systems 

There are three measurement computers in use one of which measures responses induced by vehi-
cles. The second computer measures the distance of the vehicles from the road border while the third 
one measures temperatures as well as functions as a remote control server. Using three computers 
was deemed necessary mainly due to the large number of transducers. The results from these three 
computers are synchronized by time. The system is scalable, i.e. it may be expanded with additional 
computers. 

 
Figure 13.1:  The Data Acquisition System 
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The computers in use include a 200 - 350 MHz AMD processor, a hard disk of appr. 6 GB and a 
memory of 128 -256 MB. Each computer has Windows NT operating system and a display, a mouse 
and a keyboard. The hardware and the operating system have proven to be fairly stable and durable. 
The functions of the operating system are utilised e.g. in timing, compression and transfer of data and 
remote control. The operating system offers good maintenance tools by means of which the device 
may be reset in any fault situations. 

The computers are interconnected through network adapters, cables and a hub. Data transfer rate 
in the LAN is 10 Mb/s. The recorded and compressed data is transferred via the LAN to the server 
computer and the computer clocks are calibrated every 24 hours. The LAN also serves in mainte-
nance and updating operations as the server computer commands the remote control connection to 
the desired measurement computer via the LAN. 

Data acquisition cards and signal conditioners 

The data acquisition cards are DaqBoard/200A and 216A (IoTech) connected to the ISA bus. The 
resolution of the cards is 16 bits and their nominal sampling frequency is 100 000 Hz. A channel-
specific sampling rate is obtained by dividing the nominal measuring rate by the number of channels. 
In this application, the continuous measurement rate is limited into 20,000-30,000 samples/second 
due to the data being buffered for a period of 0.5 seconds. Buffering is used in order to ensure the 
recording of responses also for the 0.5 seconds preceding the triggering. 

The data acquisition cards have 16 analog channels. The time difference between samples from 
two consecutive channels is 10 microseconds, i.e. the samples from different channels are obtained 
virtually simultaneously. Each channel may be divided in 16 subchannels by means of an outside 
switchboard (e.g. DBK207). This is how one data acquisition card may be connected with 256 analog 
channels i.e. measurement transducers. 

The guaranteed accuracy of analog-to-digital conversion is 0.5 * 1/216, which is less than 10 ppm. 
Generally the accuracy of the data acquisition card may be considerably better than the errors caused 
by transducers, amplifiers, wires and connections (noise, unlinearity etc.). The data acquisition cards 
are calibrated both at the factory and at the installation phase according to instructions. 

The data acquisition cards typically have inputs and outputs for both analog and digital signals. In 
this application only the analog inputs are used for digitising incoming voltages. The response from 
the used transducers is either voltage, current or resistance. The appropriate conversion is made 
transducer-specifically with a conditioner, which scales, amplifies or attenuates the voltage, or con-
verts the current or resistance coming from the transducer to voltage compatible with the data acquisi-
tion card, as required. There are two basic models of conditioners in use: channel-specific 5B moduli 
(Dataforth) and multi-channel conditioners (IoTech). 

The selection of measurement conditioner is based on the following factors: 
1. type of transducer (e.g. RTD, potentiometer, LVDT, strain gauge etc.) 
2. amplifying (amplifying vs. attenuating) 
3. low pass filtering (4 Hz or 10 kHz) 
4. connection type (in RTD measurements 3 or 4 conductors; in strain gauge measurements quarter-

, half or full bridge etc.) 
5. isolation (in this application, mainly to reduce disturbances caused by potential differences be-

tween devices) 
Potentiometers are connected to SCM5B36-03 (by Dataforth) moduli. The moduli have low pass filter-
ing of 4 Hz and they feed the operating voltage to the potentiometers. In three-wire measurement, the 
modulus compensates the resistance changes in the transducer lines caused by e.g. temperature 
variation. The input current to the transducers is limited to under 1.0 mA to eliminate any measure-
ment errors caused by overheating of the transducer. The guaranteed accuracy of the modulus is 
±0.03% and linearity ±0.005%. 
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Pressure cells are connected to SCM5B38-02 moduli. The moduli have low pass filtering of 10 kHz 
and they either directly feed 10 V operating voltage or, alternatively, the operating voltage is reduced 
by a resistor to 6 V depending on the type of the transducer. The modulus is aimed for full bridge 
measurements and requires a minimum resistance of 300 Ω of the strain gauge. The guaranteed ac-
curacy of the modulus is ±0.03% and linearity ±0.01%. 

Model H strain gauge transducers are connected to SMC5B38-03 moduli. The moduli have low 
pass filtering of 10 kHz and they feed a precise operation voltage of 3.333 V to the strain gauges. This 
modulus supports half bridge measurements and, with a separate resistor, quarter bridge measure-
ments. The minimum allowed resistance of the strain gauge is 100 Ω. The guaranteed accuracy of the 
modulus is ±0.03% and linearity ±0.01%. 

Ground water transducer is connected to a SCM5B32-01 modulus which has low pass filtering of 4 
Hz. The input voltage to the transducer is obtained from a separate power source and the modulus 
receives a current message coming from the transducer, the change of which is measured by the 20 
Ω precision resistor of the module. The guaranteed accuracy of the modulus is ±0.03% and linearity 
±0.005%. With pore pressure transducers, a SCM5B41-03 modulus is used. 

Temperature transducers are connected to four DBK9 RTD (Resistance Temperature Device) 
cards. Each card has eight RTD inputs. The cards may be connected with temperature transducers of 
100, 500 tai 1000 Ω. The guaranteed temperature measurement accuracy is ±1.5°C and resolution 
±0.3°C. After calibration, the tested accuracy in 0°C and +20°C was appr. 0.1°C. 

Reflex sensors are directly connected to the data acquisition card, since a voltage message of 0-
10 V is obtained from the lasers. 

Data acquisition and auxiliary program 

The data acquisition program is icon-based DasyLab, by which data collection, processing, observa-
tion and data saving is done. The data acquisition card and the program support one another; which 
means that there is a driver in the software supporting the data acquisition card and its accessories. 
The type of the data acquisition card, extensions and transducer-specific conditioners are selected 
directly from the pre-settings of the program in the same way as the sampling frequency, buffer sizes 
and the triggering method of the measurement. 

The measurement procedure is formed in the worksheet by selecting the appropriate icons of func-
tions, by linking a signal from an operation to the next and by setting the appropriate parameters. In a 
simple measurement procedure, data is brought into the program, the values are presented either 
numerically or graphically as required, and the data is saved for further processing (Figure 13.2). 

 
Figure 13.2:  Example of a Simple Measurement Worksheet.
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A measurement computer and its data acquisition card are close to their maximum operating ca-
pability. This is due to the large number of transducers and high speed of measurements. Therefore, 
only the necessary functions are used in the program such as signal transfer, triggering of saving, 
simple selection between automatic and manual operation, and saving. Further signal processing is 
done later with the transferred and saved data. Driving style measurements are processed later ac-
cording to the same principle. Only the transducer-specific temperature average values are calculated 
during the measurements. 

The responses are processed with the same DasyLab software as the measurements. Usually 
there is a year’s collection of research data in use and the relevant material is processed in one go. 
The measured data (=voltages) and respective variables are usually processed first. Thereafter, the 
relevant details are picked out from the signal for research. For example, from the results of the pres-
sure transducer, the maximum pressure values caused by the wheels of the vehicle and the minimum 
values of unloaded space are selected. The difference between the maximum and the minimum pres-
sure is the examined dynamic pressure. 

The amount of saved data is reasonably large. By compressing the data is reduced by 95% from 
the original, which essentially speeds up the data transfer and thus reduces costs. The data is com-
pressed by Pkzip software. The program is operated from the command prompt; thus the creation of 
timed command strings is simple. The same program is used to uncompress the data. Even a large 
data index structure is uncompressed by running a single command file. 

The remote control software is PcAnywhere, by which it is possible, once the connection has been 
established, to control the measuring devices virtually in the same way as from the measurement 
computer console. The remote control software has the user identification, encryption, compression 
and the tools for data transfer and management. The software starts up in the measurement com-
puters as a service. This allows the measurement process to be re-started by means of the remote 
connection in case of a blackout. Only the repair activities of broken devices must be carried out on 
site. 
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Figure 13.3:  The Location of Transducers (not to scale).
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13.2.3 Measured variables and transducers 

General 

Responses caused by traffic load are measured by 29 transducers, which are mounted in the road 
structure. The conditions are measured by 27 transducers, most of which measure temperatures 
(Figure 13.3). 

All transducers are analog. The measurement accuracy is not defined for most transducers at the 
installation phase but the transducer-specific calibration tables and figures given by the manufacturer 
have been referred to. Likewise the scaling factors are based on the individual values given by the 
manufacturers. 

Prevailing conditions, such as freezing of the road structure and temperature of the bound layer, 
affect the values of the responses greatly. When the road structure is frozen, the load tolerance of the 
road increases significantly and same traffic loads cause considerably smaller strain than when the 
structure is unfrozen. During the unfrozen periods the stiffness of the bound layer depends on the 
temperature, which again influences the strains also further down in the structure. 

The responses are also greatly affected by the distance of the vehicle from the road border. The 
reflex sensors are installed in a 15 meter-stretch at 0.5 meter intervals at the distance of approxi-
mately 1.6 meter from the road border. On average, the right wheel of the vehicle runs along this line. 
However, the distances from the border vary within the limits of the lane. When measuring, and espe-
cially interpreting, the responses, it is necessary to know how far the wheels run from the sensor line. 

Dynamic responses decrease when moving further down in the structure. This is why the operating 
ranges of the transducers have been selected on the basis of theoretical calculations so that the sen-
sors with widest operating ranges are located furthest up and the ones with the narrowest ranges are 
further down in the structure. 

Pressure 

Pressure is measured using nine pressure cells (Nottingham and Kyowa). The operating ranges of 
the pressure cells are 0-50 kPa, 0-100 kPa and 0-500 kPa. On the top layer of the base course are 
located the pressure cells with operating range 0-500 kPa and the range of the pressure cell at the 
depth of 1.95 metres is 0-50 kPa (Table 13.1). 
Of all response measurements, the results from the pressure cells have been the most feasible. 
When the pressure range of the cell in relation to dynamic pressure has been selected correctly, fairly 
interference-free results are gained, which additionally comply fairly well with the theoretical calcula-
tions. Due to lack of interference, signal processing is simple and fast. (Figure 13.4). 

Because of the interference-free signal, the pressure cell P4 located at the top part of the filter 
course at 0.72 m is in a special position as the signal received from the transducer is used to trigger 
the recording of the responses. The pressure cell is the 11th transducer in the measurement line; 
therefore buffered data is recorded for a period of 0.5 seconds before the moment of triggering. 

Table 13.1: Pressure Cells and Installation Depths 
Make Diameter Thickness Pressure range Depth of installa-

tion 
Operating voltage

Nottingham 64 mm 11.0 mm 0-500 kPa 0.12 6 V 
Nottingham 64 mm 11.0 mm 0-500 kPa 0.37 6 V 
Kyowa 94 mm 18.2 mm 0-100 kPa 0.52 10 V 
Kyowa (P4) 94 mm 18.2 mm 0-50 kPa 0.72 10 V 
Kyowa 94 mm 18.2 mm 0-50 kPa 1.12 10 V 
Kyowa 94 mm 18.2 mm 0-50 kPa 1.95 10 V 
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Compression 

Compression is measured by using linear potentiometers Honeywell LT1. The length of the trans-
ducer is 90 mm and the diameter 12.7 mm. The course of the transducer is 25 mm. The guaranteed 
lifetime by the manufacturer is 109 dither motions. The linearity of LT1 transducer is ±1.0%, operating 
temperature is -40 … +80 °C and power consumption is 0.25 W. The transducer is connected with 
three wires; thus the resistance changes of the conductors can be taken into account in the signal 
conditioner. 

The transducer is placed inside a telescope assembled with two plastic pipes (~18 and 20 mm). At 
each end of the telescope is a plate, which moves along with the layers of the road structure. The 
transducer measures the motion between the ends of the telescope. 

In the early years of the research, the displacements, compared to theoretical calculations were 
generally too large. The reason for this is unknown. Similar transducers have been used in laboratory-
based systems where the results correlate the theoretically calculated values. 

Despite encapsulation the transducers are not the best possible to measure displacements of soil 
structure due to the demanding conditions. For example, the road structure may be totally saturated 
with water at times, permanent transformations of the soil may be greater than the course of the 
transducer, or rough material may damage the transducer. Some of the transducers have ceased to 
send measurement signals. 

Temperature 

Temperature is measured by PT100 temperature transducers (Elektro-Dynamo AB). The measure-
ment sensors are encapsulated inside 30 x 6 x 6 mm brass shields. 12 transducers have been inte-
grated into one element, which has been mounted in the road. The housing of the element is a 20 mm 
plastic pipe, inside which the PT100 sensors are partly inserted and protected by a shrink-on-
wrapper. 

The guaranteed accuracy of DIN B class PT100 element is ±0.3°C at 0°C temperature. The trans-
ducers have been calibrated before installation at two temperatures, ±0°C and +25°C. Each sensor 
has two twin-wires. One twin-wire is used to measure the resistance (temperature) of the transducer. 
The other twin-wire is used to measure the variation of resistance in the measurement wires and thus 
their influence on the final result may be eliminated. PT100 transducers have a good long-term stabil-
ity. 

 
Figure 13.4:  Responses from Pressure Cell P4 caused by a 7-axle Truck. The data was recorded 11.05.2004.
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PT100 temperature transducers have proven to be very reliable regardless of installation place. 
Only one transducer of the installed 32 has ceased to function. This transducer was damaged at the 
installation phase. PT100 transducers may be installed underground in the same way with a life ex-
pectancy of several years. The measured air temperatures have been well comparable with other 
research and statistics. 

Pore pressure and groundwater level 

Pore pressure in the filter course and subgrade of the road structure is measured by Kyowa BP-2KB 
pore pressure transducer. The nominal measurement range is 0...200 kPa, unlinearity ±2% RO, hys-
teresis ±1%, operating temperature range 0-80 °C, compensated temperature range 0-60 °C, operat-
ing voltage 2...10 V, resistance 350 ohm, allowed overloading 150 %, weight 320 g, length 70 mm 
and diameter 12 mm. 

Groundwater level is measured by Druck PTX 164 water level transducer. The transducer is placed 
in a 40 mm diameter pipe at the depth of 3.5 meters and it measures the weight of the water column 
formed on top of the transducer. Operating temperature range is -20°C...+80°C. The transducer has a 
current output of 4...20 mA with 15 V operating voltage. 

The pore pressure transducers and water level transducers are still in operation. According to spe-
cialists, the results of long-term pore pressure variation have been somewhat inaccurate. Groundwa-
ter level variation has been as expected and the measurements are fairly reliable. The variation is 
rather slow but during a long period it is large (>3 m). The level may be measured e.g. once in every 
24 hours and the accuracy of 1 cm is sufficient. 

Driving style 

Vehicular responses are greatly influenced by driving style, i.e. speed and especially the distance 
from the road border. Driving style is measured by two class II reflex sensors (Wenglor YT89 MGV 
80), which are used to measure the perpendicular distance of the vehicle from the road border. The 
sensors are situated 24.86 m from each other and the speed of the vehicle is calculated on the basis 
of elapsed time and the distance between the lasers. The measurement frequency is 1000 Hz and the 
results are recorded as such. However, the recording is set off only when the vehicle strikes the laser 
beam (Figure 13.5). 

The dimensions of the reflex sensor are 81 x 75 x 36 mm, the measurement range is 300 - 3700 
mm and the resolution is 1 mm. The measurement accuracy approaches the resolution when a mo-
tionless object is measured. As the driving speed increases the accuracy is reduced especially when 
the surface of the vehicle is uneven. The accuracy of appr. ±2.5 … ±5.0 cm is sufficient for the pur-
pose of this application. The distance information is a 0 -10 V voltage message which is transferred to 
the second computer for digitising. 
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Figure 13.5:  Driving Style (distance, speed and length of vehicle)
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The lasers are housed in a weather-proof metal case, which includes a 25 W heating resistor with 
a mechanic thermostat. The reflex sensors are still functioning faultlessly. The only factors hampering 
the operation have been the reduction of beam intensity caused by dirt and snow accumulating on the 
lenses. Neither dirt nor snow causes a direct error in the measurement results but prevents the re-
cording of the result. 

13.3 Suggestions for improving the system 
Electrotechnical devices and applications are under constant development. Operating systems are 
renewed about every second year and are integrated with functions which earlier had to be obtained 
as separate software. In practice, all the functions in this system (remote control, service functions, 
data compression and uncompression etc.) are integrated into a regular modern basic operating sys-
tem (Windows XP). Updating only one system is also easier and more reliable than updating a system 
consisting of many parts. 

As the speeds of the LAN have increased to 100 MB level at the same time as costs have de-
creased remarkably, it is a natural choice to connect separate computers? 

In Finland, it is practical to form the remote connection by xDSL connection. The physical line is a 
regular telephone cable but the speed may rise up to 10 MB per second. The connection has a fixed 
monthly fee regardless of the amount of transferred data. As a whole the costs are lower than those 
of e.g. modem, ISDN or GPRS connections. 

For the sake of data protection, it is necessary to use both hardware and software based firewall 
and anti-virus software. An attack on data security into a measurement computer may not necessarily 
cause more harm than extra work, but a virus or a worm in the control and server computers would 
constitute a serious problem. 

In the above described system, all transducers are analog and each transducer is individually con-
nected to the measurement conditioner by a cable. Measurement signals, which may travel on air and 
have sufficiently slow data speed, might also be transferred wirelessly. Radio signals do not travel 
from underground or through constructions, however. To reduce the number of measurement cables, 
for example a CAN bus could be used, in which the transducers are chained into one cable. In this 
case also the measurement amplifiers and the digitizing of the measurement signal coming from the 
transducer is moved in the proximity of each transducer. 
 
 


