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Abstract

Automated techniques designed to acquire weight and traffic data are indispensable to
the effective management of the nation's vast network of highways. Weigh-In-Motion
(WIM) systems have the potential to reduce the cost and improve the accuracy
associated with weight data collection. The existing WIM systems utilizing piezoelectric
cable have been shown to result in significant errors and to require in-pavement
installation.

A fiber-optic WIM sensor, which offers several advantages over the piezoelectric sensor,
is proposed. The system consists of a pneumatic tube filled with an incompressible fluid
and embedded in a rubber pad, a diaphragm designed to convert pressure into
displacement, and an optical displacement sensor. A prototype of the proposed sensor is
designed, manufactured, and tested in the laboratory for different load-frequency
combinations using an MTS machine. Statistical analyses of data are performed to
assess the response of the sensor under varying load frequencies.

A piezoelectric cable also is tested under varying load frequencies for the purpose of
comparison with the proposed sensor. It is shown that the piezoelectric cable sensor
exhibits considerable dependence on the load frequency; whereas, the response of the
proposed sensor is much less frequency-dependent and, unlike the piezoelectric cable,
has a waveform similar to that of the applied load. This latter property can facilitate
significantly the processing of the sensor output signal. The linearity of response over
the range of applied loads also is better than that of the piezoelectric cable.

Finally, the proposed sensor is not susceptible to electromagnetic interference (EMI), is
less expensive, and can be installed on the surface of the pavement, thus eliminating the
need to dig the pavement.
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Executive Summary

WIM systems are of considerable interest to the traffic control and the management of
the vast network of highways in the nation. The existing technologies for WlM, utilizing
strain gauges or piezoelectric cables, are either too expensive, or do not provide weight
date with sufficient accuracy.

In an effort to reduce the cost and improve the accuracy associated with weight-data
collection, a new concept for weighing-in-motion, based on fiber-optic technology, was
proposed to SHRP and was approved for a Phase I study. This summary describes the
highlights of the research and the accomplishments in Phase I of this SHRP-IDEA
project.

Research Accomplishments

The feasibility of a fiber-optic WIM sensor was studied. The research work involved the
development of a prototype optical pressure sensor, laboratory tests with a MTS
(Material Test Systems) machine to study the sensor response under different loads and
at different frequencies, analysis and testing of the significance of data, and comparison
with the piezoelectric sensor.

Design and Fabrication of the Sensor

The essential elements of the proposed fiber-optic WIM sensor are a pneumatic tube
filled with an incompressible fluid, a diaphragm to convert pressure into displacement,
and an optical displacement sensor.

The tube is an expandable hose with an inner diameter of 0.25 inches. It is housed in a
rubber pad which serves as a mechanical support. The tube is connected at both ends Ito flexible, but nonexpandable, stainless-steel hoses and is filled with an incompressible
fluid.



The stainless-steel diaphragm is placed at one end of the pneumatic tube between the
optical displacement sensor and the flexible steel hose. The applied pressure causes the
diaphragm to deflect. One side of the diaphragm is attached to a light-blocking element
which serves as a spatial light modulator. Pressure changes experienced by the
pneumatic tube are ultimately converted into variations in light intensity.

Two fiber-optic displacement sensors based on intensity modulation of light were
designed and evaluated. Both sensors were studied in the laboratory using a
micropositioner to simulate the deflection of the diaphragm. The use of gratings to
increase sensitivity was also investigated.

The rubber pad is used primarily for mechanical support and to transmit evenly the
applied pressure to the encased expandable tube. The material composition of the pad
is resin, a softening agent and curing agent. The hardness of the pad plays an important
role in transmitting the pressure from a vehicle to the expandable tube, thus affecting
the magnitude of the sensor-output signal and requiring calibration.

Two steel hoses, one 6 feet long and another 1 foot long, are used. The function of the
longer steel hose is to transmit the pressure from the load region to the diaphragm with
minimal loss; whereas, the shorter steel hose is used to facilitate the removal of trapped
air bubbles. Two air-bleed valves, one at each end of the sensor assembly, are used to
remove trapped air in the fluid-filled part of the system.

Laboratory Tests and Performance Evaluation of the Sensor

The fabricated sensor was tested using a 20-Kip MTS machine to simulate different
vehicle weights and speeds. The rubber pad was mounted onto the stationary upper
plate of the MTS machine. Load was applied from underneath through a metallic
support plate. Ten levels of loads, from 1 Kip to 5.5 Kips in 0.6 Kip increments were
applied. Each load was applied at frequencies of 0.25, 0.5, 1.0, 2.0, 5.0, and 10.0 Hz.
Several cycles of a square wave were applied for each load-frequency combination. The
input and output waveforms were monitored simultaneously, using a dual channel
oscilloscope, and photographed following each load application. Examination of the
output waveforms revealed an interesting feature: for square wave input waveforms, the
output waveforms were also square wave. This property of the optical sensor is a major
advantage over the piezoelectric sensor and will be very useful in processing the output

i signal and in correlating it to the weight of the vehicle.



The measured output signal voltages suggest that in the frequency range 0.25 Hz
through 10.0 Hz the sensor response is largely frequency-independent. To assess the
behavior of the sensor response quantitatively, the output voltage versus the applied load
was plotted for six different frequencies. Furthermore, statistical tests were performed
on the data to determine the level of significance (p-values) and the coefficient of
determination (R2) as measures of frequency independence and linearity of the sensor
response, respectively. The independence of the sensor output signal from frequency
implies the accurate measurement of weights at different vehicle speeds.

An important attribute of the sensor response is the correlation between the applied
load and the output-signal voltage. The best-fit regression line through the data points
was obtained. The coefficient of determination, R 2,is 99.5%, indicating a practically
linear relation between the applied load and the output signal.

Similar laboratory tests and data analysis were performed on a piezoelectric sensor for
the purpose of comparison with the proposed optical sensor.

Significance of Results and Comparison with Piezoelectric Cable

Shape, linearity, and variations with frequency of the output signal have a direct bearing
on the accuracy of a WIM sensor. In terms of the shape of the output signal, the
piezoelectric cable generated exponentially decaying output waveforms for square wave
inputs. In other words, the optical sensor reported a constant voltage reading as long as
the MTS loading cell was in contact with the sensor. On the contrary, the piezoelectric
sensor output signal peaks to a maximum value upon the application of the load and
decreases exponentially with time. In processing the WIM sensor output signals, the
area underneath the output signal is an important factor in determining the axle weights.
Therefore, square wave output signals of the fiber-optic sensor offer a major advantage
over the exponentially decaying output signals of the piezoelectric cable.

Another advantage of the fiber-optic sensor is that of output signal variations with load
frequency. Comparison of output waveforms as well as the output voltage-load curves
for the optical and piezoelectric sensors indicate that the signal outputs vary
considerably less with load frequency in the case of the fiber-optic sensor. Ideally, the
response of a WIM sensor should be entirely frequency-independent. The stronger
frequency dependence of the piezoelectric output signal in both the shape of the
waveform and the peak voltage implies that the speed and axle spacing of vehicles could
be a serious source of error in piezoelectric WIM sensors, but not in the proposed fiber-
optic WIM sensors. The linearity of the output voltage with load for both optical and
piezoelectric sensors is satisfactory.



In short, both the output waveform and the lack of strong frequency dependence in the
fiber-optic sensor output signals contribute significantly to higher accuracies. In
addition, the fiber-optic signal can be made immune to EMI. Furthermore, unlike the
piezoelectric case, the electronic components in the optical sensor are not in direct
contact with the wheel. Finally, the optical sensors can be made temperature-insensitive.
However, the bending characteristics of the piezoelectric sensors have been shown to
change at high temperatures encountered in the roadside environment.

The optical sensors also offer a considerably lower life-cycle cost. They are portable
and are installed on the pavement surface. As such, they can be installed rapidly and
with minimal traffic interruption, especially since there is no need to dig the pavement
and embed the sensor, or to affix it to the surface. The electronic components of the
optical sensor are cheaper and readily available because they are mass-produced for a
variety of other applications in the fiber-optics and communications fields. The
electronic and optical components of the sensor, which comprise a major fraction of the
total sensor cost (over 60 percent) cost under $600 per sensor unit at the time of writing
this report. Furthermore, the electronic and optical components are installed on the
side of the road, or even housed in a remote location, and would never be in contact
with the traffic, thus lasting longer. The above-mentioned attributes contribute to a
lower life-cycle cost of the optical sensor as compared with other conventional WIM
sensors in use today.

J
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1

Background Information and Technical
Approach

Overview weight data collection. Early WIM sys-
tems generally consisted of a number of

To properly plan for the maintenance strain gauges mounted on the underside
and management of the nation's vast of bridge girders, or under flush-type
network of highways, large quantities of platforms. The major drawback of such
traffic data arc required. At minimum, systems has been their high cost, typi-
data must be collected on the number, cally ranging from $50,000 to $200,000
type, weight, and speed of vehicles on per unit.
the highways. To date, the need exists
for automated techniques to acquire Almost from the inception of WIM sys-
such data economically and accurately, tems in the early 1950s, efforts have been
Currently, for exam ple, most truck concentrated on developing low-cost
weight data are obtained statically at WIM sensors. As part of these efforts,
truck weigh stations. These facilities arc the use of piezoelectric cables has re-
not only costly to equip and operate, but duced subsequently the equipment cost.
are also fixed in location and, often op- For example, tile states of Iowa and
erating hours. Consequently, the weight Minnesota have each installed a piezoe-
data obtained tend to underestimate the lectric WIM system for an approximate
number of over-weight trucks that man- equipment cost of $5000 per lane [1].
age to bypass the stations. Colorado [2] and Texas [3,4] have exper-

In this regard, WIM systems have the imented also with this technology. L
great potential to reducc the cost and Despite their relatively low cost and
improve the accuracy associated with small systematic errors, piezoelectric

6



sensors have been shown to result in equipment, installation, and mainte-
rather large random errors for individual nance cost.
axles. Researchers in Canada reported
piezoelectric cable accuracy of 6% to Fiber-optic sensing techniques have at-
12% as compared to the dynamic axle tracted considerable attention in recent
load measurements by an instrumented years. Among the various advantages
vehicle [5]. The experiments in Canada offered by fiber-optic sensors, the low
involved three vehicle speeds, two levels cost, high accuracy, and immunity from
of tire pressure, and two suspension EMI are particularly appealing to vehi-

cle weighing and traffic control applica-types. Studies in Texas involving some
800 trucks, weighed both statically and tions.

by using the piezoelectric WIM system, An inductive pickup provides a large
showed overall random errors of up to
9% [6]. Studies in Iowa involving 4.56 output signal and is less expensive than
trucks reported overall random errors of a fiber optic sensor. It is, however, sus-
up to 12% [7] for a WIM system in- ceptible to EMI and is not recommended
stalled in a rigid (portland concrete) for the WIM application.
pavement. Similar experiments designed
for a flexible (asphalt concrete) pave-

ment case in Minnesota were not per- Approach
formed due to problems relating to the
sensor installation, electronics and pave- In fact, the main problem of vehicle
ment behavior [7]. weighing is pressure sensing. Various

techniques for pressure sensing using fi-
Although installation problems such as bet-optic technology have been studied
those encountered in Minnesota can in the past decade [9-13]. These tech-
eventually be resolved, the magnitude of niques are based on variations of one or
random errors in other performed stu- more of transmission properties of the
dies is rather large. Such errors are at- light. The simplest pressure sensor op-
tributed to the internal geometry and erates on the basis of amplitude modu-
bending characteristics of the cable, the lation of the light. Amplitude sensors are
design of sensor mounting, and the easy to construct, inexpensive, and func-
roadway surface profile upstream of tion reliably in harsh environments. For
sensor installation [8]. applications where moderate sensitivities

are sufficient, amplitude sensors are sui-
The use of a fiber-optic sensor is highly table candidates. In situations where
promising as a replacement for the pie- high sensitivities are required, Mach-
zoelectric cable in WIM systems. Fiber- Zehnder interferometric phase sensors

optic sensors have the potential to may be utilized [14]. Phase sensors,

alleviate a number of error sources asso- however, have complicated structures
ciated with the piezoelectric sensors, and are expensive. Another promising
Furthermore, they offer potentially lower pressure sensor is based on modal inter-

7



ference in a few-mode fiber which offers by means of a diaphragm. The deflection
sensitivities between those of amplitude of diaphragm modulates the light.
and phase sensors [15].

A prototype pressure sensor, operating
For vehicle weighing applications, an based on an extrinsic fiber-optic dis-
amplitude sensor is a reasonable choice placement sensing technique, is designed,
because it is low cost and can offer the analyzed, and evaluated experimentally.
desired accuracy. An important advan- Fiber-optic techniques for pressure sens-
rage of amplitude sensors is that the ing are addressed in Chapter 2. Advan-
power is much less sensitive to random tages and disadvantages of various
temperature variations than the phase
sensors. This aspect is of considerable techniques are pointed out and ways of
importance in designing reliable optical improving the sensitivity are discussed.
WIM sensors. Fiber-optic pressure sens- Design and manufacturing of the pro-
ing can be implemented using a variety posed sensor are addressed in Chapter
of techniques. The sensing mechanism 3. Mechanical design considerations, ex-
may be either intrinsic ,in which case, perimental results, and evaluation of the
the pressure affects the fiber directly, or performance of the proposed sensor are
extrinsic where the modulation of light discussed in Chapter 4. Laboratory tests
takes place outside the fiber. Here an on piezoelectric sensor and comparison
extrinsic approach is adopted. The pres- with the optical sensor are addressed in
sure generated by the weight of a vehicle Chapter 5. Concluding remarks and
upon passing over a fluid-filled pneu- suggestions for further work are summa-
matic tube is converted to displacement rized in Chapter 6.



2

Fiber-Optic Techniques for Pressure Sensing

This chapter examines various fiber- op- the transmission medium in some way,
tic techniques for the measurement of one or more properties of the light will
pressure. The principles of operation of change. The amount of change is a mea-
fiber-optic pressure sensors are dis- sure oftheexternaldisturbance.
cussed. Sensing techniques based on the
modulation of amplitude or phase of In this work, the external disturbance is
light are addressed. Both intrinsic and the pressure generated by the weight of
extrinsic sensing mechanisms are re- a vehicle. Pressure can perturb the tran-
viewed. Various options pertinent to smission medium in many different
WIM systems are evaluated, and a de- ways. If the transmission medium in
sign is proposed taking into account cost, contact with the pressure region is an
accuracy, and durability of the sensor, optical fiber, perturbations would com-

monly include bends, microbends, re-
fractive index change, induced
anisotropy, and dimensional changes, all

Principles of Operation of which affect the transmission proper-
ties of the light propagating in the fiber.

A light beam is associated with a num- Geometrical changes such as bends and
ber of physical properties including am- microbends affect the intensity consider-
plitude (intensity), phase, wavelength ably; whereas, perturbations in the re-
(color), polarization, and mode of prop- fractive index bring about significant
agation. In the absence of any external changes in the phase. The loss of power

disturbance, the properties of light re- resulting from bends and microbends is

main unchanged. If an external disturb- due to the conversion of the guided
ance such as pressure, stress, strain, modes to radiation modes. Variations of
temperature, electric field, etc., perturbs the phase, on the other hand, result from
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the elasto-optic effect as well as changes to the measurand indirectly (extrinsic).
in the fiber dimensions. For example, pressure can be converted

into displacement which, in turn, can
When the transmission medium is air, change the power of a reflected or trans-
the disturbance can alter indirectly the mitted light. This concept is the basis of
properties of light. For example, pressure the optical sensing technique employed
can move a blocking element, and cause for WIM and is further elaborated upon
the light to be only partially transmitted, in later sections.
Variations in the transmitted or reflected
power are related then to the applied

pressure. Amplitude Sensing Technique

This technique is based on the idea that

Intrinsic Sensing Techniques the external disturbance modulates the
insertion loss of the optical fiber. If two

As discussed earlier, the parameters spe- corrugated plates, known as deformers,
cifying the light propagating in an op- sandwich an optical fiber along its axis
tical fiber can be altered if the fiber is as shown in Fig. 2-1, and the plates are
subjected directly to external perturba- displaced with respect to one another
tions such as pressure, strain, etc. These due to the introduction of an external
changes can then be correlated to the pressure, a spatial periodic fiber defor-
measurand of interest. Optical sensing marion will be developed. This deforma-
techniques are further subdivided into tion, in turn, will cause mode coupling.
two categories; each category operates on Light is redistributed among newly de-
substantially different principles and ar- veloped modes, and, at the same time,
eas of application. Both categories in- power is coupled fi'om guided modes to
elude sensors which operate based on the radiation modes. The amount of power
transmission or reflection losses. For the coupled to radiation modes which es-
first group, the intensity pattern by the capes the fiber is an excess loss. It has
light launched into the fiber is altered been shown [16] that for microbend def-
due to the direct application of the phy- ormations, mode coupling of light occurs
sical quantity to be measured (intrinsic). between every two modes whose propa-

gation constants KI and K2 satisfy the
Often it is desired to acquire information condition K_ - K2 = _+(2n/A), where A
about a parameter of interest, such as is the mechanical wavelength of the pe-
pressure, and to transmit the informa- riodic microbend disturbance. By closely
tion to a convenient k)cation due to the monitoring the optical power at the out-
nature of application, or the environ- put end of the fiber, one can determine
mental set of conditions imposed. This the amount of the applied pressure. Mi-
concept makes up the characteristic fea- crobend sensors offer sufficient sensitiv- |ture of the second group. In the latter ities and are suitable candidates for the
group, modulation of light is correlated measurements of relatively small pres-

10



sures. Since optical fibers cannot sustain mized, an interferometric type sensor is
high shear stresses, microbend sensors not a suitable choice.
are not favored for WIM applications.

Interferometric Sensing Technique Extrinsic Sensing Techniques

This technique incorporates the phase In an extrinsic fiber-optic sensing
modulation of optical signal to measure scheme, the external disturbance does
the external disturbance. It can be im- not affect the fiber directly. That is, the

light is modulated outside the fiber. The
plemented using a variety of schemes, role of the fiber in such sensors is to
An arrangement commonly used in fi- transmit light to and from the sensing
ber-optic sensing is the Mach-Zehnder region. Extrinsic fiber-optic sensors are
interferometer shown schematically in of particular interest in low-cost WIM
Fig. 2-2. This interferometer consists of systems. Here two sensing schemes based
essentially two arms, one serving as on reflection and transmission of light
sensing arm and another as reference are described.
arm. The light signal is divided between
the two arms using a 3-dB coupler. The

external disturbance affects only the Rejqection-BasedMethodsensing arm and causes the light signal

propagating in this arm to undergo a Fig. 2-3 illustrates the schematic dia-
phase change. The signals of the two gram of a pressure sensor based on the
arms are then combined using a second external modulation of light intensity.
3-dB coupler. The two signals interfere, Light is coupled into a multimode fiber
and, as a result the phase difference be- from an LED (Light Emitting Diode) or
tween them is converted to an amplitude a diode laser. The length of the fiber
change, which can be easily monitored depends upon the need for a specific ap-
and measured by means of a detection plication. The fiber is followed by a
circuit. 3-rib coupler which divides the power

into halves. One of the coupler's output
Interferometric sensors offer very high fiber is attached to a GRIN (Graded-
sensitivities and are useful for measuring Index) lens which collimates and ex-
very small disturbances. A major draw- pands the light beam, while the other
back of these sensors is their sensitivity output fiber is immersed in an index
to random temperature variations. To matching fluid which absorbs the light.
eliminate this problem, sophisticated Parallel to the GRIN lens face, a mirror

]_ control systems are required, which is mounted which can move vertically.
make the sensor complicated and expen- The motion of the mirror is controlled

, sive. As in WIM systems pressures are by the pressure to be measured. In the
not small and the cost must be mini- absence of any pressure, the mirror does

11



not block the light exiting the GRIN Use ofGratingsto lncrease Sensitivity
lens, thus no reflection takes place. By
increasing the pressure, the mirror is Gratings can be used to increase sensi-
displaced in the vertical direction, thus tivity for both reflection-based and tran-
causing a portion of light to be reflected smission-based sensors. Here the use of
back into the GRIN lens. The reflected gratings in transmission-based sensors is

described. Gratings are parallel and
light is focused (by the GRIN lens) on equally spaced strips deposited on trans-
to the fiber, passes through the coupler, parent glass substrates or mirrors as
and half of its power eventually reaches shown in Fig. 2-6a.
the detector. The detector's output volt-
age is proportional to the reflected The material used in the construction of
power, which, in turn, is dependent upon gratings should be highly absorptive
the applied pressure. The GRIN lens (e.g., black). One grating is placed in
helps the system to respond more line- front of the GRIN lens (or LED if

GRIN lens is not used), and another onearly by collimating the light beam.
replaces the blocking element in Fig. 2-5.
When the strips of the gratings overlap
completely, maximum transmission takes

Transmission-Based Method place (Fig. 2-6b). When the grating at-
tached to the diaphragm is displaced, the

In the reflection-based scheme described path of light is partially blocked and
above, twice the power is divided into transmission is reduced (Fig. 2-6c). For
halves, effecting a 6-dB loss. Besides, the a displacement equal to one half the
fiber-GRIN lens connection needs very grating period, the path is completely
careful alignment to avoid further loss blocked and transmission is reduced to
of power. The power efficiency can be zero (Fig. 2-6d). This qualitative analy-
improved by a factor of 6-dB by elimi- sis, of course, does not take into account
nating the coupler and using a separate the diffraction of light by the strips
channel for the detector, as illustrated in edges. Obviously, the sensitivity can be
Fig. 2-4. The principle of operation of increased by reducing the grating period.

It should be noted that, the response of
this sensor is the same as that of Fig. 2-3; the sensor becomes periodic, and there is
however, the detector measures the a 3-dB power loss, because, in the ab-
power of the transmitted light. If the sence of any displacement when the
sensing region can accommodate the gratings are assumed to have a perfect
source, the detector, and associated elec- overlap, only half the power is transmit-
tronics, fibers and GRIN lenses may also ted.
be eliminated, and the sensor head as- |
sembly reduces to that shown in Fig. 2-5. In summary, the relative merits of se- Iveral sensing techniques have been eval-

uated and compared. The sensing

12



techniques studied here, are seen to offer was the objective of this research, then
different accuracies, power consumption, designs based on transmission-based
and parts count. As the feasibility of de- sensing techniques are justified. They are
veloping a low-cost WIM sensor as a relatively low-cost, and all the optical
possible replacement for the presently and associated electronic components
implemented piezoelectric WIM sensor can be packaged in a small unit.

13
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Fig. 2-1 Schematic diagram of microbend sensor.
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Fig. 2-2 Schematic diagram of a Mach-Zehnder interferometric sensor.
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Fig. 2-3 Schematic diagram of a reflection-based pressure sensor.
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Fig. 2-4 Schematic diagram of a transmission-based pressure sensor.
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Fig. 2-5 Modified transmission-based pressure sensor without fiber and GRIN lens.
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Fig. 2-6 (a) Illustration of sensitivity improvement, (a) gratings, (b) maximum, (c) partial, (d) no tran-
smission.
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3

Design and Principles of Operation of the
Proposed Weigh-In-Motion Sensor

The proposed sensor consists of two the developed sensor emits light at way-
main parts, the optoelectronics part and elength 2 = 850nm . The output power
the mechanical part. The optoelectronics increases almost linearly with the input
part includes light source, photodetector, current. For the LED used in the dis-
GRIN lens, optical fiber, and associated placement sensor, a current of I00 mA
electronic circuits. The mechanical part is recommended. A simple drive circuit
includes pneumatic tube, rubber pad, for the LED is shown in Fig. 3-1 [17].
diaphragm, steel hoses, and air-bleed Assuming a turn-on voltage V_ for the
valves. Essential features of individual LED, the current ID flowing in the circuit
components are addressed, is obtained from

vo-v,
ID- R1 + R2 . (3.1)

Optoelectronies
The variable resistor R2 is to allow for

Drive Circuit for Light Source the adjustment of current. For
Vo = 15 V, f,_= 0.7 V, Rt = 100 _, and R2

A LED is used as the light source. When varying from 0 to I00 Y_, the current
forward biased, an LED generates light varies in the range
at a specific wavelength. The wavelength 71.5 mA < /1>< 143 mA An inter-
of the emitted light depends on the ma- mediate setting for R2 provides a current IL

terial composition of the active layer in /i>= 100 mA.
the LED structure. The LED used in
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Detection Circuit The minimum detectable power is, in
fact, a measure of the minimum measur-

The light detector is a semiconductor able weight. The detector output signal
photodiode which converts the light en- is amplified using a two-stage amplifier.
ergy into an electrical signal. Here a PIN Fig. 3-2c illustrates the diagram of a
diode is used as a light detection element, single stage amplifier. The first stage
The PIN diode is reversed biased in or- provides a voltage gain of 50 and the
der to create a strong electric field to se- second stage a voltage gain of 20. Thus,
parate the released electrons and holes in a total voltage gain of I000 can be
the intrinsic region of the PIN diode. A achieved.
simple bias circuit is shown in Fig. 3-2a.
The maximum value of RL of 0.85K_ is
chosen such that the rise time is not in-
creased considerably. Based on the pho- Evaluation of Sensor Response
todiode equivalent circuit shown in Fig.
3-2b, the rise time is obtained from [18] To evaluate the response of the displace-

ment sensor, a setup such as that shown
tr = 2.19RLC a. (3.2) in Fig. 2-4 or 2-5 is used. A microposi-

tioner is used to simulate the displace-
The photodiode used in the sensor has ment of the blocking element. A power
the following specifications meter is used as detector. Experimental

data accumulated for transmission-based

2 = 850 nm, p = 0.45 A/W, displacement sensor are tabulated in Ta-
tr= lOnsec, Ca= 1.4pF, bles 1, 2, and 3. The data in Table 1
and le= 2.0 nA, correspond to the sensor configuration

where 2, p,/a, tr, and Cd are wavelength, shown in Fig. 2-5 and are plotted in Fig.
responsivity, dark current, rise time, and 3-3, while the data presented in Tables
detector's junction capacitance, respec- 2 and 3 correspond to the sensor config-
tively. Substituting for Tr and Cd, uration in Fig. 2-4. In Table 2, columns
RL = 815 f_ is obtained. 2 and 3 correspond to the experimentaldata with the cross sectional area of

Another quantity of interest is the mini- GRIN lens completely exposed, and the
mum detectable power which is obtained data with two small crescent portions of
as GRIN lens area are darkened in Fig.

3-4b to improve linearity, respectively.

Id and, p = la (3.3) Variations of measured normalized tran-
P =P P smitted power versus normalized dis-

2hA placement x/a are shown for both cases

P- A in Fig. 3-4a. It is observed that darken-
0.45 W ing of the two small crescent portions of

the GRIN lens slightly improves the lin-/

4.44 n Watts. earity of response, but, of course, at price
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of lowering the maximum transmitted only the data for first few cycles are
power, given in Table 3. The variations of de-

tected power in a displacement range of
about lmm, and the impact of using

Sensitivity Analysis grating to improve sensitivity is high-
lighted in Fig. 3-7. It is evident that the

Using a linear approximation, the re- use of gratings results in an increase in
lationship between P,/Pi and x/a can be the slope of the response and thus, an
expressed as increase in the sensitivity. Furthermore,

by counting the number of fringes, one
x

Pt = Pi( 1 -0.5-y-). (3.4) can readily determine the displacementaccurately. For the present application,

The output voltage of the detector circuit an adequate sensitivity can be achieved
is proportional to Pt ; that is, without the use of gratings.

zou,= ke,, (3.5)

where k depends on the responsivity of Mechanical Components
the photodiode and the gain of the am-

plifier. Combining equations 3.4 and 3.5, Pneumatic Tube
yields

x The tube is an expandable hose with an
Vout = kPi(1 - 0.5 -d-)" (3.6) inner diameter of 0.25 inches. It is

housed in a rubber pad which serves as
Sensitivity is defined as a mechanical support. The tube is con-

AVout Pi nected at both ends to flexible but non-
S= [ Ax I = 0.5k a (3.7) expandable stainless steel hoses, and isterminated to an air-bleed valve at each

In equation 3.7, the GR1N lens radius, end. The longer end hose also transmits
a, is fixed. Thus, to increase the sensitiv- the fluid pressure to the diaphragm
ity, the power emitted from the source within the optical sensor assembly. The
or the gain of the amplifier stage may be tube is filled with an incompressible
increased. As mentioned earlier, the sen- fluid; water is used in laboratory exper-
sitivity may also be increased using a iments.
pair of gratings. To illustrate sensitivity
improvement, setups of Figs. 2-4 and 2-5
are used with a grating having a period Rubber Pad
of about lmm to detect displacements as
small as 0.5mm. The experimental data The pad is used mainly for mechanical L
are tabulated in Table 3 and plotted in support and to transmit evenly the ap- I

Figs. 3-5 and 3-6, respectively. Because plied load to the encased expandable
the data collected are many in number, tube. The material composition of the
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. manufactured pad is 1618.2 grams of diaphragm to deflect. One side of the
resin, 4046 cc of softening agent, and diaphragm is attached to a light blocking
355.2 grams of curing agent. The hard- element, as that shown in Fig. 2-5. Thus,
ness of the rubber pad plays a significant the diaphragm converts the pressure into
role in the operation of the sensor sys- displacement.
tem. The harder the pad, the greater the
amount of loads that can be applied.
Mechanical properties of the pad also Steel Hoses and Air-Bleed Valves
influence the response of the system both
quantitatively and qualitatively. The in- Two steel hoses, one 6 feet long and an-
fluence of pad on the output voltage of other one foot long, are used. The func-
the optical sensor, however, can be ac- tion of the longer steel hose is to transmit
commodated through calibration, the pressure, with minimal loss, from the

load region to the location of the optical
displacement sensor to which the dia-

Diaphragm phragm is attached. The shorter steel
hose is to facilitate the removal of

The diaphragm is made of stainless steel trapped air bubbles. Two air-bleed
and is placed between the optical dis- valves, one at each end of the pressure
placement sensor and the flexible steel sensor assembly, are used to remove any
hose. The applied pressure causes the trapped air in the system.

23



Table 1. Experimental data for a simple transmission-based pressure sensor.

Displacement (mm) Voltage (V) Displacement (mm) Voltage (V)

0.000 10.0 0.525 3.8
0.025 10.0 0.550 3.6
0.050 9.8 0.575 3.4
0.075 9.5 0.600 3.2
0.100 8.5 0.625 2.9
0.125 8.0 0.650 2.7
0.150 7.5 0.675 2.5
0.175 7.1 0.700 2.3
0.200 6.7 0.725 2. I
0.225 6.2 0.750 1.9
0.250 6.0 0.775 1.7
0.275 5.7 0.800 1.6
0.300 5.5 0.825 1.4
0.325 5.3 0.850 1.2
0.350 5.1 0.875 I. 1
0.375 4.9 0.900 0.9
0.400 4.7 0.925 0.7
0.425 4.5 0.950 0.4
0.450 4.3 0.975 0.3
0.475 4.1 1.000 0.1
0.500 4.0
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Table 2. Experimental data for illustration of improving linearity.

Displacement (ram) P,IPi(1) P,I Pi(2)

0.0 1.0 1.0
0.2 1.0 1.0
0.4 1.0 1.0
0.6 1.0 1.0
0.8 1.0 1.0
1.0 0.977 1.0
1.1 0.977 1.0
1.2 0.977 1.0
1.3 0.955 1.0
1.4 0.955 1.0
1.5 0.933 0.977
1.6 0.891 0.955
1.7 0.871 0.912
1.8 0.832 0.871
1.9 0.794 0.832
2.0 0.759 0.794
2.1 0.724 0.741
2.2 0.661 0.676
2.3 0.617 0.631
2.4 0.575 0.575
2.5 0.513 0.513
2.6 0.468 0.457
2.7 0.417 0.407
2.8 0.363 0.347
2.9 0.316 0.302
3.0 0.269 0.251
3.1 0.229 0.204
3.2 0.195 0.162
3.3 0.155 0.126
3.4 0.126 0.095
3.5 0.10 0.068
3.6 0.076 0.045
3.7 0.059 0.026
3.8 0.045 0.020
3.9 0.033 0.019
4.0 0.026 0.019
4.4 0.017 0.018
4.8 0.017 0.018
5.0 0.017 0.018
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Table 3. Experimental data for illustration of sensitivity improvement.

with GRINlens withom GRINlens

Displacement(mm) Voltage(V) Voltage(V)

0.0 7.4 9.8
1.0 7.4 9.8
2.0 7.4 9.6
2.5 7.3 3.6
2.6 7.2 1.6
2.7 7.1 0.6
2.8 7.0 2.3
2.9 6.9 3.6
3.0 6.5 6.0
3.1 5.8 7.6
3.2 5.0 6.9
3.3 4.0 4.7
3.4 2.9 2.6
3.5 1.3 1.0
3.6 0.6 0.9
3.7 0.7 3.1
3.8 2.3 5.4
3.9 4.0 7.7
4.0 5.5 6.0
4.1 7.4 4.7
4.2 4.4 2.4
4.3 2.6 1.0
4.4 0.9 2.0
4.5 0.5 3.8
4.6 1.6 6.0
4.7 3.5 7.6
4.8 5.1 7.2
4.9 7.3 5.5
5.0 4.2 3.3
5.1 2.4 1.5
5.2 0.9 0.8
5.3 0.5 2.2
5.4 2.0 3.6
5.5 3.6 5.9
5.6 5.2 7.7
5.7 7.4 6.2
5.8 4.8 4.4
5.9 3.4 2.4
6.0 2.0 0.8

26



R=O.1K

+ _ _-0.1K

Fig. 3-1 Drive circuit for LED.
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Fig. 3-2 (a) Bias circuit for photodiode, (b) equivalent circuit for photodiode, and (c) amplifier circuit.
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Fig. 3-3 Plot of data for a simple transmission-based pressure sensor.
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Fig. 3-5 Plot of experimental data for transmission-based pressure sensor with GRIN lens.
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Fig. 3-6 Plot of experimental data for transmission-based pressure sensor without GRIN lens.
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4

Laboratory Tests and Performance
Evaluation of the Proposed
Weigh-In-Motion Sensor

To evaluate the sensor performance un- temperature variations of the laboratory
der varying load frequencies, a series of environment. The block diagram of the
experiments are performed using an sensor assembly is shown in Fig. 4-I.
MTS machine to simulate different ve- Two metallic support plates each with
hicle weights and speeds. Statistical an- an area of 72 in 2 were constructed to fa-
alyses of data are performed to assess the cilitate the application of load by the
frequency dependence and the linearity MTS machine. Two wooden columns
of the sensor response, also were made for supporting the steel

hoses in order to dampen out undesired
vibrations.

Preparation for Laboratory Tests

Prior to laboratory tests, the sensor as- Experiments with the Sensor System
sembly needs to be packaged and filled
with an incompressible fluid. Various The rubber pad was mounted onto the
components of the sensor system were stationary upper plate of the MTS ma-
carefully assembled to ensure that fluid chine. Load was applied from below
would not leak out when pressure is ap- through the metallic support plates. The
plied. For convenience, water was used optical displacement sensor was powered
for laboratory tests, because it is incom- with a power supply providing an output
pressible and largely insensitive to miner voltage of 30 volts. Both the MTS load
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signal and the output signal of the dis- output signal, while the lower one corre-
placement sensor were monitored using sponds to the MTS load signal.
a dual channel oscilloscope. The block
diagram of the experimental setup is
shown in Fig. 4-2.

Analysis and Discussion of Results
A 20-Kip MTS machine was used and
ten levels of load were applied. Each Examination of the output waveforms
load was applied at different frequencies indicates that the initial application of
of 0.25, 0.5, 1, 2, 5, and 10 Hz. The ap- the load induces a voltage which linearly
plied loads were 1 Kip to 5.5 Kips in 0.5 follows the input voltage waveform. A
Kip increments. Several cycles of a ringing appears in the output waveform
square wave were applied at each load- which increases with frequency of appli-
frequency combination (see Table 4). A cation, as the rubber pad is relieved of
square wave was used so that the sensor the applied compression. The ringing
was loaded during half of each cycle. For can be attributed to the oscillation of
example, for a load at 1 Hz frequency diaphragm, fluid wave interactions, and
(1-second period), each cycle is 1 second the mechanical response time-lag of the
long, and the sensor is loaded for 0.5 rubber pad. The system response is a
seconds in each cycle. The input and function of the hardness of the rubber
output signals were monitored simul- pad, which, in turn, is a function of the
taneously and photographed following material used in fabricating the pad. The
each load application. The output sig- harder the rubber pad, the more sus-
nals were obtained for fifty eight load- tained will be the oscillations and ringing
frequency combinations summarized in effects. By properly selecting the incom-
Table 4. For 5 Kips and 5.5 Kips loads pressible fluid and choosing the right
at 10 Hz, the pneumatic pad appeared material composition for the pad, these
to reach its maximum tolerance. Thus, problems can be largely alleviated. Un-
to avoid permanent deformation of the like the piezoelectric cable where nonlin-
pad, tests at these load-frequency com- earities are evident in the low frequencies
binations were not performed over a long of applied loads (discussed in Chapter
enough duration and consistent readings 5). For the optical sensor a linear be-
for the output voltage were not obtained, havior is more clearly demonstrated at
The output waveforms were photo- lower frequencies as seen in Figs. 4-3a
graphed for all cases, but, in order to through 4-5a which correspond to 0.25
limit the number of figures, only wave- Hz frequency. At this frequency, the
forms corresponding to 1 Kip, 2 Kips, load waveform is nearly a square wave,
and 4 Kips at frequencies of 0.25, 2, 5, and so is the output waveform. At
and 10 Hz are presented here. Figs. 4-3 higher frequencies, e.g. I0 Hz, the input
through 4-5 illustrate these waveforms, waveforms are not clean square waves,
Each figure shows two waveforms; the but, unlike the piezoelectric case, the
upper waveform represents the sensor output signals exhibit peaks at instants
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of application and removal of the load, Fig. 4-7 is the best-fit regression line
just as in the case of low frequency loads, through the data. The regression results
In general, however, the variation of the yield y = -0.475 + 0.984x , where y is
output signal with time for the high fie- the output signal in volts and x is the
quency loads is more pronounced, but applied load in Kips. A coefficient of
the output waveform still follows the in- determination (R 2) equal to 99.5% is
put waveform in a nearly piecewise lin- calculated which is an indication of high
ear fashion, linearity of the sensor response. The t-

values for the intercept and slope are
Overall, the optical sensor delivers a re- -16.30 and 100.67, respectively, indicat-
sponse much less dependent on the fre- ing that both the intercept and slope are
quency of applied loads than does the significantly different from zero.
piezoelectric cable sensor. Statistical an-
alyses are performed to verify the above The dependency of the output signal on
conclusions, load frequency is statistically verified

through two-sample t-tests with the re-
Fig. 4-6 compares variations of the sults summarized in Table 5. The p-va-
half-cycle average output voltage versus lues resulted from 2-sample t-tests
load at six different frequencies of appli-
cation. It is evident that for loads less suggest that for a level of significance
than 5 Kips, the sensor response is highly less than or equal to those shown in this
linear as well as frequency independent, table, the frequency dependence of the
For loads higher than 5 Kips, the sensor sensor from one frequency to the next is
response begins to exhibit nonlinearity, not significant. Of course, the accuracy
and, at a sufficiently high load, the ex- of these results will increase several fold
pandable tube would buckle causing sa- if the increments of applied load are de-
turation of the output voltage. The creased and the frequency is changed to
behavior of the sensor response is largely smaller increments. Further examination
influenced by the performance of the of the data in Table 4 yields coefficient
rubber pad and the expandable tube, of variation values in a narrow range of
and, to a less extent by the performance 0 to 5.5% for the applied loads of 1 Kip
of the diaphragm. The rubber pad re- through 5.5 Kips, thus signifying very
sponds linearly only in a certain pressure little variations in output signals for a
range. Outside this range, the pad func- given load at various frequencies.
tions nonlinearly and may suffer perma- Moreover, Figs. 4-6 and 4-7 do indicate
nent deformations. It is, thus, very that the sensor response exhibits a high
important to design the pad such that it degree of linearity, thereby a high accu-
behaves linearly in response to the loads racy in correlating the sensor response to
in the range of interest, the actual vehicle weight.
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Table 4. Experimental data for the proposed WIM sensor.

Average Output Vokage(V)

Coeff. of
Load(Kips) 0.25 Hz 0.5 Itz 1.0 Hz 2.0 IIz 5.0 ttz 10.0 IIz V_ation

1.0 0.6 0.6 0.6 0.6 0.6 0.6 0
1.5 1.0 1.0 1.0 1.0 1.0 1.0 0
2.0 1.5 1.5 1.5 1.45 1.5 1.5 1.4%
2.5 2.0 2.0 1.8 1.8 1.8 1.8 5.5%
3.0 2.5 2.5 2.4 2.4 2.4 2.4 2.1%
3.5 3.0 3.0 2.9 2.9 2.9 2.9 1.8%
4.0 3.5 3.5 3.5 3.5 3.5 3.5 0
4.5 4.1 4.0 4.0 4.0 4.0 4.0 1.0%
5.0 5.0 5.0 5.0 5.0 5.0 0
5.5 6.0 6.0 5.8 5.8 5.8 1.9%

Table 5. P-values for 2-sample t-test on experimental data for the proposed WIM sensor.

0.5 Hz 1.0 Ilz 2.0 Hz 5.0 Hz 10.0 Hz

0.25 Hz 0.99 0.92 0.91 0.92 0.92

0.5 Hz 0.94 0.93 0.94 0.94

1.0 Hz 0.99 1.0 1.0

2.5 Hz 0.99 0.99

5.0 Itz 1.0
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Fig. 4-1 Block diagram of pressure sensor assembly.
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Fig. 4-2 Block diagram of the experimental set up for the pressure sensor.
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(a) (b)

(c) (d)

Fig. 4-3 Response of the sensor for 1 Kip load at frequency (a) 0.25 Hz, (b) 2 Hz, (c) 5 Hz, and (d) 10
Hz.
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(a) (b)

(c) (d)

Fig. 4-4 Response of the sensor for 2 Kips load at frequency (a) 0.25 Hz, (b) 2 Hz, (c) 5 Hz, and (d)
I0 Hz.
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(a) (b)

(c) (d)

Fig. 4-5 Response of the sensor for 4 Kips load at frequency (a) 0.25 Hz, (b) 2 Hz, (c) 5 Hz, and (d)I0 Hz.
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Fig. 4-6 Variations of the sensor output voltage with load at different frequencies.
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Fig. 4-7 IJnear regression of the sensor data for varying frequencies of applied load.
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5

Tests on Piezoelectric Sensor and
Comparison with Proposed
Weigh-In-Motion Sensor

The principle of operation of piezoelec- radial electric field generated between
tric cable is briefly described. To com- the inner and outer conductors, thus al-
pare the performance of piezoelectric lowing a piezoelectric response to radial
cable under varying load magnitudes stress [19]. Piezoelectricity is a property
and frequencies with that of the pro- of some materials that manifests itself by
posed sensor, a series of experiments are the generation of electrical charges of
carried out. The experimental setup is opposite polarity when they are sub-
similar to that used for the optical sensor jected to a mechanical stress. It arises
shown in Fig. 4-2. because of an interaction between Cou-

lomb forces and the elastic restoring
forces [20]. The amount of charge in-
duced depends upon the change of the

Principle of Operation applied pressure. In other words, the
output voltage of a piezoelectric cable,

A piezoelectric cable is essentially a co- which is proportional to the charge in-
axial cable, in which the region between duced, depends upon the time derivative
the inner and outer conductors is filled of the pressure and is not proportional

" with a piezoelcctric material in the form to the pressure itself. Thus, a constant
of a compressed powder. The piezoelec- pressure gives rise to an output voltage
tric material acts as a dielectric for the which decreases with time.
coaxial cable. The material is poled by a
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Laboratory Experiments Hz approximately correspond to spac-
ings of 200', 100', 50', 25', 10', and 5',

The piezoelectric sensor used consists of respectively. The large spacings corre-
a piezoelectric cable embedded in epox- sponding to the lower frequencies of
ied resin and housed in an aluminum 0.25, 0.5, and 1 Hz generally represent
frame of 20x20 mm cross section and is vehicle headways, rather than axle spac-
about 3.5 meters long. The sensor was ing for most highway speeds. On the
mounted onto the stationary upper plate other hand, the upper frequencies of 2,
of an MTS machine. The piezoelectric 5, and 10 Hz are representative of typi-
cable was firmly supported by six woo- cal truck axle spacings.
den columns along its length, in order to
dampen undesired vibrations. Load was Fig. 5-1 shows the typical truck types on
applied from below through a specially U.S. highways as documented by
prepared metallic support plate of about FHWA [21]. As an example, a typical
10 in 2. 3S2 semi-trailer truck (Fig. 5-1) may

have axle spacing of 10', 5', 25', and 5'
A 20-Kip MTS machine was used and between axles 1-2, 2-3, 3-4, and 4-5,
five levels of load were applied (I to 5 from front to rear, respectively. At 70
Kips in 1-Kip increments). Each load mph, these axle spacings correspond to
was applied at different frequencies of frequencies of 2, 5, and 10 Hz, respec-
0.25, 0.5, 1, 2, 5, and 10 Hz. Table 6 tively. A second example may be a 3S2-2
summarizes all load-frequency combina- truck (Fig. 5-1) with axle spacings of 10',
tions. Several cycles of a square wave 5', 20', 5', 10', and 25' corresponding to
were applied at each load-frequency respective frequencies of 5, 10, 2.5, 10,
combination (see Table 6). A square 5, and 2 Hz at 70 mph.
wave was used so that the sensor was

loaded during half of each cycle. The The magnitude of the loads applied
MTS was interfaced to an oscilloscope, ranged from 1 Kip to 5.5 Kips in the ex-
The input and output signals were mort- perimcnts for the two sensor types. The
itored simultaneously and photographed nominal loading plates were 72
following each load application, in_and 10 in 2 for the fiber-optic and

piezo sensors, respectively. Therefore,
pressures ranging between approxi-

Traffic Conditions Simulated mately 14 psi (1 Kip, 72 in 2) and about
500 psi (5 Kips, I0 in2) have been ap-

The loading fiequencies described above plied. This range of applied pressure is
could represent a variety of combina- wide enough to incorporate the typical
tions of speeds, axle spacings, and vehi- maximum truck tire pressure of about
cle headways. For example, at 70 mph 100 psi.
square waves of 0.25, 0.5, 1, 2, 5, and 10
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Performance Under Varying Load waves, but the output signals exhibit
Frequencies peaks at instants of application and re-

moval of the load, as in the case of low
Sensitivity to the frequency of the load frequency loads. In general, however,
applied is an aspect of the accuracy of variations of the output signal with time
the piezoelecric sensor particularly not for the high frequency loads is more
addressed in the past. The output signal complex, exhibiting an oscillatory be-
of the piezoelectric cable was obtained havior during the decay period. These
for each load-frequency combination, oscillations may be attributed to residual
The output waveforms were photo- vibrations of the cable at higher load
graphed for all cases, but, in order to frequencies. This difference in decay
limit the number of figures, only wave- time of the induced voltage at low versus
forms corresponding to 0.25, 2, 5, and high frequencies could be an additional
10 Hz frequencies are presented here. source of error in piezoelectric WIM
Figs. 5-2 through 5-4 illustrate these systems.
waveforms for loads 1, 2, and 4 Kips,
respectively. Each figure shows two Fig. 5-5 is a plot of the output voltage
waveforms. The upper waveform repres- versus the load applied. Fig. 5-6 is the
ents the piezoelectric cable output signal, best-fit regression line through the data
while the lower one corresponds to the points, namely y-- 5.08 + 12.6x,
MTS load signal, which, hereafter, is re- where y is the output signal (mV) and x
ferred to as the input signal, is the applied load (Kips). The coefficient

of determination (R 2)is 82.9% indicating
An examination of the output wave- a fairly linear relation between the ap-
forms indicates that the initial applica- plied load and the output signal. More
tion of the load induces a voltage which importantly, the t-values for the inter-
rises rapidly from zero to a maximum cept and slope are -1.45 and 11.91, re-
value, then decreases in an exponential spectively, with 28 degrees of freedom.
manner. After the load is removed, the These values correspond to levels of sig-
output voltage undergoes another change nificance (p-values) of 0.158 and 0.000,
reaching a negative peak which also de- respectively. It can, therefore, be con-
creases exponentially with time. It is, cluded that, while slope is effectively zero
thus, evident that the response of the the p-values suggest that the intercept is
piezoelectric cable depends upon the different from zero. Fig. 5-5 compares
time derivative of the applied load, i.e., variations of the peak output voltage
df/dt. This behavior is more clearly de- versus load at six different frequencies.
monstrated at lower frequencies, as seen It appears that the output signal is not
in Figs. 5-2a through 5-4a, which corre- independent of the applied frequency.
spond to 0.25 Hz frequency. At this fre- For example, a 4-Kip load applied at a
quency, the load waveform is nearly a 10 Hz frequency generates the same vol-
square wave. At higher frequencies, the tage as a 3-Kip load at 0.25 Hz fre-
input waveforms are not clean square quency. This simply implies that two
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vehicles with different axial loads and are over 10% indicating relatively much
speeds result in the same output re- larger errors due to frequency as com-
sponse. Moreover, the cable response is pared to the fiber-optic sensor.
not piecewise linear for loads greater
than 3 Kips. This nonlinearity becomes In summary, the piezoelectric sensor re-
more significant at higher frequencies. It sponse over a wide range of applied
must be noted that in Fig. 5-5, a decline loads displays rather large seemingly
in voltage is experienced upon the appli- random errors with frequency of the up-
cation of a 4-Kip load at frequencies plied load. These would make the corre-
under l0 Hz. This decline is due to un- lation of the cable response to the axle

expected failure of the steel support weight of the vehicle a difficult task, as
structure holding the piezoelectric cable the voltage signal received for equally
during testing and not an inherent char- loaded axles would be different depend-
acteristic of the piezoelectric cable, ing on the vehicle speed and axle config-

uration.
The dependency of the output signals on
load frequency is statistically verified
through two-sample t-tests the results of
which are shown in Table 7. Tile output Comparison with Optical Sensor
signal under each load frequency is
tested against any other frequency for In terms of the shape of the output sig-
statistical significance of differences. The hal, the piezoelectric sensor generated
corresponding p-values are tabulated in exponentially decaying output wave-
Table 7, showing, for example, that the forms for square wave inputs. The op-
output signals at 2 Hz are different from tical sensor, on the other hand, provided
those at 0.5 Hz at 86% level of signif- square wave outputs for square wave in-
icance or higher. Of course, the higher puts. In other words, the optical-sensor
the p-values, the less significant the ob- was reporting a constant voltage reading
served differences will be. In this regard, as long as the MTS loading cell was in
the matrix entries in Table 7 must be contact with the sensor. On the con-
compared to the respective matrix entries trary, the piezoelectric sensor output sig-
for the fiber-optics WIM sensor results nal would peak to a maximum value
presented in Chapter 4. Further evidence proportional to the magnitude of the ap-
of the output sensitivity to load fie- plied load but would drop back to zero
quency is obtained through examining regardless of if, or when, the load was
the coefficient of variation of the output removed. In processing the WIM sensor
signals for each level of loading. Using output signals, the area underneath the
the data in Table 6, coefficients of vari- output signal wave is a desirable piece
ation in the range of 8.4% to 33.5% are of information in determining the axle
obtained for the loads of 1 to 5 Kips. weights. Therefore, square wave output
While the variation is smallest for 2-Kips signals of the fiber-optic sensor offer a
load (8.4%), in all other cases, the values significant advantage over the exponen-
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• tially decaying output waves of the pie- sors can be made temperature insensi-
zoelectric sensor, tive. The bending characteristics of the

piezoelectric sensors, however, are shown
Another advantage of the fiber-optic to change at extreme temperatures expe-
WIM sensor over its piezoelectric coun- rienced in the roadway environment.
terpart is in output signal variation with
load frequency. The data indicate that The optical sensors could also offer a
the signal outputs vary considerably less considerably lower life-cycle cost. They
with load frequency in the case of opti- are portable and are installed over the
cal-sensor. The waveforms generated pavement crown surface. As such they
clearly established that the response of can be installed rapidly and with mini-
fiber-optic sensor is less fiequency de- mal traffic interruption, especially since
pendent. This indicates that the speed there is no need to dig the pavement and
and axle spacing of vehicles could be a embed the sensor, or affix it to the sur-
significant source of error in the piezoe- face. The electronic components of the
lectric WIM sensor, but not in the fi- optical sensor are cheaper and readily
ber-optic case. available since they are mass produced

The proposed fiber-optic sensor could for variety of other applications in the
offer considerably greater accuracy over fiber-optics and communications fields.
the piezoelectric sensors. Both the output The electronic sensor components, which
waveform and the lack of strong fre- comprise a major fraction of the total
quency dependence in the fiber-oi_tic sensor cost (over 60%), cost under $600
case greatly contribute to its accuracy, per sensor unit at the time of this writ-
In addition, the fiber-optic signal is not ing. Furthermore, the electronic sensor
susceptible to EMI. Furthermore, unlike components are installed on the side of
the piezoelectric case, the electronic the road and would never be in contact
components in the optical sensor are not with the traffic, thus lasting longer. The
in direct contact with the wheel, thus above-mentioned attributes contribute to
they do not undergo permanent defor- a lower life cycle cost of the optical sen-
mation and their bending characteristics sor, as compared to other conventional
are not altered. Finally, the optical sen- WIM sensors in use today.
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Table 6. Experimental data for piezoelectric sensor.

Induced peak voltage(mV)

Coeff. of

Load(Kips) 0.25 Hz 0.5 Hz 1.0 Hz 2.0 Hz 5.0 tlz 10.0 Hz Variation

1.0 4.0 5.0 5.0 3.0 5.0 8.0 33.5%

2.0 19.0 20.0 20.0 20.0 20.0 16.0 8.4%

3.0 40.0 25.0 33.0 45.0 36.0 30.0 20.5%

4.0 60.0 58.0 57.0 52.0 59.0 40.0 13.9%

5.0 52.0 48.0 41.0 48.0 46.0 68.0 18.4%

Table 7. P-values for 2-sample t-test on piezoelectric sensor experimental data.

0.5 Itz 1.0 tlz 2.0 Hz 5.0 Hz 10.0 Hz

0.25 Ilz 0.80 0.79 0.92 0.90 0.87

0.5 Hz 1.0 0.86 0.89 0.94

1.0 Hz 0.86 0.88 0.93

2.0 Hz 0.98 0.93

5.0 tlz 0.96

5O





(a) (b)

(c) (d)

Fig. 5-2 Response of piezoelectric sensor for 1 Kip load at frequency (a) 0.25 Hz, (b) 2 Hz, (c) 5 Hz,
and (d) 10 t tz.

52



(a) (b)

(c) (d)

Fig. 5-3 Response of piezoelectric sensor for 2 Kips load at frequency (a) 0.25 Hz, (b) 1 Hz, (c) 5 Hz,
and (d) I0 Hz.
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(a) (b)

(c) (d)

Fig. 5-4 Response of piezoelectric sensor for 4 Kips load at frequency (a) 0.25 Hz, (b) 2 tiz, (c) 5 Hz,
and (d) 10 Hz.
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Fig. 5-5 Variation of piezoelectric cable output voltage versus load at different frequencies.
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Fig. 5-6 Linear regression of experimental data for piezoelectric sensor at varying frequencies of applied
load.

56



6

Concluding Remarks

The main purpose of this project was to waveforms, and (3) the variation of the
study the feasibility of designing, devel- output, signal with application frequency
oping, and implementing a low cost fi- of the load. In the latter two categories,
ber-optic WlM sensor as a possible the optical sensor proved to be superior
replacement for piezoelectric WIM sen- to the conventional piezoelectric sensor.
sors. A prototype fiber-optic pressure In the first category, both sensors dis-
sensor was designed, manufactured and played a fairly linear trend between the
tested. The sensor consists of a fiber-op- magnitude of the output signal and the
tic displacement sensor, an expandable load applied.
hose filled with fluid, an elastomer pad
housing the expandable hose, and a While laboratory tests on the fiber-optics
stainless-steel diaphragm. The prototype sensor have yielded promising results,
sensor was tested under an MTS loading the sensor is certainly not ready for field
cell. The performance of the sensor un- implementation. A number of issues
der various loads and different applica- must be addressed prior to the imple-
tion frequencies was evaluated. Similar mentation phase. The sensor perform-
tests were performed on a piezoelectric ance characteristics can be optimized
sensor used in WIM systems, through revisions in the design of the

various sensor components. The sensor
The output signals from each of the two performance needs to be monitored in
sensors under varying load magnitudes the field and under actual traffic condi-
and frequencies were compared. Among tions. Other aspects such as calibration,

' the performance attributes considered signal processing, power utilization, and
were (1) the correlation between the ap- integration into existing vehicle monitor-
plied load and the output voltage signal ing and classification systems must also
received, (2) the shape of the output be undertaken.
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Among the design improvements to be loads expected. Yet, the rubber used
probed is the choice of fluid used to fill must be of a hardness to prevent de-
the tube to be stretched across the road. flections so great as to completely close
The function of the fluid is to transfer off the highly flexible hose embedded in
the applied pressure to the displacement the padding. The shape of the padding
diaphragm. The transfer of pressure, in should be of concern. A semi-cylindrical
any fluid medium, must be fairly instan- padding was used in the laboratory tests.
taneous and without much pressure loss; However, the bulge introduced on the
therefore, a fairly incompressible fluid pavement surface by a semi-cylindrical
must be used. The degree of instantane- pad is likely to amplify the undesirable
ity required is, of course, a function of vertical motion of wheels and, thus, the
how frequently pressure is applied. In dynamic loading conditions. The pad-
the lab tests, water was found to perform ding to be used in the field must have a
satisfactorily for frequencies up to l0 thin aerodynamic shape, yet be thick,
Hz. For the usual range of operating enough to provide a suitable cushion for
speeds and axle spacings, frequencies ex- the embedded 0.25-in diameter flexible
ceeding l0 Hz are rarely experienced, hose. Whether or not a smaller diameter
The sensitivity of water to temperature, inner hose can be used should also be
however, makes it unsuitable for field addressed. The latter, however, is a
applications. Brake fluid is a potentially function of the rubber padding. There-
good replacement, as it is incompressible fore, an optimum design for field condi-
and considerably less temperature sensi- tions should be reached in terms of the
tive than water. It is, however, not an elasticity, hardness, temperature sensi-
ideal fluid in case of a ruptured tube and tivity, shape, and thickness of the rubber
spillage into the pavement surface. The padding as well as the diameter of the
search for the fluid to be used should inner hose.
also focus on the chemical properties of
the fluid, specifically its interaction with Upon design improvements which con-
pavement materials and its effect on skid dition the sensor for field applications, a
resistance characteristics of the pave- number of field tests must be conducted.
ment surface. The sensor must be tested for a variety

of known axle load and combinations.

The rubber padding must also undergo One possibility is to set up the sensor
improvements in design. Specifically, upstream or downstream of static weigh
different mix ratios of the Flexane resin stations on the highway. This would

and curing agents used in the laboratory provide data on a variety of axle config-
prototype must be evaluated. The evalu- urations and loads. However, it would
ation criteria should consider those require coordination with and cooper-
characteristics of the rubber padding de- ation of state highway agencies. Fur-
sirable under operational field condi- thermore, unless many sites are
tions. Among them, the padding must monitored, insignificant variation in
be perfectly elastic for the type of wheel speeds can be obtained. An alternative
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which may prove more advantageous is to anism to close down the inner tube at
conduct the test on proving grounds using intermediate points so as to only receive
one or more trucks of known weight _;ignals emanating from a specific lane.
passing over the sensor at different spee-
ds. The truck weight can be easily varied "The lane discrimination problem should
by using, for example, a water tanker be studied in conjunction with integrat-
truck filled with sand that dumps a known ing the optical WlM sensor into the ex-
volume of its load after each set of runs. ,isting vehicle classification systems. The

sensors can easily replace axle detectors
in the existing classification systems.

Another important aspect of field oper- They also provide an additional piece of
ations is that of lane discrimination. If data, namely the axle weight, thus mak-
the tube is stretched across the entire ing it unlikely to classify, for example, a
roadway width, then near simultaneous six-axle truck as three separate vehicles.
signals can be received from two o1 more On the other hand, the lane discrimina-
vehicles traveling shoulder-to-shoulder in tot logic of the vehicle classification sys-
adjacent lanes. While this may not be tern can help determine the gross vehicle
critical if only the total individual axle weights and distribution of axle loads by
loads were sought, it would be impossi- lane.
ble to determine the gross weights or the
distribution of axle and vehicle weights Finally, a number of issues relating to
by lane. signal processing must be addressed.

Given the operational characteristics of
In making volume counts using pneu- the optical displacement sensor, effective
marie tubes, lane discrimination is means of filtering the noise and amplify-
achieved through multi-installation of ing the signal must be devised. Shape,
counter tubes. In a two-lane case, for duration, and peak voltage of the signals
example, depending on the roadway ge- must be correlated to the axle weight and
ometry either a separate tube is stretched loading frequency. Necessary cali-
across each lane or one tube is across the brations can be then carried out. Effi-
entire roadway width and a second one cient means of data transmission and
across the right or the left lane. Multi- storage must also be developed. Among
lane installations may not be a feasible the factors to be considered are the de-
approach in the case of proposed optical gree of immunity fiom EMI and electro-
WIM sensor, since each sensor has an magnetic pulses, power requirements for
air-bleed valve at each of the two ends. signal processing, and degree of compat-
It is, therefore, difficult, unlike the vol- ibility with signal processing and data
ume counters, to terminate and clamp transmission procedures in the existing
down a WlM tube halfway across the vehicle classification and WIM systems.
pavement area. Alternatives are to mo-
dify the design, to alleviate the need for In short, the proposed fiber-optics dis-
two air-bleed valves, or devise a mech- placement sensor is highly promising.
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Extensive laboratory tests have proven compared to the piezoelectric sensor with
the concept to be operational and, in a price tag of at least $2,500 per lane.
comparison to piezoelectric cables, po- Additional savings are realized in sensor
tentially much more accurate. The cost installation, that unlike other WIM sen-
is also considerably lower, namely, under sors, requires no in-pavement installa-
$1,000 per complete sensor system as tion or surface affixation.
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