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SUMMARY 

There is strong evidence· that the inflation tir·e: pre'ssures of trucks 

operating. on Texas highways have increased significantly. Pavement design 

assumptions of approximately eighty, pounds per square'. inch (80 psi) of tire 

contact pressure· at the surface of the, pavement· structu.re are· now,; 

questionnabl e. Data are needed to test this assumption· an:d poss·;b··1y· t,.o· 

provide a basis for rev.is.in·g'. design procedu,res to> account. for the· tire contact 

pre·ssures actually o~·currin-y,; on ttre h'ighW'IY.•· 

There does not·· currently exist a satis·factqry, method· for" acquiring: tire~' 

pressure data. S .. everar studi e·s'. h:a'Ve emp;lbyedt ma.nua·l · teen"niq,{ll·es··: i ff'i measuring:: 

the i nf'l ation tire· presure'S of' stopped trucks·~ Lab-e>rattnyf t~st~· a-Aa:· computer: 

mode·l ling a·pproactres ha·ve been· useful in studying some:.·int·e·rre,la:;t'ion:ship·s· 

between tire vartab.l es a-nd· wheel 1 oad.s·... However,. tech'tml oyy.: is· n·eeded"· wtiric:h·· 

wil l enable the. Department·· to automat'ical ly acquire'• ti rex: contact pressur·e·~d'a·ta:,'. 

at the same· time as. it· perffrrms" its:. truck·· we'igh"ing.'1'"in.;.mot'ion·· (WIM) sttJdie·s •. 

This research study has· inve:st:igate·d.:tt:re''·fea;s·ibjlity·"of automatica.l:ly 

collecting truck tire·· contact pressure data~ S.e'veraJ app·roaches. fo:r meet1ing:·: 
this obje:ctive were evaluated ancfa.va-ilabJeautomated.traff'ic. d;a:ta collection 

t e·ch no 1 og i es wer·e'· in v e·sti gated~. It·. w1a~ ~found. th at' arri e.f'f:~cti ve p·ruce.du.re 

using a single diagonal· axle·· sensor· with a. dedicated: electronic.. contr.ol.1er·· 
could fi 11 this need in a reasonably short time~ The· r·esu lti n:g« modified< WlM' 

system· could then ~e operated with minimal' additional effort on the· part· of 

the Department's data collection personne:l.. The resulting. data. base of ti re· 

contact pressure information could then: be used for· both' the pol icy-.' de:Cisfon· 

process and pavement design. 
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IMPLEMENTATION 

A Work Plan has been included with this final report to aid the 
Department in planning the modification of its WIM systems to automatically 

' acquire tire contact pressure data simultaneously as it collects truck weight 
data. The initial work to produce an operational system should take about six 
months of effort. 

DISCLAIMER 

The contents of this report reflect the views of the authors who are 
~esponsible for the opinions, findings, and conclusions presented herein. The 
cont en ts do not n e c es s a r i 1 y re f 1 e c t th e off i c i a 1 v i ew s or po 1 i ci es o f the 
Federal Highway Administration or the State D"epartment of Highways and Public 
Transportation. This report does not constitute a standard, specification, or 
regulation. 
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INTRODUCTION 

Recent field studies have established that operational truck tire 
inflation pressures are much higher than those typically assumed in the 
pavement design process. Field data have shown that tire inflation pressures 

· for trucks operating on the highway average between 95 and 100 pourids per 
square inch (psi) while 75 to 80 psi is usually assumed in pavement design. 
Other work has shown that these tire pressures are not uniformly distributed 
across the area of contact between the tire and the road surface. One of 
these studies indicated that contact pressures at the outer edge of the 
contact area can be as high as twice the tire inflation pressure. This 
situation is suspected of causing significant 1 evel s of premature fai 1 ure in 
the State of Texas• pavement structures. 

This report presents the results of a study into the feasibility of 
automatically monitoring the contact tire pressures produced by trucks while 
they are in motion by monitoring tire footprint dimensions and weight. The 
work undertaken has included: a review of principles of tire contact pressure 
measurement and available sensor technology; an assessment of the feasibility 
for using each principle/technology for truck contact ~ressure measurement; 
and development of the concept for an independent tire contact .pressure 
measurement system as wel 1 as options for incorporating an automatic contact 
tire pressure sensing feature into current operational truck weighing-in
motion (WIM} systems. 
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TIRE CONTACT PRESSURE MEASUREMENT 

Contact tire .Pressure is the pressure on the surface of the pavement at 
the tire/surface interface. This value depends upon both the applied load and 
the area to which it is applied. The acquisition of tontact tite pressure 
data requires either direct or indirect measurement of the load on each tire 
and the lateral and longitudinal dimensions of the contact area. There are 
basically two approaches available for automatically acquiring truck contact 
tire pressures. One of these is to provide the 1 oad input from convent ion a 1 
truck weighing-in-motion (WIM) equipment and to obtain truck tire footprint 
in format ion from one or more other sensors. Another approach is to design a 
sensor which directly measures the tire contact pressure. 

TIRE CONTACT AREA MEASUREMENT 
No method currently exists for directly measuring the tire contact area 

of a moving vehicle. Therefore, the computation of the tire contact area is 
necessarily approximate, since the shape of the tire footprint is neither 
regular nor constant. As shown in Figure 1, it is nearly circular at the 
leading and trailing edges and reasonably straight on the sides. As tire 
inflation pressure increases, the tire footprint becomes smaller, less 
rectangular and more circular. Three methods are presented in this section 
for estimating tire contact area by measuring selected characteristics of the 
tire footprint. These are: axle sensor arrays; axle sensors in combination 
with WIM sensors; and pressure-sensitive devices. (This 1 atter technology has 
been applied to discriminating between single and dual tires on the same end 
of an ax 1 e by at 1 east on vend or of WIM systems, but their product has been 
discontinued and was not appropriate to the measurement of tire contact area). 

Use of Axle Sensors for Tire Contact Area Measurement 
One way to measure the tire contact area is to detect the the edges of 

the tire footprint to provide values for the geometric parameters of the shape 
of the footprint. For example, if the footprint were rectangular, it would be 
necessary only to detect the leading, trailing, and side edges of the 
footprint according to the following idealized procedure. 
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Figure 1. Typical Ti re Footprint. 
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Three axle sensors are used in the configuration shown in Figure 2. Two 
are plated laterally in the traffic lane, perpendicular to the direction of 
travel. The third is placed diagonally, at an angle of 450 to the direction 
of travel. Vehicle speed measurement is provided by the two lateral axle 
detectors. The length of the tire footprint is measured by the first lateral 
axle sensor. The diagonal axle sensor aids in computing the width of the tire 
footprint. 

Figure 3 shows an example of the tire contact area measurement process. 
Vehicle speed is obtained from the actuation times of the two lateral axle 
detectors as fo 1 1 ows. At time T 1, the 1 ead i ng edge of the ti re strikes the 
first lateral axle sensor, producing the leading edge of an electrical pulse 
from electronic detection circuitry connected to the sensor. The electrical 
pulse stays up until time T2, when the trailing edge of the tire leaves the 
first lateral axle sensor. At time TJ, the outer leading edge of the tire 
makes contact with the diagonal axle sensor, resulting in an actuation and 
producing the leading edge of a second electrical pulse. This electrical 
pulse stays up until time T4, when the inner trailing edge of the tire leaves 
the diagonal axle sensor and the electrical pulse drops to zero. At time 
Ts, the leading edge of the tire strikes the second lateral axle sensor, 
producing the leading edge of another electrical pulse. The electrical pulse 

stays up until time T6, when the trailing edge of the tire leaves the second 
lateral axle sensor. The times at which the leading edge of the tire strikes 
the two lateral axle sensors are used to compute vehicle speed according to 
the following equation: 

Speed = D I (T 5 - T 1) ( 1) 

where speed is in inches per second, actuation times Ti are in seconds, and D 
is the distance in inches between the perpendicular axle detectors. The 
footprint length is then calculated from the following equation: 

Length = (T2 - Ti} x Speed (2) 

where Length is in inches. 
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Figure 2. Axle Sensor Configuration. 
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Figure 3. Axle Sensor Operation. 
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Assuming the diagonal axle sensor is at an angle of 45°, the w,idth of the· 

hypothetical rectangular tire footprint is then calculated with the followi'ng 

equation: 

Wtdth = [(T4 - T3) - (Tz - T1)J x Speed I 1.414 (3) 

where width is in inches. The constant 1.414 is a correction factor for the-

450 ang 1 e. 

Combining Equations 1 through 3 provides an equation for computation of 

the tire contact area from the actuation times of the sensor configuration 

shown in Figure 2. 

Area = (T2 Tr) x [(T4 - T3) (T2 - Ti)] x Speed2 I 1.414 

= (T2 - Tl) x [(T4 - T3) - (T2 - T1)] x [DI (T5 - T1)12 /1 .. 414 (4) 

where the area is the ti re. footprint contact area in squa.re inches.. If the 

weight of a wheel is known, then the average tire co-ntact pres:sure over the. 

ti re footprint is given by 

Pressure· = Weight/Area 

where the tire contact pressure is in pounds per square inch (p·si), the we,ight 

of the ti re is in pounds and the area is in square· i'nches. 

Equipment for obtaining the wheel w.eight is discussed fo the next 

section. With regard to measuring the tire conta·ct area using. the procedure 

described above, it is useful to consider the assumptions upon which the 

derivation is based and the impacts of deviations from the assumed conditions 

upon the measurements. The assumptions made were: 

1. The tire is rectangular. 

2. The tire contact area is constant. 

3. The speed through the sensor"' area is consta:nt. 

4. The distances between sensors is constant. 

5. The actuation times are precisely recorded. 

Each of these assumptions will be examined in the following parag·raphs. 
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The accuracy of automatic measurement of tire contact area using axle 
detectors is dependent upon the assumed shape of the tire footprint. It is 
not necessary that the assumption of a rectangular area be met, but it is 
necessarylthat algorithms be developed which can relate the actual tire 
contact area to the actuation times recorded. 

Tir~ footprints are generally rectangular with circular leading and 
trailing edges and straight side edges when inflated at approximately 80 psi. 
However, as inflation pressure is increased, the footprint becomes smaller and 
more circular for the same load. As this occurs, the axle sensor 
configuration of Figure 2 will not work as intended. The peak on the leading 
and trai 1 ing edges of the tire wi 11 cause the measurement system to 
overestimate the effective length of the tire footprint. Conversely, the 
shape of the same leading and trailing edges may result in an underestimate of 
the tire width since the front edge of the tire rather than the outer edge may 
be activating the diagonal sensor. This is particularly true for diagonal 
sensors which make an angle of less than 450 with the lateral dimension of the 
roadway. · However, it appears that the 1 ength and width measurement errors are 
offs~tting. The degree to which this circumstance holds in actual field 
conditions needs to be evaluated. 

The impact of tire shape on tire contact area measurement with axle 
sensors can be considered by analyzing Figure 4 which is based on Figure 1 and 
an actual tire footprint. The actual area of the footprint is 66.97 square 
inches. The maximum length of the pattern is 10.84 inches and the maximum 
w i d th i s 6. 9 5 i n c he s . Th e i n f l at i o n pr es s u r e i s 8 0 p s i . As s um i n g the tr u c k 
with this tire is travelling at 55 mph, and it strikes the first lateral axle 
sensor at time T1=0, the following times wil 1 be recorded: 

T 1 = 0.000 seconds 
T2= 0.011 II 

T3= 0.012 seconds 
T4= 0.032 II 

T5= 0.198 seconds 
T 5= o. 209 II 

Then, from equations 1 through 3: 
Speed = 192 inches I 0.198 seconds = 969. 697 in/sec (=55. 00 mph) 
Length = 0.011 sec x 969.697 in/sec = 10.67 in 
Width= [(0.032 -0.012 sec) -0.011 sec] x 969.697 in/sec /1.414 = 6.17 in 
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10.84" 

A.rea = 66. 9 7 sq in 

Figur~ 4. Tire Footprint Dimensions. 
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The measured contact area is then 

Area= 10.67 in x 6.17 in= 65.83 square inches. 

This value compares favorably with the 66.97 square inches in the actual area 

of the tire footprint. However, it remains to be seen whether such results 

can be obtained from a f u 11 range of tire types, sizes, tread conditions, and 

inflation pressures. 

Laboratory studies of the variation of tire footprint shape and area 

under load have produced results which indicate that as the load increases, so 

does the area of the tire contact footprint. The rate of increase is 
dependent upon tire construction and the tire inflation pressure. Figure 5 

reproduces pl.ots of gross tire contact area versus load for different 
inf 1 at ion pressures for one comnon type of truck tire. Figure 6 shows p 1 ots 
of gross tire contact·area for radial {l & II) and bias {VII & VIII) tires as 
a function of load. Both Figure 5 and Figure 6 indicate that gross contact 

area is a linear function of load for the reasonable range of loading~ 

Laboratory and field studies are needed to determine the exact 

re 1 at ion ships among tire contact area, effective tire width, effective tire 

length, tire inflation pressure, and tire loading for moving trucks. As 

indicated in the previous paragraph, a considerable body of laboratory data 

now exists, so that extensive laboratory work wil 1 not be necessary for the 

development of operational automated tire contact area measurement techniques 
and devices. However, test track and field test runs will probably be needed 

to provide the required information. 
The assumption of constant vehicle speed is reasonable if the total 

length of the sensor array is less than approximately 30 feet and there are no 

conditions which are 1 ikely to cause vehicles to brake or accelerate. For 

this reason, monitoring sites should be chosen so that conflicts with other 

traffic are minimized and the variable speeds found in traffic congestion are 

avoided. 

The distances between sensors are required for computation of speeds and 

subsequently tire contact area. An erro.r of six inches in an assumed distance 
of sixteen feet {a commonly used distance for speed measurement) for a vehicle 

travel 1 ing 55 miles per hour {mph) can result in a 1.59 % speed error and a 3% 
error in calculating the tire contact area for rectangular tire footprints. 
This error rate alone is not significant but since it can be added to other 

sources of error, it is clear that care must be taken in sensor placement. 
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Nearly all automatic electronic traffic data collection systems acquire 
data digitally. That is, the electronic system controller checks the status 

of each axle detector at preset intervals to determine if it has been 

actuated. This interval is usually approximately one mil 1 isecond. This 

use of periodic sampling limits the accuracy of speed and therefore tire 

dimension measurements. For ex amp 1 e, assuming a sensor spacing of six teen 

feet, an actual vehicle speed of 55 mph, ~nd a sampling interval of on~ 

millisecond, an error of 1/2 mill ise·cond in the actuation time for each axle 

sensor is expected. This would result in a 1% error in the measurement of 
tire contact area due solely to this source. Again, this error is not serious 
a 1 one, but it can contribute to unacceptab 1 e performance. Th,e me,asu~rement of 
tire contact area requires as much pre.cision as possible within th·e 

constraints of budget and technology. 

Use of a COlllbination of Axle and WIM Sen'sors for Tire Contact Area Measurement 
The s imp 1 est method for the add it ion of a tire contact area measurement 

feature to an existing WIM system is shown conceptually in Figure 7. The 
Radian WIM system sensor configuration used by the Department was chos:en for 
illustration. The diagonal 1 ine shown in Figure 7 is an axle s·e·nsor. Vehicle 
speed measurement is provided by the Radian system using inductive loops. The 
weight transducer acts as both a weight sensor and an axle sensor for the 
measurement of the length of the tire footprint. The diagonal axle sensor 

aids in computing the width of the tire. 

Figure 8 shows an example of the tire contact area measurement process. 

Ve h i c 1 e s peed i s ob ta i n ed fr om t he W I M sys t em i n d u ct i v e 1 oops • At t i me T 1 , 
the leading edge of the tire strikes the WIM sensor, producing the leading 

edge of an electrical pulse of the weight signal. The electrical puls·e stays 

up until time T2, when the leading edge of the tire begins to leave the·WIM 

sensor. At time T3, the tire has left the WIM sensor entirely and the 

electrical pulse drops to zero. At time T4, the tire footprint makes contact 
with the diagonal axle sensor, resulting in an actuation and producing the 
leading edge of a second electrical pulse. This electrical pulse.stays up 

until time T5, when the inner trailing edge of the tire footprint leaves the 
diagonal axle sensor and the electrical pulse drops to zero. 
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Figure 7. Axle Sensor Configuration for Modified Radian WIM Installation. 
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Given the vehicle speed and the axle sensor actuation times, software can 
be developed to compute the approximate tire contact area using the following 
equation: 

where the.Ti are in seconds, the speed is in inches oer second and 1.414 is 
the correction factor for the 450 angle. 

Use of Pressure-Sensitive Mats for Tire Contact Area Measurement 
Several type·s of pressure-sensitive materials exist which could be used 

for the automatic measurement of tire contact area. These sensors operate on 
the principle that the area of the mat over which the tire passes can be 
automatically identified. This objective can be accomplished in several ways. 
Two of these are: the fabrication of a pattern of pressure-sensitive elements 
as indicated in Figure 9 or Figure 11; and the recording of the pattern of 
activation of a sol id pressure-sensitive sheet. Although these approaches 
have not yet been applied to the measurement of tire contact area {or 
pressure), they have been used for several years in commercial and industrial 
applications. The most commonly used material for this purpose is 
piezoelectric film. It is discussed briefly in the section dealing with 
specific sensor technologies. 

The pattern of pressure-sensitive elements shown in Figure 9 is used to 
detect the tire contact area by determining if there is a load on each element 
during a single sampling cycle of the digital electronic traffic monitoring 
system. Each element covers a known surface area, so that the total contact 
area can be calculated by adding the areas of the actuated sensing elements. 
For example, consider Figure 10 which shows the tire footprint of Figure 1 
superimposed upon the pattern of pressure-sensitive elements from Figure 9. 
The tire actuates 5% of the elements on the mat, so it is assumed to have an 
area which is 5% of the 1296 square inch mat area, or 64.8 square inches. 
This compares to the 6~97 square inch area which was actually measured. 
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Figure 9. Pattern of Pressure-Sensitive Elements. 

17 



I 

Figure 10. Operation of Pattern of Pressure-Sensitive Elements. 
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Clearly the density of the elements has a direct effect on the accuracy 

of the measurements. The more e 1 ements that are p 1 aced in a given area, the 

more accurate wil 1 be the estimate of the tire contact area. In order to 

provide an accuracy of .:!:_5%, it will be necessary to provide one sensor element 

for each square inch of the mat surface area. 

This type of sensor also obviously has a possible application to direct 

measurement of contact tire pressure. This approach is discussed in a 1 ate·r 

sect ion. 

Another possible approach is to construct a composite mat consisting of 

two sheets, each of which contains strips of pressure-sens.itfve material. As 

shown in Figure 11, the first sheet would have the strips oriented to 

correspond with the longitudinal direction of the traffic lane; the seco·nd 

sheet would have the strips oriented laterally so that they are perpendicular 

to the strips on the other sheet.. As i 11 ustrated in Figure 12, when the tire 

footprint is covering any portion of a strip, it is detected. The coordinates 

of the intersect ions of actuated 1 ongitud ina 1 and 1atera1 strips can then be 

determined. If there are a total of 324 intersections of longitudi·nal and 

hodzontal strips covering 1296 square inches and 17 of these are actuated, 

then the calculated tire contact area is 68 square inches. As with the use o~f 

the pattern of individual pressure elements, the density of the stri.ps has- a 

direct effect upon the accuracy of tire contact pressure. 
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Figure 11. Pattern of Pressure-Sensitive Strips. 
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Figure 12. Operation of Pattern of Pressure-Sensitive Strips. 
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The third application of pressure-sensitive material to the measurement 
of tire contact area is to use a single solid sheet, taking advantage of the 
time it takes for the actuation response of an area of the mater ia 1 to reach 
the electronic detection circuitry. When the tire is on a specific area, an 
excess el ectrica 1 charge is generated in the crystal 1 ine structure of the 
pressure-sensitive material. This excess charge travels through the material 
at a known speed. There are .receptors a 1 ong the edges of the mat which 
receive these generated signals and interpret the times they are received as 
actuations of the surface contact area. Although a moving tire is a more 
complex phenomenon than this approach has been used to address thus far in 
commercial, industrial, and military applications, algorithms could be 
developed for its successful application to tire contact area measurement. 

The three configurations of pressure-sensitive material described above 
have been discussed in the context of a mat. However, it is also possible 
that a narrow strip could detect tire length in a manner similar to an axle 
detector while it sensed tire width as a pressure sensor. 

DUAL.TIRES 
The preceding discussion has applied to measuring the tire contact area 

of a s· i n g l e t ire. Howe v er , i t i s mo st c omm on t hat he a v y tr u c ks h a v e d u a 1 
tires on each side of an axle (except for the steering axle). The use of the 
diagonal axle sensor will require that statistical relationships be developed 
between the apparent width produced by two tires together which seem to be one 
to the sensor and the actual contact area of the pair of tires. 
Alternatively, if a piezoelectric cable is used as the diagonal axle sensor, 
the width of each tire can be determined from the differences in the magnitude 
of the cable output produced by the number of tires. The discussion of 
piezoelectric cable in the following section on axle sensors includes a figure 
which clarifies the operation of this sensor for discriminating between one 
and two axles. 

Any of the three pressure-sensitive material sensor configurations are 
capable of determining if an actuation is caused by one or two axles. This is 
due to the fact that they each has the ability to monitor what is happening in 
each section of the mat at any time. 
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APPLICABLE SENSOR TECHNOLOGIES 

This section presents a discussion of vehicle sensor technologies which 

are applicable to the objective of automatically measuring tire contact 

pressures. Also included is a description of other technologies not now in 

use for vehicle sensing which could be applied to this problem. 

AXLE SENSORS 
Pneumatic tubes are easily the most widely used axle sensor. They 

operate by the rapid compression of a trapped volume of air in a section of 

tubing. with the subsequent mechanical actuation of a diaphragm. The actuation 

of the diaphragm in turn produces an electrical pulse which is delivered to 

the recording circuitry. Pneumatic tubes are always installed in portable 
situations. These devices have sev era 1 adv ant ages for app 1 i cat ion to tire 

contact area measurement. They are inexpensive and easily insta 11 ed by one 

person in less than ten minutes under low traffic conditions. These sensors 

are both durable and reusable. The operational lile is approximately six 
I 

months under daily use and moderate traffic levels. 
Pneumatic tubes al so have some serious disadvantages which may 1 imit 

their use as part of an automatic tire contact pressure detect ion system. They 
are not well suited to high traffic volume conditions. Tests have shown that 
pneumatic tubes pl aced side-by-side in the same 1 ane can produce counts that 

vary by as much as 30% over a 15-minute time interval. The tubes also tend to 

work loose under heavy tr.affic, reducing the accuracy of the critical 

actuation time measurements needed to compute vehicle speed and tire contact 

area. 

Tapeswitches are generally used in temporary applications but can be 

installed permanently. These sensors are basically long, narrow pairs of 

meta 11 ic contacts separated a 1 ong their edges by insulation. The device is 

protected from environmental conditions by a waterproof vinyl sheath. 
The cost of each tapeswitch ranges from approximately $30 to $100, 

depending upon the type of construction. The less expensive type consists 

es s en t i a 1 l y o f t he sen s i n g e 1 em en t w i th it s pro t e c t i v e c o v er i n g • Th e more 
expensive type adds a rigid steel frame to provide durability. 
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Tapeswitches are usually affixed to the highway surface with adhesives. 

The adhesives which have been used for this purpose vary widely and include 

tape with adhesive material on two sides, cloth impregnated with rubberized 

asphalt, and masking tape. 

The basic tapeswitches are less than 3/16" high and not particularly 

conspicuous to drivers. However, the addition of the steel frame increases 

the profi 1 e to 7 /16" which makes it much more conspicuous. They are much mor,e 

accurate than pneumatic tubes, due principally to the fact that they can b:e 

secure 1 y fastened to the surface of the roadway. The c 1 osure of the switch is 

also more reliable than the operation of the diaphragm in the pneumatic tube 

sensor. 

Piezoelectric cable operates on the principle that electrical charge is 

generated when certain crystalline materials are s.ubjected to stress. One 

type commonly in use now is a coaxial cable with crystalline piezoelectrit 

powder as the dielectric material. Both temporary and permanent instal latfons 

of this sensor have been successfully made. As an ax le sensor, pie.zo-electric 

cable has the advantage that it, like the tapeswitch, e:an be exactly placed to 

provide the 1eve1 of accuracy for actuation measurements needed in determining 

tire contact pressure. 

Piezoelectric cable also has one significant advantage over .other axle 

· sensors for use in measuring tire contact area. That is, the magnitude of the 

signal produced by the cable is proportional to the pressure applied to it.. 

This sensor is therefore able to detect whether a single or dual tire has 

caused the actuation. For examp 1 e, Figure 13 shows the genera 1 forms for the 

signals produced by single and dual tires passing over a piezoelectric cable 

axle sensor placed diagonally across the right wheel path of a traffic lane. 

Triboelectric cable is coaxial cable which produces an electrical charge 

upon its conductive surface due to friction between its constituent materials 

when subjected to stress. Commonly available commercial and industrial types 

of coaxial cable exhibit this property when subjected to vibration or flexure. 

For permanent installations, the cable is usually encased in epoxy or 

polyurethane and placed in a slot in the pavement which is then sealed. -For 

temporary applications, the cable is used similarly to the piezoelectric cable 

described above. Its accuracy as an axle sensor is based upon the accuracy 

with which it can be placed and ma in ta in ed. 
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Figure 13. Axle Detection Signals Produced by Single and Dual Tires 
Passing Over Piezoelectric Cable. 
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Capacitive axle sensors are based upon the deflection of conducting 

surf aces caused by the passage of a whee 1. The change in sep-arat ion of the 

conductive surfaces results ifl a change in the capacftanc-e of the assembly. 

Coaxial cable can be used for this purpose in a manrier similar to that 

described for the triboel ectric cable. The principa 1 difference in the tvm 

a-pplications of the coaxial cable is fo the sig~al processing ele·ctroni:cs .• 

Another f~rm of capacitive axle sensor is the capacitive strip/mat 

sensor. This device has been studied and us-.ed extensivel.Y as a ·wei,g-ht s,en·so,r 

and al so might be used as an axl;e detect'o'r. Howev·er, it.does n·ot a~p,p'e,ar to 

-offer any advantag.es over 0ther technologies for this appl icattan. 

WIJt SYSTEMS 

As indicated previously, it is -necessary to acquire the ·weights of whee 1 s 

while the truck· to which they are attached moves over th.e tire coirt:a:c-t 

pressure sensor array. A significant -amount of -effo~rt has been exp~e.Ade:d ~anr:J 

is now in pr_,agress to develop equipment a·nd tec·hn·iques for perfo,rmtng this 

function. The available commerc ia 1 truck weighing-in-motio:n (WIM) 'eciuipment 

is described in the fol lowing paragraphs. An assessment of th:e likelihood -of 

success of incorporating automatic tire contact pres·sur·e features into eae'fi 

WIM system is provided. In general, tMs feasi·bil ity d·epends upon ·the abflity 

of a system to accurately ·measure the wheel loads on one .side of .an -ax~e. 

Radian 'Corporation 

The Radian Corporation WIM system has been in use by the Department sfoce 

1974. It consists of an independent welght transdu0cer in each wheel pat•h. The 

weight sensors provide both weight and ax1e sensor functions. This system is 

appropriate for incl us ion of a tire contact pressure feature in th;e 

c on f i g u r at i o n des c-r i bed i n the p r·e v i o us ·s e c t i on . Th a t i s , o n 1 y a s i n·g 1 e 

diagonal axle sensor need be added to the sensor array (see :Figure 7). The 

software could then be modified to make the necessary calculations and store 

the data. More detail about this p·rocess is included in the fol l·owin.g 

sections. 
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Streeter Richardson 
The Streeter Richardson Division of the Mangood Corporation produces two 

d-ifferent types of WIM systems: one permanent and one portable. The 
permanent unit has one weighing platform in each wheel path. Speed data are 
provided by two inductive loops. Both truck weight and axle sensing functions 
are provided by the weighing platform. This equipment is adaptable to truck 
tire contact pressure measurement by the addition of a diagonal axle sensor in 
exactly the same way as described for the Radian system and shown in Figure 7. 
This equipment is not ea~ily moved between sites and generally stays where it 
is inst al 1 ed. 

The Streeter Richardson portable WIM system uses a capacitive weighmat 
with two inductive loops for measuring speed. This equipment is also usable 
for measuring truck tire contact pressure by the addition of a diagonal axle 
sensor following modification similar to that described for the Radian WIM 
system. However, there is only one weight sensor and it is in the right 
wheelpath. Consequently, only tire contact pressures for the right side tires 
can be obtained. 

International Road Dyna111ics 
Conceptually, the IRD WIM system is similar to both the Radian and 

.Streeter Richardson permanent systems in that there is a weight sensor in each 
wheel path which also serves as an axle sensor for computing the distance 
between axles. Speed information is provided by inductive loops. Adaptation 
of this equipment to tire contact pressure measurement can be accomplished by 
t he add it i on o f a d i ago n a 1 ax' 1 e s en so r a s s ho wn i n F i g u re 7 and software to 
process the data. 

Golden River Corporation 
The Golden River Corporation markets a portable WIM system which uses the 

same sensor conf-iguration as the Streeter Richardson portable WIM equipment. 
The principal difference in the two systems is that Streeter Richardson uses a 
Compaq portable microcomputer as the central processing component, while 
Golden River uses a dedicated microprocessor-based data collection system. 
Modification of this equipment to measure tire contact pressure is feasible in 
a manner similar to the Streeter Richardson portable system. 
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Si,emens-Allis (PAT) 
The Siemens/PAT WIM system has wheel load sensors in each wheeT path. 

Speed measurement is provided either by inductive loops or by two wheel load 

weighers- longitudinal,ly spaced. This equipm·ent is amenable to modification 
for measuring tire contact pressure· by the adjustments previously described 
for the other permanently installed: WlM systems. 

Bridge Weighing Systems 
The Bridge Weighing,, Syste.m. da:es n·o:t weigh, individual whee·T oJr· ax,les 

directly.. The wheel loads. must· be mathema:tically derived and users" have: had 
difficulty in obtaining acceptable levels o.f wheel weight accuracy w-ith. this 

equipment. This W:IM' s-ystem d·oe-s rrot s,e·em ap.J.lropr·ia~te· fo)r nre:a.s.ur-tng; tiir·e: 
contact pressure in its current state. 

Veighwrite 
The WIM system offered by the We·ighwrite C.ompany operates o.nly, at. very 

low- speeds and weighs a'l l tfrres, o.n an axle. simuJt:anetHJs,ly. · C'on:se'Q:uentTy, 

ind iv idua 1 whe.e l 1 oad data are.· not av a:i Table. and this equipment fs: ffot 
appropriate for measuring tire contact pressure. 
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CONTACT TIRE PRESSURE MEASUREMENT SYSTEMS 

OPTION 1 - EXISTING WIM EQUIPMENT WITH TIRE FOOTPRINT MEASUREMENT: 

WIM equipment is widely used in the U.S. and is being implemented on an 
increasingly larger scale. It is therefore very attractive to utilize these 
existing devices for the measurement of tire contact pressure. Given that the 
WIM equipment will produce wheel loads, this option will require the addition 
of tire contact area sensors with a means of combining the WIM data with the 
tire contact area data for the calculation of tire contact tire pressure. 

The Department now uses two different WIM systems for the collection of 
truck weight data. The first of these is the Radian Corporation WIM system 
which uses weight sensors incorporating strain-gauge load eel ls in combination 
with an IBM XT microcomputer equipped with interface and signal processing 
electronics. The weight sensors are placed in prepared shallow excavations 
for each session of truck weighing. The microcomputer is housed within a van 
which has been modified for. on-site truck weighing. In addition to the truck 
weight sensors, a pair of inductive loops is provided for each lane. These 
loops provide presence signals which are used for calculating speed and for 
activating the electronic subsystems of the truck weighing system. 

The use of the IBM XT microcomputer within this system contributes to the 
ease of this modification since this equipment is generally easier to work 
with than the proprietary dedicated electronics formerly used in the system. 
As indicated in the previous discussion and in Figure 7, the only modification 
needed to the existing Radian WIM sensor array is a diagonal axle sensor. This 
device provides information about sensor width which is used with data 
already acquired by the WIM system (wheel weight and footprint length) to 
calculate tire contact pressure according to the relationship 

P.=W/A 

where Pis the tire contact pressure in psi, Wis the wheel weight in pounds, 
and A is the tire contact area in square inches. 

As a part of this feasibility study, TTI conducted limited tests to 
determine the best angle for the diagonal cable. The results of this activity 
showed that ang 1 es 1 ess than 300 with the 1atera1 dimension of the traffic 
lane could result in interference with the measuring process due to the nearly 
simultaneous production of signals by tires on opposite ends of the same axle. 
Angles of greater than 6QO are difficult to use when the tires on both ends of 
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an axle need to be measured. Limited tests of piezoelectric cable and other 
axle sensors confirmed that the piezoelectric cable should be consid·ered for 
u~e as the diagonal axle sensor due to its ability to distinguish between 
single and dual tires on a wheel. The software required for this task can 
be obtained either by: modifying the existing WIM system software so that the 
appropriate calculations can be made and the data elements (P and A) stored 
with each record as it is acquired; or modifying the software used to process 
the data after they are collected. Either approach wi 11 produce the needed 
results. The choice of the approach wil 1 depend upon the availability of 
personnel familiar with the WIM system software and the economic constraints. 
The modification of the WIM system has, however, proven to be difficult in the 

past due to the re 1 uctance of vendors to provide the source code and suppo,rt 
required for the user or a consultant hired by him to effectively perform this 
task. At the same time, the vendors have generally had little interest in 
making changes to the software and/or hardware without significant charges. 
The best solution is therefore the second one, in which information output by 

the WIM system is used in conjunction with axle sensor actuation data to 
calculate tire contact pressures during the processing of the data at the end 
of a study - not during the data collection. 

If the data necessary for calculating tire footprint length are not 
available, but the outputs of vehicle speed and wheel load can be obtained 
from the WIM system, the configuration shown in Figure 2 can be used to 
acquire tire contact area_ for use in computing the tire contact pressure. 
Since the weight sensor actuation data are n6t available in this case, it is 
unlikely that the software wi 11 be available for modification.· It wi 11 
therefore be necessary to compute tire contact pressure from the individual 
data elements at the data processing stage. 

OPTION 2 - DIRECT MEASUREMENT OF TIRE CONTACT PRESSURE 

As indicated earlier, pressure-sensitive materials exist which could be 
used in the development of a stand-a 1 one tire contact pressure system without 
the affit ion of the output from a WIM system. Two approaches are described in 
this discussion. One uses piezoelectric film and the other uses piezoelectric 
cable. 
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As a part of this.feasibility study and other research, TTI conducted 
1 imited tests upon piezoelectric film to determine its suitability for use in 
a tire contact pressure detector. Previous research had focused on the 
utilization of the pyroelectric characteristics of the material as a passive 
infrared vehicle sensor. That work demonstrated that the material was very 
sensitive to electrical noise and vibration to the extent that it was not 
suitable as an infrared vehicle sensor without an extended research and 
development program. The application of the material to direct measurement of 
contact tire pressure presents similar problems which must be overcome. The 
direct pressure caused by the tire and sensed by the piezoe 1 ectric film must 
be isolated from electrical noise, vibration, and infrared e·nergy. 
Fortunately, it is much easier to accomplish these tasks in the context of an 
enclosed mat than with an exposed element of fil~. 

Ano t her d i ff i c u 1 t y w h i c h must be o v er c om e w i th t he f i 1 m i s t he 1 a c k of 
uniform sensitivity to pressure for the manufactured product. Areas of the 
same roll can vary by as much as 10% in sensitivity to pressure. The pattern 
of pressure-sensitive elements shown in Figure 9 was developed by TTI in order 
to offset this effect. By cutting the material into one-inch squares, it is 
possible to measure the sensitivity of each square and sort the squares into 
groups of the same sensitivity. TTI has developed a method for testing large 
numbers of these elements quickly and efficiently. Squares with the same 
sensitivity are then used to make a tire contact pressure sensor using the 
pattern shown in Figure 9. In this application, the elemerits are each 
monitored to determine the magnitude of the signal bei.ng generated by tire 
contact p~essur~ This process can provide not only the average tire contact 
pressure but also a measure of the variation of the pressure across the tire. 
contact area. 

A microcomputer with interface and s i g na 1 processing hardware and 
software are necessary to complete the system. 

Research is now underway to assess the feasibilty of using piezoelectric 
cable as a weight sensor. If this effort is successful, the resulting system 
could provide tire contact pressure data by instal 1 ing three sections of the 
cable in a configuration similar to that shown in Figure 2. 
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CONCLUSIONS AND RECOtlENDATIONS 

It is both feasible and desirable to acquire tire contact pressure data 
automatically. It appears that· a very quick implementation of this concept 
can be realized by adding one diagonal axle sensor to the Department's 
portable and permanent WIM systems. Both portab 1 e and permanent types of ax 1 e 
sensors· are available. Direct measurement of truck tire contact pressure is 

a 1 so po s s i b 1 e but w i1 l re q u i r e add i t i o n a 1 res e a r c h and d e v e 1 o pm en t • Th e 
attached Work Plan provides a program for implementation of this concept. It 
is TTI's recommendation that the Work Plan be undertaken so that tire contact 

pressure data will be available for making policy decisions about the 
modification of the Department's pavement design procedures to take into 
account changing tire inflation pressures. If such a decision were made, the 
means would then exist for collecting contact tire pressure data for use in 
design. 
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WORK PLAN 

This Work Plan has been developed to provide the Department with the 
means by which to acquire truck tire contact pressure data for use in the 
consideration of the possible impacts of increasing truck tire contact 
pressures on pavement design. If the Department decides to include truck tire 
contact pressures in its design procedures, the tools developed and 
implemented under this Work Plan will provide the required data with minimal 
increases in personnel or effort. The following tasks have been developed to 
meet these objectives. 

Task 1 - Develop Diagonal Axle Sensor Subsystem 
This task includes the development of both hardware and software for an 

auxiliary data collection unit which wil 1 acquire diagonal axle sensor data to 
be used with the outputs of the Department's WIM systems. This wil 1 be a 
microprocessor-based, stand-alone device which operates in parallel with the 
WIM system. It wil 1 contain a real-time clock which will be used to record 
the time of day of each actuation of the diagonal sensor. A means wil 1 be 
provided for synchronizing the real-time clock in the WIM system with the 
real-time clock in the diagonal axle sensor subsystem so that the data can be 
merged in the tire contact pressure ~alculation software. 

This task wil 1 include test track and field tests of available axle 
detectors to determine their re 1 at iv e merits for both permanent and portab 1 e 
installation as a part of the diagonal axle sensor subsystem. Mounting 
techniques and the optimum mounting angle will al so be investigated during 
this task. Algorithms wil 1 be developed for estimating tire contact area from 
axle sensor actuation times. The variation in tire contact area and tire 
contact pressure for moving tires will also be evaluated under this task. 

Task 2 - Develop Tire Contact Pressure Calculation Softvare 
This task includes the development of software to process data produced 

by both the WIM system and the diagonal axle sensor subsystem to produce a 
tire contact pressure for each tire crossing the sensor array. The mean and 
90th percentile tire contact pressure for each truck will then be added to the 
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individual truck weight records. Summary statistics by vehicle type wil 1 be 

prepared for the tire contact pressures of the trucks surveyed during each 
data collection session. 

Task 3 - Conduct.Pilot Study of Diagonal Axle Sensor Subsystem 
This study wil 1 include the actual collection of data during a regularly 

scheduled truck weighing session. Data wi 11 be run through the tire contact 
pressure calculation software'and the results analyzed. Accuracy wil 1 be 

determined by comparison of data with wheel weights and tire contact areas for 

the Department's WIM calibration truck and a sample of other trucks which are 

stopped for this purpose.. A technical memorandum wi 11 be prepared and 

submitted describing the work under Tasks 1 through 3 and the results of the 
pi lot study. At the successful completion of the pilot study, fabrication 
instructions and drawings. operating instructions, and all software will be 
delivered to the Department. 

Task 4 - Develop Low Cost Tire Contact Pressure Measurement System 
This task includes research and develoJlllent to produce a stand-alone tire 

contact pressure measurement system based upon piezoelectric film. It wil 1 

include a thorough study of the basic characteristics of the material i'n the 

context of a pressure sensor which must measure tire contact pressure in the 
highway environment. The optimal density of sensor elements will be 

evaluated. Sensor fabrication and mounting techniques wil 1 be investigated 

and developed. The microprocessor-based data co 11 ector used in Task 1 wil 1 
al so be ·used for this device. Signal processing and interface hardware and 
software wi 11 be developed as needed. The product of this task wi 11 be a 
prototype low cost tire contact pressure measurement system. It is expected 
that additional units could be produced for less than $5,000 each. 

Task 5 - Conduct Pilot Test of Low Cost Tire Contact Pressure Measurement 
System 

This task wi 11 consist of comparisons of data acquired by the low cost 

tire contact pressure measurement system with actual data collected by 

stopping trucks and measuring wheel weights and tire contact areas. 
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Task 6 - Conduct Testing Program 
At the completion of the pilot test, additional data will be obtained at 

four sites, selected to obtain information for a range of traffic volume and 
speed conditions. At the conclusion of the testing program, the prototype 
will be submitted to the Department with all software, fabrication 
instructions, schematics, and operating instructions. 
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