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ABSTRACT 

The distribution of compressive stress inside a 

structural material is correlated with the distribution of 

temperature change due to the piezothermal effect. An in

strument for measuring stress is proposed consisting of 

(i) a stress sensor, and (ii) external circuitry for meas

uring change in electromotive force. The sensor, called a 

P-T Gage, is simply a thermistor in an envelope of an elas

tomer which generates heat corresponding to the stress im

posed. 

Theory indicates that the magnitude of piezothermal 

temperature change is directly proportional to pressure 

applied. Experimental evidence supports this conclusion. 

Environmental temperature has a large influence on the mag

nitude of the piezothermal effect, but this influence can be 

completely compensated for. Rate of loading and incremental 

loading influence the magnitude of the piezothermal effect 

slightly. 

Directional characteristics are bestowed on the 

P-T Gage by restraining deformation of the sensor in two 

directions of an orthogonal coordinate system. 
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The conclusion is that an instrument based on the 

piezothermal effect can be devised to measure abrupt com

pressive stress changes. Small size, high sensitivity, 

uncomplicated construction, linearity of response, negli

gible distortion of pressure distribution, ruggedness, and 

suitability for internal stress measurement are favorable 

factors a piezothermal stress sensor would have. The fact 

that such a sensor has a firm theoretical foundation is a 

great advantage. 

Three contributions are made in this dissertation. 

(i) Novel facts observed in this research on compressive 

piezothermal behavior are depicted here for the first time. 

(ii) The relationship between piezothermal change, applied 

pressure and duration of applied pressure is presented in a 

new form which permits presentation of the entire range of 

compressive piezothermal behavior on one diagram. An ex

pression for the constant, differential heat of compression, 

is also developed, (iii) A novel device for measuring 

physical stress which utilizes piezothermal behavior is 

proposed and briefly tested. 
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INTRODUCTION 

This dissertation describes the initial develop

ment of a new kind of stress measuring device, based upon 

a principle new to the field of stress measurement. 

In spite of the pervasive significance of internal 

stress distribution in structures of all kinds, the dis

tribution is often known only approximately. For instance, 

in many cases where St. Venant's Principle does not apply, 

stress concentration problems arise which are not amenable 

to analytical methods; and suitable, internal stress meas

uring instruments are not available. If suitable instru

ments for measuring internal stress distributions were 

available, development of general theories would become 

possible. 

There are only a few kinds of "stress measuring" 

instruments. Stress being an abstraction is always meas

ured indirectly. Deformation is observed. Strain is cal

culated, and then correlated to stress by an empirical 

stress-strain relationship. A stress measuring instrument 

is in reality a strain gage. 

Ordinarily, change in strain is itself measured 

indirectly. Most commonly, change in strain is measured 

by observing change in electrical resistance of wire, foil 
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or of a serai-conductor bar cemented to the surface of the 

member to be stressed. Change in electrical resistance 

accompanies deformation of the sensor. This deformation 

of the sensor is interpreted to be the deformation of the 

member at the sensor site due to the stresses imposed. 

The phenomenon of change in electrical resistance accom

panying mechanical deformation is called the "piezo-

resistive effect". 

Another kind of stress measuring instrument uses 

the depressed diaphragm. For instance, internal compres

sive changes in strain, occurring in unconsolidated 

materials such as soils, are often observed by measuring 

the movement of a circular diaphragm at the face of an 

instrument embedded in the material. The movement of the 

diaphragm is measured in a variety of ways, the commonest 

makes use of the piezoresistive effect. Both piezoresis-

tive gages and diaphragm gages have several well-known 

disadvantages which are briefly listed here. 

Wire and foil, the commonest types of piezo

resistive gages, have poor sensitivity. The gage factor, 

that is, the ratio between change in resistance and 

original resistance times strain, is only about 3. In an 

attempt to overcome this insensitivity, two or more arms 

of the Wheatstone bridge circuitry are filled with gages. 

Even so, the change in resistance remains very small for 
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moderate strains. Semi-conductor bar gages, however, which 

are gaining in acceptance, are far more sensitive, having 

gage factors of 200 and even higher. 

Piezoresistive gages are notoriously subject to 

extraneous signals. Futhermore, all piezoresistive gages 

lose some unknown portion of strain due to the bonding 

procedure. It is assumed that the indicated strain is 

equal to the strain in the test specimen. Commonly, how

ever, the strain sensitive element is cemented to a paper 

or plastic backing one or more sheets thick. This unit in 

turn is cemented onto the surface of the test specimen. 

The yielding of plastic and cement bonds cause a loss of 

strain. 

Piezoresistive gages are highly sensitive to tem

perature change. In addition, the current passing through 

a piezoresistive gage causes self-heating, which, when the 

gage is plastic mounted, that is, heat insulated, causes 

the gage to indicate a false strain. 

Diaphragm gages are usually two to six inches in 

diameter; so the presence of one gage seriously distorts 

the stress distribution which might be observed by any 

gages placed in the medium farther away from the applied 

stress. So the act of observing with diaphragm gages 

distorts the distribution to be observed. Diaphragm gages 
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measure compressive stresses only. Diaphragm gages are 

often elaborately constructed. All piezoresistive and 

diaphragm gages must be empirically calibrated. 

A third kind of empirical approach to measure

ment of stress distribution is the photoelastic method. 

This method depends upon the fact that certain isotropic, 

transparent materials become doubly refracting under the 

action of mechanical stresses. A model of a structural 

member is stressed and a beam of polarized light passed 

through it. A colored picture of the stress distribution 

is then visible. This method is only suitable, however, 

for problems, "... in which the deformation is essentially 

parallel to a plane." (1). Also there are serious draw

backs to using models, such as unrealistic stress concen

trations at holes and constrictions. 

The purpose of this research is to investigate the 

feasibility of an internal stress measuring instrument de

pendent upon the "piezothermal effect". In brief, the 

piezothermal effect is the phenomenon of heat change 

accompanying elastic deformation. 

The argument used in this research is: (i) all 

materials deformed within their elastic limits exhibit 

heat changes corresponding to the imposed stress changes; 

that is, all materials are piezothermal, (ii) some ma

terials are inherently more piezothermal than others, 
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(iii) detectable temperature changes accompany piezothermal 

heat changes, (iv) a bit of highly piezothermal, elastic 

solid positioned in a stressed material exhibits tempera

ture changes corresponding to the stress changes occurring 

at that position; so (v) with suitable thermometry one can 

observe temperature change and interpret it to be a measure 

of stress change. 

Stress, however, differs fundamentally from tem

perature in that stress describes a direction as well as 

magnitude, while temperature describes a magnitude only. 

It is argued that, (vi) piezothermal temperature change 

can be made directional by restraining deformation in two 

principal directions of an orthogonal system allowing de

formation to occur only in the remaining one. 

The argument given in (i) through (vi) is, in 

effect, the hypothesis of this research. 

The piezothermal effect has apparently never been 

used in stress measurement. The only pertinent research 

efforts reported in the literature are briefly reviewed 

here. 

Lord Kelvin (2), an early investigator of both 

piezoresistive and piezothermal effects, derived a theoret

ical relationship for piezothermal temperature change. Kel

vin does not give details of this derivation, however, so 
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the equation is rederived by the author. (See Appendix A). 

The equation is 

0 = p oc T/J c p 

where 

0 denotes change of temperature produced by an abrupt 
change in applied stress, p. 

OC is the linear coefficient of thermal expansion, 

that is, the geometrical effect produced by a tem-

ature change of one degree with the applied stress 

held constant. 

T is the temperature of the substance in degrees 

absolute. 

J is the mechanical equivalent of heat. 

c is the specific heat capacity of the substance at 

constant stress. 

P is the density of the substance. 

The elevation of temperature produced by 1 gm/cm4* 

of abrupt pressure on one gram of material used as heat 

generator in this research was calculated by the Kelvin 

equation to be 99 x 10 decrees or 990 nanodegrees. 

(Details are given in Appendix C)„ 

Such a small temperature change would not be meas

urable without thermistors. Now, such temperature changes 

can be measured with relatively simple equipment. 
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Very little research has been done on piezothermal 

behavior. Only five reports are really pertinent: 

Kelvin's (2) in 1851, one by John Gough (3) in 1805, one 

by James Joule (4) in 1859, another by Farren and Taylor 

( 5 ) in 1925, and one by von Willi and Muller (16 ) in 1959. 

Perhaps the earliest investigations on piezothermal 

behavior are due to Gough. In 1805 Gough reported experi

ments which showed, among other things, that the temperature 

of Indian-rubber increases when it is stretched and de

creases almost at once when it is allowed to resume its 

original size. 

Joule confirmed Gough's conclusions, then per

formed careful experiments to measure the piezothermal 

effect. His experimental results agreed fairly well with 

results calculated by means of Kelvin's equation. So 

Joule and Kelvin gave the phenomenon, discovered by Gough, 

a firm scientific standing. 

Only a few references to piezothermal phenomena 

have appeared in the literature, since. Farren and Taylor 

while investigating strain hardening of metals experi

mentally verified Kelvin's equation with greater precision 

than Joule's early results. 

Using thermocouples in a hole in a metal bar, time-

temperature records were made while tensile loads were ab

ruptly applied. For bars shaped as ordinary tensile speci
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mens and for a fixed amount of pull, Farren and Taylor's 

experimental results agreed quite well with theoretical 

results calculated by Kelvin's equation. A brief extract 

of their results is given below. 

Metal Temperature Decrease Ratio 

(deg C) 6eJ 0th 

Experimentally Theoretically 
Determined Determined 

Steel 3.69 4.20 0.88 

Copper 2.13 2.31 . 0.92 

Aluminum 2.41 2.59 0.93 

Theoretical values are characteristically higher than 

observed values. Also, metal rods cool when pulled, the op

posite reaction to that found by Gough for rubber. 

The piezothermal behavior of rubber is an exception. 

Von Willi and Muller, using an elaborate calorimeter, meas

ured the heat effects occurring during incremental stretch

ing and retraction of certain rubbers. Their results 

showed that (i) the heat changes accompanying stretching 

and retraction of rubber is quite large compared to that of 

many other substances, (ii) rubber will withstand extra

ordinary tensile strains (over 4), and (iii) heat evolved is 

about equal to work done in the upper strain regions. In 

the lower regions work done exceeds heat evolved increasing

ly as strain is decreased. 
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Rubber, therefore, makes an attractive though cer

tainly not ideal candidate for stress sensing. 

In summary, this section has presented the scien

tific news, an orientation in the field of stress measure

ment, the purpose, the hypothesis and an orientation in the 

field of piezothermal phenomena. 



EXPERIMENTATION 

"Experimentation is the sole source of truth. 

It alone can teach us something new; it alone 

can give us certainty." 

H. Poincare 

Experimentation was of two kinds; tests on a bare 

stress sensor to observe its behavior under various condi

tions of stress and temperature, and tests on a buried 

stress sensor to show unequivocally that stress is indeed 

the quantity being measured. Only compressive stresses 

were investigated. 

A tiny bead thermistor^ inserted in a slit in an 

2 3 
ordinary pencil eraser was the stress sensing element . 

The thermistors used in most of these experi
ments were obtained from Victory Engineering Corp., 
Springfield, N.J. and were identified as Veco 51A35. The 
room temperature resistance was about 100,000 ohms. Ther
mistors were glass encased. 

2 
Eberhard-Faber, Inc., Wilkes-Barre, Penn., 

identified as Rub Kleen number 0002. In private corres
pondence the company reported that the major component is 
a sulfonated vegetable oil. 

O 
Called a "P-T Gage"; that is, a measuring device 

dependent upon the piezothermal effect. 

10 
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The eraser acts as a stress-^o-heat transducer, and the 

thermistor as a temperature-to-resistance transducer. 

Thus stress is observed through two transfers, (i) a piezo-

thermal, and (ii) a thermal-resistance transfer. Change in 

electrical resistance of the thermistor is interpreted to 

represent change in stress experienced at the side of the 

sensing element. 

The external circuitry consisted of a Wheatstone 

4 bridge with a recording potentiometer as null indicator. 

(See Appendix D for bridge details.) 

Two apparatus were used for applying stress, (i) a 

hand-operated, screw-driven platform raised against a steel 

5 
proving ring with a dial micrometer to measure deflection 

(deflection of the ring was previously correlated with 

applied force) and (ii) a gas-tight brass cylindrical cham

ber attached through a pressure regulator to a large cylin

der of inert gas under high pressure. Figure 1 shows these 

apparatus. 

Some experiments were performed with a thermistor 

embedded in the center of an uncut eraser. Others were per

formed with an eraser cut into a circular disk about 19 mm 

The Bristol Co., Waterbury, Conn. The extreme 
sensitivity is 0.5 mv full scale. The amplifier has a maxi
mum gain of about 1,000,000. 

Soiltest, Incorporated, Chicago, 111., identified 
as model U-160. 



Fig. 1. Experimental arrangements. Top, tine 

stress sensor. Left, the mechanical loading 

mechanism. Right, the gas loading assembly. 
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in diameter and thickness. This disk was fitted tightly 

into a rigid steel ring to restrain deformations in the 

radial directions. The thermistor leads protruded from a 

narrow slit in the ring. Figure 1 shows these sensor ar

rangements. For one experiment the sensing element was 

placed in a tube and compressed with pistons on both faces. 

This is described in the next section. Figure 1 also shows 

this arrangement. 

The piezothermal transducer, the eraser, was chosen 

because it exhibits the piezothermal effect strongly, is an 

excellent elastomer^, is readily available, and is inex

pensive. Superior material for the purpose could no doubt 

be found or synthesized. 

The apparatus used was rather inelegant but ade

quate. Apparatus with better applied pressure reproduci

bility would certainly be desirable for future research. 

All significant variables were investigated. Atten

tion was given to minutae wherever there was a possibility 

of misinterpretation of results. The experimentation was 

planned to make the tests few in number, conclusive and 

simple. 

Solids which may be grossly deformed and which 
rapidly recover their original shape after removal of stress 
are called elastomers. 
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Essentially the procedure consisted of applying 

stress to the stress sensor and observing the accompanying 

piezothermal temperature change. 

The first experiment was to determine the nature of 

the piezothermal effect during a loading and unloading cy

cle. The upper left hand photograph in Figure 1 shows the 

arrangement, used. Pressure was applied by raising the plat

form against the upper platen. The pressure applied was de

termined by measuring the deflection of the rings, convert

ing to force, and then converting to compressive stress. 

The second experiment was performed to find the 

relationship between compressive stress and piezothermal 

temperature. This experiment used both apparatus for ap

plying stress. The mechanical loading apparatus is shown 

in the photograph on the lower left of Figure 1. A pre

determined amount of stress was applied, then released. 

Equilibrium was established, and the cycle was repeated. 

A larger amount of stress was applied, then released. 

And so on. 

The gas loading apparatus is shown in the lower 

right photograph of Figure 1, and the sensor used in the 

gas loading tests is shown in the upper right photograph. 

A preset amount of gas pressure, was permitted to flow to 

the quick-opening valve shown upside down in the photograph. 
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At time zero the valve was quickly opened. Subsequently, 

the release valve to the right of the chamber was opened. 

The cycle was repeated. Then higher gas pressures were 

applied with the same cycle of pressing and releasing. 

The third experiment was performed to determine the 

variation of modulus of elasticity with applied compressive 

stress. The arrangement shorn in the upper left photograph 

of Figure 1 was used except that deformation rather than 

temperature was observed. The micrometer on the left meas

ured deformation which was converted to strain. A prede

termined load was applied, the deformation was observed, 

and the load was taken off. Repetitions at increasing 

loads produced the desired raw data to calculate the vari

ation of the modulus with pressure. 

The fourth experiment was performed to determine the 

influence of environmental temperature upon the magnitude of 

the piezothermal effect. Temperature equilibrium was es

tablished in a Dewar flask partly filled with water. The 

stress sensor was brought to equilibrium submerged in the 

water. The bridge was balanced. The water temperature was 

read on a precision mercury thermometer. The mechanical 

loading apparatus was cooled to near the same temperature. 

The sensor was quickly transferred to the apparatus, a pre

determined pressure was applied at a set rate of applica

tion, then released. This process was repeated several 
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times. The temperature in the flask was established at a 

different point and observations were made again. 

The fifth experiment was performed to determine the 

influence of rate of stress application. A predetermined 

pressure was applied again and again at various rates to a 

sensor as shown in the upper left photograph. The time 

consumed in applying the load was measured by observing 

the motion of the potentiometer chart between initial and 

peak temperatures. 

The sixth experiment was performed to determine the 

influence of applying the load in increments rather than all 

at once. Peak temperature observations were made for a pre

selected pressure. Then observations were made for a 

pressure cycle where first one-half of the load was applied, 

a pause of a few seconds, the other half of the load was 

applied, followed by release. This cycle was repeated. The 

number of increments was increased, and the process was re

peated again. 

The last experiment was performed to determine the 

distribution of piezothermal temperature in an unconsoli

dated mediumc Dry sand was chosen as the medium because of 

its homogeneity and ease of manipulation. A stress sensor 

such as the one shown in the upper right photograph was 

placed at a little over half the depth of a cylindrical can 



16 cm high and 12 cm in diameter full of sand. Pressure 

was applied to the center of the upper surface of the sand 

through the upper platen of the mechanical apparatus. A 

pre-selected pressure was applied and held for ten seconds, 

then released. This cycle was repeated several times. The 

sensor was then relocated nearer the top surface and the 

whole process repeated. The raw data collected furnished 

evidence to show how the piezothermal temperature varied 

with increasing distance from the surface where pressure 

was applied. 



OBSERVATIONS 

Seven figures graphically present the major obser

vations . 
Figure 2 shows the typical temperature-time rela

tionship observed during a loading-unloading cycle of a 

stress sensor. The rise portion of the curve is attributed 

to the piezothermal effect. The magnitude of the peak 

height is observed to be proportional to the magnitude of 

the applied stress. 

Rise time is, of course, a function of rate of 

stress application. The limiting rise time is found to be 

0.9 i 0.1 seconds*". This limiting rise time is presumably 

the time required for heat to pass through the glass on-

casing the thermistor. 

The first part of the curve past the peak is ap

proximately linear. The larger the stress, the steeper is 

the slope of this part of the curve. This temperature de

crease is interpreted to be a manifestation of the heat 

loss from the stress sensor to the surrounding medium, due 

to the temperature gradient created. 

The sharp fall in temperature initiated by release 

of applied stress is attributed to the piezothermal effect. 

^ A hand-operated snap vise and an oscilloscope . 

18 
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Fig. 2. Typical temperature history o£ a piezothermal 
strews sensor subjected to compressive stress and sub
sequent release of stress. (A tracing of a recorded 
curve.) Time begins when stress application is initi
ated. Stress application is completed iust prior to 
peak temperature change. Stress is released after an 
arbitrary time. 
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A slight bump on the curve often occurs at the point when 

stress release is completed. The temperature continues to 

decline to near the original temperature. 

The salient feature of such curves is the fact that 

increased stress produces increased heights of peak piezo-

therraal temperature. 

Figure 3 presents plots of temperature change 

against applied stress for two different methods of loading. 

(i) A stress sensor was placed in the center of a 

10 cm long tightly fitting open-ended cylinder. The ther

mistor leads entered through a narrow slit in the wall of 

the cylinder. Oiled pistons entered from each end. (See 

Figure 1.) A fluid cushion was provided by inserting a 

thin film of glas micro-beads between piston face and stress 

sensor face. Force was applied by the moving platform ma

chine . 

(ii) The other method of loading consisted merely 

of placing the stress sensor in the gas chamber and apply

ing a measured amount of gas pressure. Data for the plot

ted points of Figure 3 are given in Appendix B, Tables I 

and II. 

Tlie plotted points lie along nearly straight lines. 

The indicated linear relationship between piezothermal tem

perature and applied stress is in accord with theory, with 

the work of James Joule (4 ) and the work of Farren and 

Taylor (5). 
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Fig. 3. Plots of peak temperature change versus applied 
compressive stress, uniaxial loading in the z direction, 
deformation in the x and y directions restrained, 
stress rising from zero for each plotted point, each 
point represents the mean of three observations. 



The question of reliability immediately arises. The 

precision of observations made in this research on unburied 

stress sensors is limited by the reproducibility of pressure 

settings rather than reproducibility of sensor response. 

Precise measurements of applied pressure cannot be made 

with the equipment used in either method. In one series of 

sixty observations, temperature deviations from the mean 

varied from 4-1.A percent to —1.7 percent. Precision and 

accuracy could undoubtedly be improved by better instru

mentation. The accuracy of this method of stress measure

ment is as yet unkno\m. The precision attainable even with 

crude instrumentation is acceptable for many engineering 

purposes. 

Several factors influence the piezothermal-stress 

relationship. The major influences are summarized in 

Figures 4, 5, t> and 7. 

A basic variation which influences piezothermal 

response is the change of modulus of elasticity of the heat 

generator with change of compressive stress. Figure 4 pre

sents the results of a number of observations on the stress -

strain relationship. Data are tabulated in Appendix B, 

Table III. 

The modulus for the heat generator used varies from 
2 

about 10,000 to about 20,000 gm/cm as the stress varies 

2 from 1000 to 7600 gm/cm . This means that about twice as 
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Fift. 4. Variation of modulus of elasticity of the heat 
generator with applied compressive stress. Applied 
stress was returned to zero after each measurement. Ob
servations at 25 C. 
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much stress mu3t be applied in the upper stress region as in 

the lower region to produce the same strain. Theory shows 

that the piezothermal effect is strain phenomenon; so a heat 

generator with a flatter relationship would be desirable. 

The magnitude of the initial temperature of the 

stress sensor and the surrounding medium, that is, the en

vironmental temperature, influences the amount of piezo

thermal temperature change in a manner to be expected. The 

higher the environmental temperature, the higher the piezo

thermal temperature. Figure 5 shows this relationship. 

Data are given in Table IV, Appendix B. The vertical bars 

at plotted points on the figure represent the spread of 

data. The relationship is nearly linear over the region 

observed. The piezothermal temperature rise at zero C is 

about one-third that at 27 C. 

This remarkable influence is only partially explain

ed by the piezothermal equation. The Kelvin equation pre

dicts about 10 per cent influence for the temperature range 

observed. The remaining influence is due to the nature of 

the heat generators used. The elastic properties of rubber

like materials is markedly dependent upon environmental tem

perature (13). This influence may be easily compensated for 

by means of a calibration curve or a dummy gage. 
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Fig. 5. The influence of environmental temperature on 
peak piezothermal temperature. Arbitrary scale on or
dinate. The same pressure applied throughout. Peak 
temperature reached in about 7 seconds. Each circled 
point represents the mean of five observations. 
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The speed of applying a load also influences the 

amount of piezothermal temperature change. Figure 6 pre

sents the data recorded in Table V of Appendix B on the 

influence of rate of stress application. The curve is 

drawn in by eye to emphasize the nature of the relation

ship. The influence is seen to be relatively small. A 

60 second loading time produces a piezothermal temperature 

change about 13 per cent less than that at a 10 second 

loading time. 

If the load is applied in increments rather than 

all at once, the piezothermal temperature change is again 

lessened„ Figure 7 shows a plot of the observed data re

corded in Table VI of Appendix B. The vertical bars repre

sent data spread. The slope of this curve becomes flatter 

as the total pressure is reduced. At the pressure used 

2 
for the curve in Figure 7, that is, 10,500 gm/cm , six 

2 
successive increments of 1750 gm/cm each spread uniformly 

over 30 seconds produced a total piezothermal temperature 

rise 25 per cent less than a single application of 

2 
10,500 gm/cm . 

The significance of these influences will be dis

cussed in the next chapter, Discussion. 

Finally, observations were made on the distribution 

of piezothermal temperature change in a material subjected 

to a compressive stress on its surface. The results of this 
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Fig. 6. The influence of rate of stress application on 
peak temperature. Arbitrary scale on ordinate. All ob
served points are plotted. 
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Fig. 7. The influence of incremental loading on peak 
temperature. Arbitrary scale on ordinate. Same total 
stress applied throughout. All peak temperatures reached 
in about 30 seconds. Circlcd points represent mean of 
3 observations. 
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experimentation are graphically portrayed in Figure 8. Data 

for this graph are recorded in Tables VII and VIII, Appendix 

B „ 

The theoretical curves match the observed curve 

fairly well except near the surface. Problems which came 

up during experimentation are discussed in the next section. 
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Figo 8. The variation of vertical stress along the 
central axix in dry sand under a 76 mm diameter piston 
with 1870 gm/cm2 pressure. Two theoretical curves ad
ded for comparison. 



DISCUSSION AND CONCLUSIONS 

Four items are briefly discussed, (i) theory, 

(ii) experimentation, (iii) observations and (iv) certain 

syntheses. Topics for further research are suggested and 

conclusions are drawn. 

(i) Consider the Kelvin Equation. 

Q = p /*> T/J cp 

The terms ̂ /3 , cubical expansivity, c, specific heat 

capacity, and , the density are properties of the ma

terial in question and are regarded as constant. The first 

two by definition are taken to be at constant pressure. 

(See Appendix A.) As used in the derivation of the Kelvin 

equation, however, all three terms are variables because 

the pressure, p, varies. 

During compression the values for these three pro

perties must change. For deformation-resistant materials, 

such as steel, the changes are small; but for an elastomer, 

such as the heat generator used in this research, the 

changes in these three properties should be appreciable as 

compression progresses„ Compression causes density to in

crease and expansivity to decrease. Experiments show that 

heat capacity is not altered much by compression (7). 

31 
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The term T, absolute temperature, is also a vari

able, but of lesser magnitude. The increase of a few 

degrees during compression cannot affect the piezothermal 

temperature change more than a few per cent in the 300 de

gree Kelvin region of room temperature. 

The term J, mechanical equivalent of heat, is the 

only constant term. 

So the piezothermal temperature, 0 , is propor

tional not only to the pressure, p, but also to the ex

pansivity, ̂  , and indirectly to the density, fD . 

Details of a comparison of the theoretical value for 

unit piezothermal temperature change with the observed value 

are given in Appendix C. The results of the comparison for 

a unit quantity of 1 gm of heat generating material sub-

2 
jected to an abrupt pressure of 1 gm/cm are: 

Theoretical value 990 nanodegrees 

Observed value 420 nanodegrees 

Both values are probably inaccurate. The tendency 

for expansivity to decrease and density to increase an com

pression progresses implies that the true theoretical value 

is less than the computed value of 990 nanodegrees. The 

uncertainty about the value, for linear compressivity, com

mented on in Appendix C, makes the computed value an approx

imation only. 
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The observed value for 0 is based on actually ob

served peak temperatures. Figure 2, page 19, clearly shows 

that piezothermal temperature change is a non-linear func

tion of time at the start of the temperature rise and at 

the end of the temperature rise. 

These two non-linearities are interpreted to be 

manifestations of the following phenomena. Rubber-like 

materials tend to heat up slowly at low stresses (6 ); so 

the curve rises slowly at first. Once the linear part of 

the curve is attained, a constantly rising temperature 

gradient is established. Since heat flows only from hot to 

cool bodies, the heat flows away from the heat generator to 

the cooler surrounding medium. The curve thus shows a de

creasing rate of temperature rise as the peak is approached. 

The departure from linearity is particularly noticeable in 

the case of a tall peak with slou pressure application. 

If this line of argument is accepted, the true unit 

value for 0 is somewhat greater than the observed value of 
420 nanodegrees. 

In summary, the theoretical and the observed values 

for unit piezothermal temperature change differ because of 

uncertainty in the value for linear thermal compressivity, 

because of certain simplifying assumptions made in the 

theoretical development, and because of iraprecisions in the 

observations. The Kelvin equation could be improved by in-
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eluding terms to describe the variation of and with 

applied pressure. 

In spite of the discrepancy between unit theoretical 

and unit observed values for d , the relative concordance 

provides support for the thesis that the piezothermal 

effect can, in principle, be used to measure pressure 

change. 

(ii) Experimentation was limited to compressive 

stresses only. Other kinds of stress such as tension, tor

sion and bending were excluded simply for expediency. 

Undoubtedly superior material for a heat generator 

could be found by a systematic search. The thermistor, 

however, is the best for temperature sensing. (See Ap

pendix D for comments.) It is presumed that any dele

terious effects caused by fluids such as water vapor could 

be eliminated by encapsulating the sensor in a suitable 

plastic film. 

(iii) The significance of the observations sum

marized in the seven Figures 2 through 8 are briefly dis

cussed here. 

Figure 2, page 19, depicts a typical temperature 

history. A curve of this shape is observed to be typical 

for the heat generating material used. Furthermore, it is 

assumed that this curve is typical of all materials. It 
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would be interesting to confirm or disprove this assumption, 

and to observe how the temperature history curve changes 

with different materials. 

Figure 3, page 21, presents plots of peak temper

ature change as a function of applied compressive stress. 

This graph shows the near linearity between piezothermal 

temperature and compressive stress over the range explored. 

It is the most important set of observations confirming 

the hypothesis of this research. It would be interesting 

to investigate the two extremes, the least detectable stress 

change and the problem of large compressive stresses. What 

is the practical range of applicability? 

The departure from linearity is not due to scatter 

of plotted points. The departure is regular. The points 

for the mechanical loading curve nearly all lie on a 

straight line. The equation for this line is 

9 = 22.35 x 10"60" 
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The points for the gas loading curve, however, lie on a 

very flat curve concave upward. The empirical equation 

for this curve is 

6 = 0.186 cj exp 0.0040 c x 10 
" 2 ]  

10 -4 

At first glance this curve appears to be similar to the 

modulus of elasticity curve on Figure 4. The empirical 

equation for the modulus of elasticity curve is 

91.1 exp 0.0103 CT x 10 
-2 

10 
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The last two equations are not even close to each other. 

The curvatures, although in the same direction, are quite 

different, 0.004 compared to 0.010; and the first equation 

is a logarithmic function while the second is serai-loga-

rithmic function. 

An explanation for the curvature of the gas loading 

curve will have to be sought elsewhere. The explanation 

lies, in all probability, in some detail of the experimental 

arrangement. For instance, heat conduction away from the 

sensor in the mechanical-loading apparatus was excellent, 

while in the gas loading apparatus conduction was poor be

cause the sensor contacted the brass chamber only on two 

edges. Environmental temperature has a dramatic effect on 

piezothermal behavior, as is shown on Figure 5, page 25. 

If after each trial a residue of heat remained, the essen

tially linear relationship between piezothermal temperature 

and pressure would become curved. 

Figure 4, page 23, the variation of modulus of 

elasticity with applied compressive stress, depicts a 

relationship which is quite ordinary. Most solids behave 

in a similar manner. The modulus of elasticity is not a 

constant. The non-linearity indicates that the modulus of 

elasticity increases with increasing pressure. The empiri

cal equation indicates that this dependence is a semi-loga

rithmic rather than linear function. 
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Figure 5, page 25, depicts the influence of en

vironmental temperature on piezothermal behavior of the 

stress sensor used. This influence, while remarkably 

strong, is to be expected due to the nature of the rubber-

like heat generator used (6). Almost all processes are 

influenced by environmental temperature. Fortunately it is 

easy to compensate for this influence by using a dummy sen

sor subjected to the temperature but not to the stress. 

Figures 6 and 7, pages 27 and 28, show that slower 

rates of stress application and numerous increments of 

loading decrease the piezothermal effect slightly, and sug

gest that the decrease could be compensated for by using 

calibration curves. 

The shape of the curves on Figures 6 and 7 are 

largely a result of the rate of heat transfer from sensor 

to surroundings. The rate of temperature decrease as shown 

by the straight falling slope on the curve of Figure 2 is a 

direct measure of the rate of heat loss from the sensor. 

Heat begins to flow out of the sensor as soon as a 

temperature gradient is established, which is as soon as 

pressure is first applied. Furthermore, the rate of heat 

flow is directly proportional to the temperature gradient, 

which rises constantly until full pressure is reached. So 

it follows that the slower the rate of pressure application, 
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the greater the amount of heat lost during application, and 

the lower will be the peak temperature change. 

The decrease of slope of the falling part of the 

curve on Figure 6 is 0.36 per cent per second, and a pres-
o 

sure of 9840 gm/cm was used. The rate of temperature de

crease reflecting the sensor heat loss on the curve of 

Figure 2 is 0.82 per cent per second (or 0.0007 C/sec) for 

2 a pressure of 14,060 gm/cm . Changing both pressures to a 

2 
convenient 10,000 gm/cm yields decreasing slopes of 0.37 

for Figure 6 and 0.49 for Figure 2. So the decrease in 

peak temperature due to slower rates of pressure applica

tion is approximately proportional to the rate of heat loss. 

The flat part of Figure 6 is not understood. The 

subject of heat transfer is further discussed in Appendix E. 

In order to separate out the influence of applying 

loads in increments rather than in one surge, total pressure 

and total application time were held near constant. Figure 

7 shows that as the number of increments increases, the peak 

temperatures decrease. Figure 9, page 40^ shows tracings of 

actual curves for one and two increment loadings. The two-

increment curve has a peak temperature 7 per cent below 

that of the one-increment curve. 

This decrease in peak temperature is due to the ad

ditional heat lost in the "step" between increments. The 

temperature at the step was achieved in 10 seconds in the 
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Fig. 9. Temperature-time relationship illustrating in
fluence of incremental loading. (Tracings of recorded 
curves.) A pressure of 10,500 gm/cm2 was applied to 
produce the ieft-hand curve. A pressure of 10,500 grn/cn/ 
was applied in two equal increments of 5,200 gm/cm2 each 
to produce the right-hand curve. 



two-increment curve, and took 14 seconds in the one-incre

ment curve. So the sensor spent more time at a higher 

temperature during the two-increment tests than the sensor 

did during the one-increment tests, and so lost more heat. 

Figure 8, page 30, shows the distribution of piezo-

thermal temperature change along a vertical center-line 

under a piston which exerts pressure on the surface of a 

container of dry sand. Curves of this shape have been 

found experimentally by other methods for the distribution 

of stress in dry sand, and also have been found theoreti

cally for the distribution of stress in an ideal elastic 

half-space. This is strong evidence that the piezothermal 

temperature change is indeed a measure of stress change. 
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The plot of observed points indicates that the 

temperature distribution falls off faster at first with 

increasing depth than the theory of stress distribution 

indicates it should. This deviation of the observed 

curve from that of the theoretical curve might be caused 

by any one or a combination of several phenomena. 

Since dry sorted sand has nearly zero cohesion, 

the stresses in the sand are quite low under the perim

eter of the piston and high under the center. Experiments 

have confirmed this reasoning (8). Thus the deviation 

observed on Figure 8 may be due to high concentration of 

stress in the upper region and a more nearly ideal dis

tribution of stress at deeper regions. 

Sand tends to be less compressible as depth is 

increased (9). Near the surface this is due to penetra

tion of the piston into the sand accompanied by sand 

bulging around the piston periphery. Thus, locally near 

the surface, some horizontal deformation does occur, 

violating Westergaard's assumption. So the two curves 

need not be identical. 
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Arching over the embedded sensor almost certainly 

occurs (10). As the heat generator yields to vertical 

pressure, stress tends to be transferred from acting 

directly over the sensor face to acting on the relati

vely unyielding sand at the sides of the sensor. Since 

arching cannot occur near the surface in sand, the full 

pressure is felt here, but diminishes with depth until a 

new factor, the small piston diameter, eliminates the 

effect all together. 

Which of these factors play major roles is unknown, 

and no easy way of finding out is apparent. Nevertheless, 

the fact that the observed curve has the same general 

shape as the theoretical curve is good evidence that the 

piezothermal temperature change is indeed a measure of 

stress change. 

There are two inherent difficulties involved in 

using the stress sensor in unconsolidated material such as 

sand. One is that the sand itself generates heat when sub

jected to compression. The amount of heat generated depends 

largely upon the magnitude of the. cubical expansivity value. 

Quartz has a value about one-tenth that of rubber. Experi
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ence iij this research shows that, even so, the self-heating 

of sand assumes importance after repeated stressing and re

leasing. The conclusion follows that a piezotherraal stress 

sensor, while suitable for measuring occasional stressing, 

cannot be used satisfactorily to measure vibratory stresses. 

The second inherent difficulty lies in the way in 

which stress release at the sensor site in non-elastic 

materials is achieved. Removal of pressure applied at the 

surface results in only partial removal of stress at the 

sensor site. This is a common problem, not at all unique 

with piezothermal sensors. The residue of stress at the 

sensor site causes piezothermal sensors to continue gener

ating heat. This situation spoils any further stress ob

servations. 

Decreasing the size of the sensor seems to mitigate 

this difficulty. The difficulty was not so apparent in a 

sensor with 6 sq cm of exposed horizontal surface as in one 

with 20 sq cm of exposed horizontal surface. A micro-

piezothcrmal stress sensor, say 1 mm in diameter, should be 

possible to make. Kon-release of stress might then be re

duced to a problem of negligible proportions. 

The conclusion is that an instrument based on the 

piezothermal effect can be devised to measure abrupt com

pressive stress changes. Small size, high sensitivity, un
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complicated construction, linearity of response, negligible 

distortion of pressure distribution, ruggedness and suita

bility for internal stress measurement are favorable factors 

a piezothermal stress sensor would have. The fact that such 

a sensor has a firm theoretical foundation is a great advan

tage . 

(iv) The problem arises, how can the maximum pres

sure experienced by a stressed body be found from observed 

piezothermal temperature-time curves? 

The pressure-temperature relationship is, according 

to Kelvin's equation, liniear. This simple relationship does 

not take into account the fact that heat flows out of the 

piezothermal material during pressure application. So the 

observed maximum temperature is some amount less than the 

ideal maximum temperature which would be observed if heat 

did not flow out during compression. Figure 10 illustrates 

typical behavior. 

Let us examine the rise portion of typical tempera-

ture-time curves. Four simplifying assumptions are made: 

1. The rate of temperature rise during compression 

is linear, if no heat loss occurs. 

2. The total temperature rise is a constant propor

tional to the maximum pressure applied, if no 

heat loss occurs. 

3. The rate of temperature rise during compression 
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Fig. 10. Temperature-time relationships illustrating 
the influence of heat loss during pressure application. 
(Tracings of recorded curves with zero-times transposed 
so as to coincide.) A pressure of 3500 gm/cm2 was ap
plied in 9, 17, 23, 31 and 43 seconds. 
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decreases exponentially with time, if heat loss 

does occur. 

4. The observed peak temperature coincides in time 

with the completion of pressure application. 

A justification for assumption 3 is given. An ex

ponential series expresses the development of an exponential 

function in a series of ascending powers of time, t , and 

coefficients independent of time, t . The rate of dimuni-

tion of temperature is proportional to the temperature it

self, d T / d t = - aT or T = b e at, where T denotes 

absolute temperature, and a and b are constants. Fi-

—at 
nally e may be stated as an infinite series , 1 — at 

2 2 3 3 
+ a t / 2 — a t / 6+ ' ' ' . So assumption 3 

seems quite reasonable. 

From assumptions 1 and 2 

d T / d t = a 

where a is a constant. 

T = a t (1) 

T._ - = a, t, 
ideal 1 1 

=  a
2  

t 2  '  a3 t 3  *  e t C *  

= constant 

where maximum pressure occurs at times t^ , t2 , 

etc o 



Graphically the no-heat-loss temperature-time relationship 

is 

id 
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From assumption 3 

Time 

d T 

d t 
= A e -kt 

where A and k represent constants 

_ A —kt-
T  - — e  +  constant 

To evaluate the integration constant consider the 

boundary conditions 



49 

T — T« = AT , t — oo o " Xmax ' 

where TQ represents initial temperature and 

T̂max rePresents maximum temperature change. 

Then 

A 
Tn = —— -+ constant 

k 

A 
constant = T + — 

° k 

_ A —kt A 
T e + T + — 

k ° k 

When t = Q© , T - T = — = AT 
' ° k max 

So T — T = AT ( 1 - e~kt) (2) 
o " max v ' v ' 

The constants ^ m̂ax ant* k must be evaluated 

from observed temperature-time relationships. 
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Graphically the temperature curves with the heat 

loss during compression are then of this form 

id 

<D 
VI 
3 4J 
<8 
VI 
a) 
a-
S 0) 
H 

max 

Time 

Maximum pressure occurs at infinite time according 

to these assumptions. Actually the rate of pressure appli

cation was approximately constant, and reached its maximum 

at times t^ , , 

Figure 11 portrays the idealization of several 

pressure application rates. All pressure applications 

s t a r t i n g  a t  s a m e  t i m e  a n d  e n d i n g  a t  t p  t ^  ,  . . .  
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Fig. 11. Idealized temperature-time curves illus
trating the influence of heat loss during pressure 
application. 
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The relationship desired is 

( Tid- T0 ) = AU / ( 1 -e-kt ) 

Noting that 

AT = AT , 
max obs 

Then 

— Iff-
< Tld - To > = ATobs / < 1 - e ) (3) 

Having evaluated Tid, the ideal temperature, i.e., 

assuming no heat loss with time, the true pressure experi

enced by a stressed body can be found by inserting the value 

for ideal temperature into the Kelvin equation. 

P"ue = ( Tld - T0 ) (4) 
/« 

The remaining problem is to find the value of k 

for the piezothermal material used in this research. By 

examining experimental data, k was found to be 

4.56/t1*26 sec"1. 

Figure 12 shows that this development agrees well 

with experience. 
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Fig. 12. Comparison of maximum piezothermal changes 
found by (i) plotting equation 3 and (ii) plotting 
observed maximums of curves shown on Figure 10. 
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Another synthesis involves a combination of piezo-

thermal behavior observed in this research. The behavior 

depicted in Figures 2, 3 and 10 is presented in a new form 

in Figure 13 which describes the total behavior. 

Since all three quantities temperature, time and 

pressure are functions of each other, a three dimensional 

diagram is needed. Three groups of three temperature-time 

curves are shown with pressures related thus: p^ = 3 p^ 

and p£ = 2 p^ . The pressures are applied at such a 

rate that the peaks joined by a dash-dot line are all 

achieved in the same time period. The peaks all decline 

approaching zero as zero pressure is approached. The 

peaks ascend without limit in the background as pressures 

increase without limit. 

The locus of peak temperatures is extrapolated 

backward in time to a ficticious instantaneous time as 

shown by dashed lines. The path of this locus is des

cribed by equation 3. 

The terminals of these temperature-time curves are: 

zero temperature change at zero time, and zero temperature 

change at infinite time. Theoretically pressure could be 

applied at any rate. For a very rapid application, temper

ature will rise almost vertically to near the ficticious 

maximum shown at the intersection of the extrapolation and 
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Time 

Fig. 13. The piezothermal temperature, applied pressure, 
and duration of pressure relationship. Duration to peak 
temperature held constant. Dashed lines are extrapola
tions. Dash-dot lines join peak temperatures. 
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the zero time surface. This ficticious instantaneous maxi

mum temperature is the same as T^deal ecluat*-ons 3 

and 4. The straight dash-dot line through these intersec

tions and through triple zero represents Kelvin's equation. 

The dash-dot lines through actual temperature maximums is 

the curve of Figure 3. 

A surface may be imagined bounded by the peaks of 

numerous temperature-time curves, zero pressure, and zero 

time. A portion of such a surface is shown shaded in 

Figure 13. 

This surface is of great significance. The points 

of the surface represent all possible combinations of 

0 max , t and p for a particular heat generating ma

terial. Every point not on the surface represents an im

possible combination for that material. So one type of 

diagram presents the complete view of maximum piezothermal 

behavior. 

The fundamental property of a piezothermal material 

would be how the creation of heat varied with application of 

pressure. In particular, what is the limiting value of the 

ratio Sq / Sp when Sp is made smaller and smaller with

out limit? (Where Sq and Sp represent increments of 

heat and pressure respectively.) Analogous to other pro

perties of,this kind the piezothermal fundamental might be 

called, the differential heat of compression. 
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Let us assume that the rate of temperature rise is 

proportional to the rate at which mechanical work is done. 

Von Willi and Muller have shown this to be approximately 

true for rubbers except at low values of strain (6). 

d T = b l* 
d t d t 

To evaluate the constant b , let us write the 

total differential of the temperature, T , in terms of 

p , TQ , etc. 

d T = 
[ d p  

d p + 
d T 

6 T o y 

d T + 
o 

Neglecting all terms but the first, which is the 

only one of consequence here 

d T -
l) T 

6p 

c d p 

d p 

d p 

where c^ denotes specific heat capacity at con

stant pressure of the piezothermal material, and ( /dp) 

denotes differential heat of compression. 

So 
b = _ 

c 
b q 

d p 
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Since b and Cp are constants, the differential 

heat of compression must also be a constant during compres-

s ion. 

Also by integrating from zero pressure, p^ , to 

any pressure, p , 

T - T„ = b ( p - PQ ) 

( P - PD ) / cp 
d q 

<)p 

a * }  

d  P 
Cp 

P P - P0 

Three contributions are made in this dissertation. 

(i) The novel facts observed in this research and 

described by Figures 2, 3, 5, 6, 7 and 9 on compressive 

piezothermal behavior are contributions to natural history. 

These certain regularities of nature are depicted here for 

the first time as far as the author can determine. 

(ii) The relationship between piezothermal change, 

applied pressure and duration of applied pressure is pre

sented in a new way, and is a contribution to physics. A 

new form for relating known piezothermal regularities was 

developed, and the entire range of behavior may now be 
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depicted on a diagram such as Figure 13. The development 

of an expression for the constant, differential heat of 

compression, is also a contribution to physics. 

(iii) A novel device for measuring physical stress 

which utilizes piezothermal behavior is proposed and 

briefly tested. The creation of this device extends man's 

ability to sense stress. This is a contribution to en

gineering. A new measuring tool is born. 
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APPENDIX A 

Derivation of the Piezothermal Equation 

Only elastic, compressive deformations will be 

considered. 

1. The first law of thermodynamics states 

dQ = dU - dW 

This equation may be interpreted to mean, a system 

upon which work is done undergoes a process and the 

energy transferred by non-mechanical means is equal 

to the difference between internal energy change and 

the work done. The transferred energy is called heat. 

Q represents heat, U represents internal energy and 

W represents work. 

2. For the system considered the only work of consequence 

is pressure-volume work. 

dQ = dU - p dV 

3. Since external temperature is assumed to equal internal 

temperature initially, 

dU = 0 
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The mechanical equivalent of heat, J, converts heat 

in calories to work in joules. 

J dQ = - dW 

= - p dV 

By definition heat capacity, C, is the rate of change 

of heat with temperature. 

C = (dQ/dT)p 

and 

dQ = C dT 

so 

J(C dT) = - p dV 

By definition specific heat capacity, c, is the heat 

capacity of the system per unit mass. 

c = C/m 

By definition mass, m, per unit volume, V, is 

density,p. 

P = m/V 

so 

C = cm 

C = c p V 

for unit volume 
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so 

J(c p dT) = - p civ 

8. Rearranging for integration with respect to temperature 

dT = - ( p/J c p ) dV 

dT = - ( p/J cp ) ( dV/dT ) dT 

9. Making the total integrals equal on each side of the 

equation, 

That in, translating the variable but holding the 

scale constant. 

10. Assuming the terms p, J, c, and p are constant, 

11. \7hen the temperature difference, T9 - T^, is small 

compared to temperature, T, 

( dV / IT ) dT 

where 

T = ( T2 - T, ) - T 

T2 - Tj = - ( p/J c p )  ( dV/dT ) [( T2 - Tl ) -T 

( T2 " Ti ) - T = - T 
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12. By definition the piezothermal temperature change is 

d = T2 - Ti 

13. So for unit volume 

9  =  pT/J c p  ( dV/dT ) 

14. And for a system of any volume with pressure constant 

9  = pT/J q p ( dV/dT ) 1/V 

15. By definition the constant, cubical expansivity,^ , is 

(b = 1/V ( dV/dT )p 

11j . So the piezothermal temperature change produced by an 

abrupt change of pressure is 

Cubical = P /J T/J c p 

17. Similiarly for linear expansion 

^ linear = P 1 /J c p 

where 

OC = 1/L ( dl./cIT ) 
P 



APPENDIX B 

Tables of Data 

Table I 

Variation of Peak Temperature 

with Applied Uniaxial Pressure 

(Mechanical Loading) 

Uniaxial Pressure Peak Temperatures Mean At 

psi gm/cm divisions divisions 

10 " 703 7%, 7 h ,  7 k  7% 

20 1400 15^, 15^, 15% 15 V 

30 2109 23, 23%, 23 23V 

40 2312 32, 31%, 31% 32 

50 3515 39, 39, 39 39 

60 42 IS 47, 47, 47V 47 

70 4921 55, 55, 55 55 
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Table II 

Variation of Peak Temperature 

with Applied Uniaxial Pressure 

(Gas Loading) 

Uniaxial Pressure Peak Temperature Mean AT 

psi gm/cm^ divisions divisions 

10 703 6,  6,  6 6 

20 1406 14,  14,  13^, 14 14 

30 2109 22,  22,  22\ 22V 

40 2312 30%, 31,  31 31 

50 3515 38%, 39,  39 39 

59k 4183 47,  47,  47% 47V 
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Table III 

Variation of Modulus of Elasticity 

with Applied Uniaxial Compressive Stress 

Uniaxial Stress Deformation*" 
2 

Strain Modulus 

psi gm/cm^ in in/in psi 
2 

10 gm/cm 

20 1406 .101 .1355 148 104.1 

30 2109 .141 .1881 160 112.5 

40 2312 .174 .2321 172 120.9 

50 3515 .201 .2681 136 130.S 

60 4218 .223 .2975 202 142.0 

70 4921 .244 .3255 215 151.2 

80 5624 .259 .3451 232 163.1 

90 6327 .270 .3 GOO 250 175.8 

100 7031 .232 .3760 267 187.7 

}~ Two nearly identical observations at each stress. 

2 Original thickness was 0.75 inch or 1.90 cm. 
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Environmental 
Temperature 

Table IV 

Variation of Peak Temperature 

with Environmental Temperature 

1 
Peak Temperature" Mean AT 
Observations 

divisions divisions 

0.3 

10.5 

16.4 

22.5 

27.5 

13, 13, 10, 12, 12, 12 12 

20, 18%, 20, 19, 18% 19 

26, 25, 25, 25, 24 25 

34, 32, 31%, 32, 31 32 

38%, 37, 35, 35, 33, 37 37 

1 . 2 
A pressure of 36.8 psi or 2580 gm/cm was used 

throughout. 



70 

Table V 

Variation of Peak Temperature 

with Rate of Stress Application 

Time Required 

to Apply Stress 

seconds 

Observed Peak 

Temperatures^ 

divisions 

5 
5% 
7§ 
8 
9 
12 
17 
13 
is% 
22 
24 
31 
43 
55 
71 

44%, 45 
44% 
44% 
44 
43% 
44, 44%, 44 
44 
42-? 
43 *" 
43 
42, 42 
42% 
40" 
39 
39 
33% 

1 2 
A pressure of about 140 psi or 9840 gm/cm 

was used throughout. 
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Variation of Peak Temperature 

with Number of Loading Increments 

Number of 

Loading Increments' 

Observed Peak 

Temperatures 

divisions 

Mean AT 

divisions 

1 

2 

3 

4 

6 

100, 100, 102 

95. 93. 93% 

87, 89, 37, 88 

81, 82, 81% 

76, 78%, 75% 

101 

94 

88 

81% 

77 

1 2 Total pressure was about 150 psi or 10,500 gm/cm 
in each case. 



Table VII 

Temperature and Stress Change along the Central 

Axis in Sand under a Circular Piston 

Depth-to-radius ratio, z/R 

Observed 
temperature 
changes 

(divisions) 

Mean (div) 
Std. dev. 
No. of 
observations 

Stress (gm/cm2) 

37 0.90 1.97 2.33 

81 51 20 16 
85 54 18 17 
80 47 20 17 
83 50 20 18 
79 * 52 20 15 
79 44 20 14 
82 43 19 16 
82 45 20 15 
78 43 18 17 
82 44 18 14 
87 51 23 16 
78 49 21 16 
78 46 18 15 
96 47 19 14 
87 45 20 14 
90 50 17 14 
81 49 20 16 
88 47 18 14 
88 45 13 
81 43 18 

83 47 19 15 
4.7 3.2 1.4 l.: 

20 20 18 20 
1992 1149 456 38 



Table VIII 

Stress Change along the Central 

Axis under a Circular Piston 

Depth-to-

Radius Ratio 

z/R 

0.25 

0.40 

0.50 

0.75 

1.00 

1.50 

2.00 

2.50 

3.00 

Vertical Stress 

2 
(gm/cm ) 

I 1 ^z1 
V z 

Westergaard 

.826 1545 

.727 

.667 

.531 

.423 

.274 

.183 

.130 

.096 

1360 

1247 

993 

791 

512 

342 

243 

180 

v <T-z 

Boussinesq 

.986 1844 

.949 

.911 

.783 

.646 

.427 

.284 

.200 

.144 

1775 

1704 

1464 

1208 

798 

531 

374 

269 

Influence factors from Tables 7 and 8 of 
Stresses and Deflections in Foundations and Pavements 
Dept. C.E., U. of Calif., 1963. 

2 
Intensity of surface loading is 1870 gm/cm 



APPENDIX C 

Comparison of Theory and Observation 

1. Values used in theoretical equation 

T1 = 24 C 75.2 F 296.16 K 

— 4.186 joule/cal 42,685 gm-cal/gm-cm 

O 
c = 0.45 cal/gm per deg C 

ft = 1.24 gm/cm3 

5 -6 , 
0C = 80 x 10 cm/cm per deg C 

i 
Chosen as room temperature. 

2 
Zemansky, M.W. Heat and thermodynamics, 

McGraw-Hill-; 1957. p. 69. 

3 (11). p. 442. 

^ Calculated from observations. 

Value for hard rubber from Handbook of chemistry 
and physics. 40th ed. Chemical Rubber, 105S. p. 2241. 
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Comments on values 

The value for the specific heat capacity might 

be off a few hundredths. All other values may be ac

cepted with confidence, except that for the linear co

efficient of thermal expansion. Judging by values for 

similar materials listed in the Handbook, cc might be 

as low as 65 or as high as 110 x 10"^. Also, it is 

worth noting that the values tabulated in the Handbook 

are for increase in length, while this research is con

cerned with decrease in length. This lack of precision 

places the true value for unit theoretical piezothermal 

temperature change in considerable doubt. For further 

comment see Discussion. 

Calculation of theoretical unit piezothermal tempera

ture change 

P T 0c 
0,. = 
linear j c ̂  

1 x 29G.16 x 80 x 10"6 

42,685 x 0.~45 x 1.24 

= 99.47 x 10 ° decrees 

= 990 nanodegrees per gram of 
heat generator Cor a 
sudden application of 
1 gm/cm^ pressure 
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Calculation of observed unit piezothermal temperature 

change 

Observed ratio of temperature change noted by a 

precision mercury thermometer to that noted by a ther

mistor for a particular circuitry was 

t  
0 / Q = t.7 x 10" degrees C/chart division 

Heat generators used weighed 25 gm. 

For the particular circuitry 

100 psi = 

or 1 psi = 

and 1 psi = 

so 1 div -

and 0  ~  

e = 

Comparison 

Theoretical 990 nanodegrees 

110 chart divisions 

1.10 chart divisions 

70.307 -m/cm2 

£3.9 gm/cm 

G.7 x 10"4/63.9 x 25 

420 nanodegrees per gram of heat 
generator for an abrupt pressure 
of 1 gm/cm2 

Observed 420 nanodegrees 



APPENDIX D 

Design of Wheatstone Bridge 

The bridge is designed to provide sufficient sen

sitivity. Since sensitivity is directly proportional to 

the output emf, and output emf is proportional to the in

put emf\ a large input emf is desirable. However, the 

larger the emf through the thermistor, at constant current, 

the larger the self-hcating effect of the thermistor be

comes. Proper circuitry and selection of thermistor elim

inates the thermistor self-heating problem. 

1 
E o 

where 
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The following calculations show how thermistors of 

high resistance make the self-heating effect of negligible 

proportions and increase sensitivity. 

P = E I 

E = I R 

so 

2 E = PR 

where E represents emf, P represents power and R re

presents resistance. 

The power dissipation constant is about 1 mw/C for 

bead thermistors in a rubber envelope. The maximum temp

erature rise was limited to 0.1 C. The room temperature 

resistance of the thermistor selected is about 100,000 

ohms. 

F.2= 1 x 10"3 x 10"1 x 105 

E = 3 volts 

so 

E^ •+ E^ = 6 volts 

The maximum input emf is limited to six volts. A 10 meg

ohm thermistor would increase the permissible input emf, 

hence the sensitivity, by a factor of ten. 

2 Bead-shaped thermistors were chosen to provide 

?uick response, and to show that miniaturization was easible. 
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3 

For non-critical experiments a commercial bridge 

is used rather than the sensitive, designed bridge. The 

circuit of the designed bridge is as follows. 

100 K 100 K v 

100 K 100 K (coarse) 

1 K (fine) 

Thermocouples are not nearly so useful for sensing 

minute temperature changes as thermistors, because of the 

difficulty in amplifying the thermocouple output. The 

sensitivity of pressure change reported in this disserta

tion would have been impossible before development of the 

thermistor. 

3 
Electro Scientific Industries, Portland, Oregon, 

Dekabridge, Model 210. 



APPENDIX E 

Heat Transfer Theory 

Transfer of heat at two regions in the sensor are 

discussed here, (i) at the surface of the heat generator, 

and (ii) at the thermistor-generator contact area. 

(i) Imagine the sensor in the moving platform 

machine as shown in the upper left-hand photograph of 

Figure 1, page 12. Heat is transferred from the surface 

to the surroundings by three means, by convection and by 

radiation at the generator walls which are exposed to the 

room air, and by conduction at the upper and lower surfaces 

of the generator which are in contact with the platens. 

A rigorous determination of heat loss by convection 

is not possible at present because the proportionality con

stant is unknown. However, the loss by convection is pro

bably low since air is a poor heat conductor and because 

the air velocity past the generator is low. 

The Stefan-Boltzmann law makes possible the deter

mination of the radiative heat loss. Assume that the gener

ator walls are 0.08 C higher temperature than the surround

ings (Figure 2, page 19) and that the emissivities of both 

walls and surroundings are equal to one. The radiative 

2 area is 25.5 cm . The temperature at the center of the sen
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sor is near t:he peak value for 16 seconds, but the tempera

ture at the surface would lose heat much faster. Assume 

that radiation was appreciable for five seconds. Energy 

emitted by radiation is 

Q = b t A(e2 T24 - eL T,4) 

where 

b represents the Stefan-Boltzrnann constant, 

5,672 x 10 5 erg cm ^ deg ^ sec \ 

t represents time. 

A represents the emitting area. 

e represents emissivity. 

T2 represents the absolute temperature of the 

generator walls. 

represents the absolute temperature of the 

surroundings radiated to. 

The computed radiative heat loss is 0.0015 calorie. 

The basic law of heat conduction is 

Q = k t A(T2 - TX) / x 

where 

k represents thermal conductivity, 

-1 -2 -1 
0.0004 cal-cm sec cm deg 

t represents time. 

A represents the conducting area. 
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T£ represents the absolute temperature of generator 

surface. 

represents the absolute temperature of the brass 

platens of the compression machine. 

x represents the thickness over which heat flows 

in the generator. Since heat flows out both upper 

and lower surfaces, x is half the thickness of the 

sensor, or 1 cm. 

The conducting time is taken from Figure 2 as 16 seconds, 
o 

and the conducting area is 21.34 cm . The computed conduc

tive heat loss is 0.0109 calorie. 

This value is only approximate because tacit assump

tions are made that the surface temperature is as high as 

the observed central temperature and that it is constant. 

Since heat flow has occurred at the surface from time zero, 

the assumption of surface temperature constancy is unten

able, and the correct heat loss value is something less than 

the computed value of 0.0109 calorie. 

Evidence that the actual value for heat loss is 

about half of this is supplied by taking the observed rate 

of temperature decrease from Figure 2 and converting to heat 

loss. The heat loss computed in this way is 0.0058 calorie. 

Two conditions must be met to insure rapid flow of 

heat out of the sensor, high conductivity and high heat ca

pacity of the contacting material. During experimentation 
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with the bare sensor in the compression machine, both condi

tions were met. The contacting platens are of brass which 

has a conductivity about 500 times that of rubber*, and the 

platens are metallically connected to the whole machine 

which acts like an infinite heat sink. During experimenta

tion with the sensor embedded in sand, both conditions were 

again met. Dry sand conductivity is two or three times that 

of rubber, and the quantity of sand used was ample to act as 

a heat sink. 

(ii) In this research heat transfer at the genera-

tor-thermistor contact area is impeded by two factors, the 

amount of thermistor area in actual contact with heat gen

erating material and the behavior of the glass envelope en

capsulating the thermistor. 

Several efforts were made to cement the thermistor 

into the generating material. None was successful, however, 

because the resulting temperature-time curve was confused 

by having the piezothermal effects of the cement itself su

perimposed on the usual curve. A simple knife-cut slit 

worked best. It is easy to imagine, though, that incom-

* Handbook of Chemistry and Physics, 40th ed., 
Chemical Publishing Co., Cleveland, 1958. pp. 2431 and 
2435. 
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plete contact between thermistor and generator results from 

using a slit. 

Some experiments were performed using a bare bead 

thermistor, that is, one without a glass envelope. The 

rise time was faster but otherwise the behavior was much 

the same. The glass encased thermistors were used because 

of ease in handling. 


