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ABSTRACT 

This report describes the development of three types of on- 

structure stress (OSS) gages (the IF and FS soil-pressure gages and 

the M-l airblast gage) based upon the load column principle. The 

OSS gage design Is based upon the assumption (backed by theory and 

experiment) that if the gage is made much stiff er than the soil, the 

overregistratlon of the gage approaches a constant value. 

A brief discussion of sane of the unique problems of measurement 

of soil pressures is presented. 

Six OSS gages (four IF, one FS, and one M-l) were stati- 

cally tested and evaluated with resp?ct to linearity, hysteresis, 

resolution, thermal sensitivity, and strain sensitivity. Dynamic 

tests were performed in a laboratory shock tube and blast load 

simulator facilities. 

The OSS gages are concluded to be adequate for soil-pressure 

measurements on certain types of rigid structures and for airblast 

measurements, even in explosive atmospheres. They successfully meas- 

ured dynamic gas pressures up to 5>000 psi in tho firing tubes of 

the laboratory blast simulator device. 

Additional research is recommended to evaluate the gage per- 

formance more completely in static and dynamic soil tests. A 

range of soil types from coarse dry sand to moist fat clays should 



be investigated. Future research .on gages for measuring soil pres- 

sures on structures should be concentrated on development of small 

gages for use with models and thin-walled structures. 
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Area, in 

2 
Cross-sectional area of gage column, in 

Diameter of gage face, inches 

Outside diameter of gage, inches 

Input voltage, volts 

Output voltage, volts or mv 

Young's modulus for steel (compression), psi 

Modulus of gage (compression), psi 

Young's modulus for soil (compression), psi 

Gage factor 

Undamped natural frequency- 

Total load on gage column, pounds 

One-half gage thickness, inches 

Length, inches 

Applied pressure, psi 

Measured stress, psi 

Applied surface pressure, psi 

Fluid stress, psi 

Additive stress caused by gage rigidity, psi 

Radial distance, inches 

Electrical resistance, ohms 



6 Deflection, inches 

A Total deflection, inches 

e Strain, in/in 

€ Apparent strain, in/in 

€. Total true strain, in/in 

e Transverse strain, in/in 

e Axial strain, in/in 

-6 [ie Microstrain, 10' in/in 

o Axial stress, psi 
y 
u Poisson's ratio 
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CONVERSION FACrORS. BRITISH TO METRIC UNITS OF MEASUREMENT 

Multiply fiy 

QUANTITIES AND UNITS OF SPACE 
Length 

Inches  
Feet  
Yards  
Miles (statute) . 

2.54 (exactly) . . . . 
0.3048 (exactly) . . 
0.9144 (exactly) . , 
1.609344 (exactly), 

Centimeters 
Meters 
Meters 
Kilometers 

Area 

Square indu-fc 
Square feet . 
Square yards 
Square miles 

6.451fa (exactly) , . 
0.092903 (exactly). 
0.h36I27  
2.58999   

Square centimeters 
Square meters 
Square meters 
Square kilometers 

Volume3 

Cubic inches 
Cubic feet . . 
Cubic  yards . 

16.3871    ,  . 
0.0283168 
0.764555 . 

Cubic centimete 
Cubic meters 
Cubic meters 

Capacity8 

Fluid ounces (U.f.) 

Liquid pints (U.S.). . 

Gallon« (U.S.)  

Gallons (U.K.) . . . . 

Cubic  feet  

29.5737. . 
29,5729. . , 
0.473179 , 
0,473166 . 
3.78543 . , 
3.78533 . , 
4.54t09 . , 
4.54596 . , 

28.3160.   .  , 

Cubic centimeters 
Milliliters3 

Cubic decimeters 
Liters3 

Cubic decimeters 
Liters3 

Cubic decimeters 
Liters* 
Liters3 

QUANTITIES AND UNITS OF MECHANICS 
Mas 

Grains (1/7000 lb a\dp) . , 
Troy ounces (4hO grains) 
Ounces  (avdp)  
Pounds (avdp)  
Short tons (20U0 lb). . . . 

Long tons (22-10 lb) 

64.79891 (exactly), . . 
31.1035  
28.3495  
0.45359237 (exactly) 

907.185  
0.9071h5   

1016.05   

Milligrams 
Grams 
Grams 
Kilograms 
Kilograms 
Metric tons 
Kilograms 

Force/Area 
Pounds   per   square inch 

Pounds per  square foot 

0.070307 
0.689476 
4.88243 . 

47.8803.  . 

Kilograms per square centimeter 
Newtons per square centimeter 
Kilograms per square meter 
Newtons per square meter 

Mass/Volume (peneity) 
Ounces  per cubic inch 
Pounds  per cubic foot 

Tons (lung) per cubit  yard . 

1.72999.  . 
16.0185.  .  . 
0.0160185 
1.32894 .  . 

Grams per cubic centimeter 
Kilograms per cubic  meter 
Grams per cubic centimeter 
Grams per cubic centimeter 

Mass/Capacity 
Ounces per gallon (U.S.). 
Ounces p.-r gallon (U.K.) 
Pounds per gall.m (U.S.). 
Pounds per gallon (U.K.) 

7.4893. 
6.2362. 

119.829   . 
99.779   . 

Grams per liter3 

Grams per liter* 
Gram» per liter3 

Grams per liter3 

Bending Moment or Torque 
Inch-pounds  

Foot-pounds. ...... 

Foot-pounds per inch. 

Ounce-inches  

0.011521 . . . . 
i.l2c)85 x IQO. 
0.138255 . . . . 
1.35582 x iO^. 
5.4431  

Meter -kilograms 
Centimeter -dynes 
Meter -kilograms 
Centimeter-dynes 
Centimeter-kilogram s per 

centimeter 
Gram-centimeters 

Velocily 
. .            30.48 (exactlv)  ....   Centimeters per  second 

....  Kilometers per hour 

....   Meters  per   second 
.   .                 1.609344 (exactly)  

0.4-1704 (exactly)  

Flow 
.  ,               0.4711  

Gallons (U.S.) per minute  Ü.0630fJ  ....   Liters3 per set ond 

Laboratory volumetric apparatus in the United States Is calibrated in milliliters rather than cubit 
centimeters (1 ml = 1,000028 cm').    The difference (^8 ppm) is seldom oi consequence. 
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CHAPTER 1 

INTRODUCTION 

1.1 OBJECTIVE 

The general objective of this study was to develop reliable 

gages for measuring static and dynamic stresses induced on buried 

structures and structural elements by mechanical loading.    Emphasis 

was on the measuring of free-field (soil)  stresses to aid in the 

design of hardened complexes and structural elements that must re- 

sist the loading effects of explosions. 

1.2 SCOPE 

This report describes the design and evaluation of three on- 

structure stress (OSS) gage types based upon the end-loaded piston 

principle.    These gage types are designated the IF, FS,  and M-l 

gages.    Theoretical background,  design equations,  and evaluation 

tests and results are discussed.    The IF gage, which is the basic 

product of this investigation,  receives primary attention. 

1.3 BACKGROUND 

In March 1963 the first of a new series of OSS gages was de- 

signed and built at the Waterways Experiment Station (WES).    This 

gage is essentially a load cell calibrated to measure pressure and 

intended to be flush-mounted in the outside wall,  floor,  or roof of 
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a buried structure.    It is modeled after the WES aluminum cell 

(Reference 1), which was designed to measure pressures on buried con- 

crete structures, but was different in size and compressibility.    The 

aluminum cell was designed to deform as the surrounding structural 

concrete deforms.    The OSS gage,  on the other hand,  was made to be 

very much stiffer than most  structural materials.     This avenue of 

attack on the soil-structure interaction problem was  suggested in 

Reference 2,  relying upon the work described in References 3^   ^   5, 

and 6,  and using Boussinesq's overregistration equations  (Ref- 

erence 7). 

The overregistration of a buried gage is believed to be due to 

the phenomenon,   common in granular soils,   of a redistribution of 

stresses at the gage-soil interface called "arching."    Arching action 

of soils has been studied by numerous investigators, but thus far no 

really reliable method has been found for quantitatively predicting 

its effect.    Although arching is more serious in soils,  it can occur 

even in less complicated media.    For example,   the redistribution of 

stresses as a result of arching in the vicinity of a disk-shaped 

pressure cell embedded in an elastic,  homogeneous,   Isotropie medium 

was considered in Reference h.    While the results  are not directly 

applicable to soil,   they do indicate the importance  of the ratio of 

the moduli of the soil and cell as a factor influencing the regis- 

tration errors of the gage.     More specifically.   Figure 1.1 shows the 

■ 



theoretical relation which exists for two types of disk-shaped free- 

field gages;  namely, those in which the entire gage compresses axially 

(total area) and those in which only the central portion of the gage 

deforms  (central area) as in the numerous diaphragm cells which have 

been developed.    For an OSS gage mounted flush in the wall of a 

buried structure, the diameter-to-thickness ratio of the gage ap- 

proaches infinity since the thickness of the gage is practically 

zero.    Such gages, therefore,  should not be subject to errors as 

a result of changes in diameter as are the free-field gages. 

However,  registration errors of both free-field and OSS gages 

may also be due to the fact that,  in general, the gage cannot be 

made to deform exactly as would the material which the gage replaces. 

Thus, a redistribution of stress occurs at the gage-soil interface. 

For gages which are stiffer than the soil, this redistribution is 

probably similar to that shown in Figure 1.2.    Values of Young's 

modulus    E      in compression for various soils vary considerably but 

3       3 3 
are roughly 5 X 10J to  22 X 10J psi for sand and near 0 to 7 X 10J 

psi for clay.  Thus, the ratio of soil modulus to gage modulus 

E /E  for a very stiff gage (with a modulus of, say, 11 X 10 psi) 
s c 

will vary between 22 X ICr/ll  X 10 = 2 X ID"3 and nearly zero; in 

A table of factors for converting British units of measurement to 

metric units is presented on page 11. 
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other words, the gage is very much stiff er than any soil in which 

it might be placed.    For this reason, registration errors of the 

gage due to the inequality of moduli should be relatively insensi- 

tive to variations in soil modulus,  even variations on the order of 

two- or threefold.    This is essentially the conclusion reached in 

Reference 2.    Further,  it is contended that if the gage stiffness 

E     is very much greater than the soil stiffness    E     the gage will c ' s 

overregister by a constant percentage of the true soil pressure.    In 

the case of the Road Research Laboratory (RRL) gage embedded in well- 

compacted silty clay, overregistration was found to be a constant 

10 percent for nonshocked dynamic loadings of applied pressure levels 

under 50 psi.    The design of the OSS gages discussed in this report is 

based on the assumption that gages much stiffer than the soil in which 

the structure is placed will also overregister at a constant rate. 

l.k   DESCRIPTION OF GAGES 

As previously mentioned, the design of the OSS gage is very 

similar to that of the WES aluminum cell except that the OSS gages 

are intended to be as stiff as possible.    The cells are designed 

for a pressure of 500 psig, but due to their rigidity they can be 

loaded to pressures as high as approximately 20,000 psi without 

damage. 

Three gage types were developed in the course of this 

15 



investigation. In chronological order of development they are: 

(l) IF gage, (2) FS gage, and (3) M-l gage. 

The IF gage is approximately 3 inches, long by l.U inches in 

diameter, made of stainless steel, and designed for mounting in 

thick-walled structures. 

The FS gage is quite similar to the IF gage, but it is designed 

for mounting in smaller, thinner walled structures and is therefore 

smaller. The gage is made of aluminum and is 1.75 inches long by 

0.5 inch in diameter. 

The M-l gage was designed for measuring either airblast pressure 

or soil stress on a structure, and was designed to have greater 

sensitivity than the other gage types. It is made of stainless steel 

and is approximately 1.8 inches long by 1.0 inch in diameter. 

16 
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Figure 1.1    Theoretical relation of moduli ratio to gage registra- 
tion.    Total-area axial compression and central-area axial compres- 
sion for disk-shaped free-field stress gages   (Reference k). 
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Figure 1.2    Effect of the ratio of elastic moduli of gage and 
surrounding media on stress distribution (Reference U), 

18 



CHAPTER 2 

GENERAL DESIGN REQUIREMENTS AND DESIGN CALCULATIONS 

2.1 GENERAL DESIGN REQUIREMENTS 

Limitations on the size and shape of OSS gages are not nearly 

so restrictive as they are for free-field gages. It is generally 

desirable to design the gage so that it can be installed from within 

a buried structure; therefore, such gages have usually been made 

cylindrical with a threaded outer case. 

Remote readout of OSS gages, while not always essential, is a 

highly desirable feature. When it is necessary to monitor the gage 

from a distance or to measure dynamic stresses, conversion of the 

gage deformation into an electrical signal is required. This can be 

accomplished in numerous ways. For the gages discussed in this 

report, the electrical signal is produced by bonded strain 

gages. 

Soil pressure gages must be rugged enough to withstand compac- 

tion shocks, the abrasion of soil and rock, strong inertial forces, 

the presence of moisture and dust, and sometimes wide variations in 

temperature, even under laboratory conditions. Placement of gages 

and deposition of the soil around them have been found to be of 

paramount importance in obtaining reliable readings. Even in the 

laboratory, no completely satisfactory method has yet been devised 

19 
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to insure uniform soil conditions before beginning a given test.    The 

considerable scatter present in almost all soil pressure data is 

often the result of the difficulties associated with gage and soil 

placement. 

In field use these difficulties are even more pronounced.    Thus, 

the ideal field OSS gage should be rugged, impervious to moisture and 

other contaminants, and,  further,  should maintain its zero point and 

calibration over rather long periods of time,   sometimes as much as 

15 to 20 years,  especially for long-term static tests. 

It is desirable also that the gage be capable of responding to 

both static and dynamic pressures.    Piezoelectric transducers,  such 

as the RRL gage,  are not well suited to measuring static loads.    The 

semiconductor strain gages used as the sensing elements of the OSS 

gages are piezoresistive devices which are useful for both types of 

loading.    The natural frequency of the larger developmental gage 

(IF gage) is in the range of h0f000 Hz, making it suitable for meas- 

uring impulse loads with rise times of a few microseconds. 

2.2    DESIGN CALCULATIONS 

The basic design technique is applicable for all gage types 

discussed in this report, and is, therefore, presented in detail 

only for the IF gage. 

2.2.1    Induced Strain.    Assuming the active area,  i.e. the gage 

20 
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face, to be a circle with a diameter   D    of 3/+ inch, the total load 

F    on the gage column for the 500-psi design pressure will be 

F = 
$00nD^ 

(2.1) 

or F = 220.9 pounds 

The gage column is instrumented with four semiconductor strain 

gages arranged in a full bridge, with two of the gages sensing 

axial strain   e     and two sensing transverse strain    e    .    In order 

to get an approximate idea of the resolution of the cell, let it be 

assumed that the output signal is read, without amplification, on a 

commercial strain indicator.    Such indicators can ordinarily be read 

directly to the nearest 5 X 10'    in/in, or 5 ^e> apparent strain. 

If it is desired to resolve 1 psi, then the gage dimensions must be 

such that a pressure of 1 psig applied to the gage face results in 

at least 5 1^6 apparent strain, which is equivalent to 2,500 tie at 

500 psig.    In order to be certain of achieving at least 1-psi reso- 

lution,  this figure was doubled for the IF gage; that is,  it is 

designed to have an apparent strain output of 5»000 ne at an applied 

pressure of 500 psig. 

Let    6     represent the apparent strain or indicator reading and 

let    e.     represent the total true strain output of the bridge cir- 

cuit.    Then, with the indicator gage factor dial set on 2.00,  the 

21 



following relation obtains between €  and e a      o 

or 

Gage factor dial setting /„ . 
t " a Gage factor(s) of bridge ^ * ' 

e   e Gage factor(s) of bridge /p _v 
a ' t Gage factor dial setting ^  ' 

The indicators used for the first IF gage made were P-type, silicon, 

semiconductor gages from a sii.jle lot, with an unstrained resistance 

R of 338 ohms (+1 percent) and a gage factor f of 121 (+2 percent), 

Thus, for these gages, e. = e 2.00/121    or, for 5,000 lie output, 
u        a 

e
t = (5;0OO)(2.0)/L21 = 82.6 ne.    Because the commercial strain in- 

dicator readout devices are designed for use with 120-ohm strain 

gages, readings should be corrected for gages having resistance other 

than 120 ohms.    However,   for 350-ohm gages this correction is small, 

about 0.3 percent, and is neglect«.d. 

With the four gages arranged as described above,  the total 

bridge output is 

e= 2e    + 2e (2.1+) 
t y x v       ' 

Since    6   = ue    . where    "0 = Poisson's ratio for stainless x y ' 

steel = 0.33 

€.    =  26     + 2\5€ (2.5) t y y \    'f 
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or €y = zT^ = 82.6/2.66 = 31.1 ^   and ^  = -uey = 

-(0.33)(31.l) = -10.3 |i€ . -The axial stress a  in the column re- 

quired to produce strain 6 = 31.1 l-^e is 
ij 

o = Ee (2.6) 
y   y 

where    E    is Young's modulus for  steel.    Since    E = 29 x 10    psi, 

G    = (29 x 106 psi)(31.1 x 10"6 in/in) = 908 psi. 

Knowing the load    F    and stress    a    , the cross-sectional area 
y ' 

A      of the column cam be determined by c " 

A   = X = 220-9 pounds = 0<2l+        2 (       j 
c      o 908 psi \     ' / 

y * 

Assuming the column to be square, its dimensions will be 

(0.^93 in)2 = 0.243 in2. 

As a result of some approximations in the original design cal- 

culations, the gage column actually measures O.UBO inch on a side, 

2 
which makes the cross-sectional area A = 0.230 in , 0 = 961 psi, 

c = 33-1 l-1^ e = -10.9 M£. These dimensions result in an apparent 

121 
strain output of -r- (66.2 + 21.8) = 5,324 ne at 500 psig. 

2.2.2 Deflection of Gage Column. As illustrated in Fig- 

ure 2.1a, the gage column consists of an 0-ring Just below the load- 

ing face, a square portion to which the gages are attached, and a 

circular base through which the strain gage lead wires exit. 
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The total gage column deflection can be eiStimated by considering 

each of the segments of the column to compress axially by the amount 

FL. 

i 

where &. = deflection of segment, inches 

F = total load = 220.9 pounds 

L. = length of segment, inches 

. 2 
A. = Cross-sectional area of segment, in 

E = Young's modulus for steel = 29 x 10 psi 

The total deflection of the gage column, relative to the gage body, 

is then 

}ji - ^A.E = E l^A1. Ac = > 6.- - ; rT=F > ^ (2-9) 

For these calculations the gage column form is somewhat simplified 

and is assumed to have the dimensions shown in Figure 2.1a. Thus 

Ac = 261 + &2 + 63 + 5^ (2.10) 

and 

2& _ 2(220.9 pounds)(0.08 inch) s 80.0 
1 (O.M+2 in2)E E 

6 _ (220.9 pounds)(0.1^ inch) ^ 128.0 
2 (0.259 in2)E E 
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_ (220.9 pounds)(1.00 inch) s 962.0 
3       (0.230 in2)E E 

B . (220.9 pounds)(0.37^ inch) „ 137-^ 
k (0.601 in2)E E 

(80.0 + 128.0 + 962.0 + 137.^) lb/in 

29 x 10 psi 

A = 45.1 x 10  inches = 0.0000^51 inch 

The diameter-deflection ratio is equal to 
0.7^0 inch 

45.1 x 10~ :> inches 
9=  16,630 . The modulus of deformation E  for the gage is 

PD 
(2.11) 

where P = applied pressure, psig 

D = outside diameter of gage = 1.375 inches 
o 

A = U5.I X 10" inches 

E = (500psig)(l.375 inches) = 15>r x ^6 ^ 
C     i+5,1 X 10"w inches 

Thus the IT gage is about ^3 percent stiffer than the RRL gage. 

2.2.3 Electrical Aspects. As noted in the previous section, 

the strain gages are bonded to the square portion of the gage column 

with two gages parallel to the longitudinal axis of the column and 

two to the transverse axis (Figure 2.1b).  Connecting the gages in 



a Wheatstone bridge with the longitudinal (compression) gages in 

opposite legs affords two important advantages. First, the full 

bridge configuration provides nominal temperature compensation, and 

therefore the minimum in additional balance resistors or temperature 

sensing elements is required. In general, such additional resis- 

tances reduce the bridge sensitivity. Second, the arrangement of 

the gages on the gage column automatically cancels out any signal 

due to bending-induced strain. Thus, the gage output is proportional 

only to the normal force component on the gage face. In any case, 

tangential forces on the face plate are not likely to be large when 

the cell is mounted flush. Assuming the unstrained resistance of 

all four gages to be 338 ohms, the open circuit bridge output volt- 

age eo at 500-psig applied pressure will be 

e.fe 

where e  is the input voltage and f is the gage factor. The 

specific output then is 

!o . !% a {121){e6.2 ^1-8) x l°i , g.66 x 10-3 v/v   (^3) 

i 

or 2.66 mv output per volt input at üOO psig. 

If the readout equipment used is something other than a strewn 

indicator, which normally provides an input of about 3 volts, the 
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input voltage which may be applied to the bridge will depend upon 

the power (heat) dissipating ability of the gage installation. The 

gage column is a good heat sink, and therefore the manufacturer's 

recommendation that the gage current not exceed 30 ma should be 

conservative. Allowing this maximum current input results in maxi- 

mum input voltage of about 20 volts. However, 10 volts should give 

adequate output for most purposes. 

The optimum desired sensitivity was defined as not less than 

20-mv output at an applied pressure of 500 psig and an input voltage 

of 10 volts. This sensitivity results in a theoretical apparent 

strain output of approximately 3,900 kie full scale on an SR-U 

strain indicator at a gage factor setting of 2.0. 

27 



O-R/NC GROOVE 

0.08 

0.15 ^   ■*- 0.570-<^ S2 

0.00 

/.00 

0.374 

F = 220.9 POUNDS 

0.750 •-   8 

0.750- 

0.480 
NOTE:   S3   IS SQUARE; OTHER 

COLUMN SEGMENTS ARE 
CIRCULAR. 

0.875 

a.    Gage column dimensions (inches). 

GAGE 1 
(COMPRESSION) 

INPUT  e 

GAGE 3 
(COMPRESSION) 

GAGE 2 
(TENSION) 

b.    Electrical schematic. 

Figure 2.1    Gage column dimensions and electrical 
schematic of gage arrangement on column. 
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CHAPTER 3 

CONSTRUCTION AND EVALUATION OF GAGES 

3.1    IF GAGE 

The first IF gage (lF-1-WES) was made at the WES. Figure 3.1 

is a machine drawing. Figure 3.2 shows Gage IF-1-WES along with 

its strain gages before and after assembly. The first gage differs 

slightly from the later models in that it is not fitted with an 

electrical connector. Figure 3-3 shows the intended locations of 

the strain gages on the column, and Figure 3.^+ shows the mounted 

gages before and after gage coating. The strain gages were bonded 

to the column using an epoxy adhesive. 

3.1.1 Thermal Effects. Before the gage coating was applied, 

it was noticed that the bridge output drifted considerably. This 

dri:'' was caused by three separate factors: incomplete cure of the 

adhesive, temperature sensitivity of the gages because of imperfect 

temperature compensation, and sensitivity of the strain gages to 

ambient light. The light sensitivity completely disappeared after 

application of several coats of opaque moistureproofing compound. 

However, the temperature-induced zero shift persisted. A day later, 

plots (Figure 3.5) of temperature versus time and bridge output 

versus time over the same 6-hour period were made. The similarity 

in shape of the two curves seemed to indicate that the zero drift 
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problem was primarily,  if not completely, due to temperature 

changes.    This first drift check was made at room temperature. 

Later, the gage was placed in a small laboratory oven and checked 

over a somewhat wider temperature range, as were the gages dis- 

cussed below. 

This temperature sensitivity made it difficult to calibrate 

Gage IF-l-WES.    It was finally found necessary to place the gage 

in the oven along with a small calibration chamber in order to 

insure reasonably constant temperature.    The full-scale output 

was about l+,900 ^e,  somewhat less than the predicted value of 

5,32U M€ but still adequate, and exhibited reasonably good 

linearity. 

3.1.2    Gage Construction by WES and Commercial Firms.    In May 

1963» the decision was made to build several more IF gage assem- 

blies and to send four of these to commercial strain gage manufac- 

turers who offered precision-gaging services.    Experience with 

semiconductor strain gages indicated, particularly with respect to 

temperature compensation,  that the manufacturers, with their greater 

selection of matched gages and personnel trained in strain gaging 

techniques, would have a much better chance of successfully gaging 

the transducer. 

Requests for quotations were sent to the following companies: 

(l) Baldwin-Lima-Hamilton  (BLR) Corporation,  Electronics Division, 
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Waltham 5^» Massachusetts,   (2) Kulite-Bytrex (KB) Corporation,   50 

Hunt Street,  Newton 58, Massachusetts,   (3) Micro Systems, Inc. 

(MSl),  170 North Daisy Avenue, Pasadena,  California, and (U) Texas 

Inst1 jinents,  Inc.,  3609 Buffalo Speedway,  Houston, Texas.    The first 

three companies replied with quotations;  Texas Instruments, Inc., 

declined. 

Gage bodies were then sent to the three firms and returned to 

the WES  in the months  following.    The  four gages subsequently tested 

(IF-I-WES and the three gaged by the other agencies) were: 

Gage Gaged by Connector 

IF-l-WES    Waterways Experiment None 
Station 

IF-2-BLH    Baldwin-Lima-Hamilton Amphenol 

IF-5-KB      Kulite-Bytrex Amphenol 

IF-6-MSI    Micro Systems,  Inc. Amphenol 

Column 
Material 

17-Uph 

Ni39 

IT-^ph 

IT-^ph 

The gage bodies and columns were all made of 17-^ph (pre- 

cipitation hardened)  stainless steel except  for IF-2-BLH which has 

39 a nickel      alloy gage column.    Each completely assembled gage 

weighed approximately 1.3 pounds and measured 1-3/8 inches  in 

diameter by 3-1/2 inches long overall,   exclusive of connecting 
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cable. As a matter of convenience, as well as to prevent 

damage to the strain gages, all gages built after IF-l-WES 

were fitted with electrical connectors. The connectors used 

were not hermetically sealed, and entrainment of pressure and 

consequent differential loadings could result if the gage were 

not properly mounted. 

Often in pressure transducers measuring dynamic loads, 

electrical connections are a source of considerable noise. 

This has not proven to be a serious problem in this instance. 

3.1.3 Calibration Tests. Upon receipt, all gages were 

checked to assure continuity and ample resistance to ground. 

Five separate calibration tests were used to evaluate the 

gages with respect to the following performance characteris- 

tics:  (l) sensitivity or full-scale output, (2) temperature 

effect on sensitivity, (3) linearity, (h)  hysteresis, (5) tem- 

perature effect on zero point, and (6) repeatability. Results 

are given in Table 3.1. In addition, a separate, no load, zero 

drift check was run on each gage. 

Zero drift with temperature was checked over the range 

from room temperature (about 70 P normally) to 150 F. This was 

done in a small laboratory oven having a maximum temperature of 

about 600 F and capable of maintaining a constant temperature to 
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within +2 F. Readout equipment consisted of a commercial strain 

indicator and a switch-and-balance unit. The gage to be checked 

was placed in the oven and allowed to remain overnight.  The fol- 

lowing day the initial temperature and gage output were recorded 

and heating was begun. The heating rate was approximately 13 F/hr, 

and readings were taken at 15-mlnute Intervals. Results of the zero 

drift test are shown in the composite plot of Figure 3-6.  Notice 

that the IF-5-KB gage exhibits very much less sensitivity' to tem- 

perature than do any of the other IF gages. 

Calibration 1, to determine sensitivity or full-scale out- 

put, was conducted in a small pressure chamber built for this 

purpose. The chamber consists of two cylindrical, stainless steel 

sections with an O-ring seal between them. One section is threaded 

to receive the IF gage, the other to receive a 1^-lnch NPT pres- 

sure inlet. The cell was loaded in 50-psl Increments from 0 to 

600 psi and then unloaded in 100-psl steps. A typical pressure- 

output curve is shown in Figure 3.7a. The theoretical full-scale 

output, 5j324 ne, corresponds to a relative output of 2.57 rav/v. 

With those gages having considerable zero d'ift, the entire 

calibration chamber was placed inside the oven in an attempt to 

maintain constant ambient temperature. In all cases, the tempera- 

ture was recorded at each pressure reading. Calibration 1 was 
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repeated but with the introduction of a thin surgical rubber 

membrane over the face of the gage. The membrane was found 

to have no appreciable effect on the gage output in all cases. 

An attempt to assess the effects of concentrated loads 

directly on the gage face, such as might occur in soils con- 

taining gravel, was made on one of the gages.  The gage was 

loaded with a concentrated dead load at its center equivalent 

to various uniform pressures up to approximately 15,000 psi. A 

plot of the resultant data (Figure 3«7b) shows a linear gage out- 

put throughout this range. 

Calibration 2, to determine the effect of temperature on gage 

sensitivity, was conducted by performing Calibration 1 at an ele- 

vated temperature, 100 F or greater. The change in slope of the 

calibration curve from Calibration 1 to Calibration 2,  due essen- 

tially to a change in gage factor f of the strain gages, is taken 

as the sensitivity change. 

Calibrations 3^ ^> 5> and- 6 were conducted by standard methods. 

The results are shown in Table 3.1. 

3.1.^ Shock Tube Tests. The dynamic responses of the IF gage 

were investigated in a shock tube. Typical records from several 

tests are given in Figure 3.8. The gages were compared to a piezo- 

electric accelerometer to determine shock-induced vibration charac- 

teristics along both axes of the gage. Accelerometers were mounted 
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(1) directly on the end plate of the shock tube (Figure 3-8a), and 

(2) directly on the caGr- housinc (Figure 3.8b). The IF gage was also 

compared to a parallel-mounted, commercial, fluid pressure transducer 

to determine waveform and amplitude  characteristics (Figure  3.8c). 

The oscillation seen in Figure  3.8a appears to be related to 

the mounting condition.    The axial  accelerometer mounted directly on 

the  end plate parallel with the stress gage exhibits the same basic 

frequency as the stress gage. 

Direct comparison between the developmental gage and a commer- 

cial,  fluid pressure transducer (Figure 3-8c) yielded  similar results. 

Amplitudes  of the first peaks agreed within 8 psi,  and the  second 

peaks were  in agreement to within  1 psi.    These data indicate that 

static calibration can be used as  a basis for dynamic testing. 

Rise  times were determined to be of the order of 5 or 6 \isec, 

and the undamped natural frequency    f     was found to be greater than 

i+0.000 Hz. 

3.1.3    Firing Tube Tests.    Four dynamic tests were made with 

Gage  IF-5-KB mounted in the  end cap of a firing tube  in the Small 

Blast Load Generator (SBLG),   Reference 8.    The SBLG and its  appurte- 

nances are  described in detail in Reference 9-     The  firing  tubes are 

loaded with line charges of primacord explosive.    This  cord explosive 

runs  the length of each of the two firing tubes (Figure 3.9)  and is 

center-detonated by electrical blasting caps.     The ends of the 
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primacord bundles practically touch the firing tube end caps.    Gas 

temperatures within the firing tubes reach several thousand degrees 

Fahrenheit within a few milliseconds.    Attendant accelerations are of 

the order of 20,000+ g's;  thus,  an extremely rigorous environment 

exists for obtaining reliable pressure measurements.    The transducer 

must have sufficient mass or compensating circuits to allow thermal 

insulation for adequate time resolution,  and must be sufficiently 

insensitive to high accelerations of microseconds rise time.    Although 

the IF gages do show temperature sensitivity for long-term measure- 

ments, the gages have excellent stability for short-duration thermal 

shocks due to the mass of the sensing column and location of the 

strain gages.    Additionally, IF gages are quite insensitive to axial 

acceleration. 

The IF gage pressure-time histories for three dynamic loadings 

in the firing tubes are  shown in Figure 3.9«    These measurements 

are considered to be excellent.    A commercial gage of 60,000-psi 

range failed on the first attempt to measure pressures in the firing 

tube.    Unfortunately,  IF-5-KB was damaged during^ the last dynamic 

test.    Although the reason for the failure is not known, it is 

believed that the load column was allowed to impact when the re- 

tainer plug became loose during previous shots in the series.    An 
• 

examination of the transducer revealed one of the strain gages with 
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its bonding epoxy and encapsulant to be completely separated from the 

column. 

3.1.6    On-Structure Tests.     Several tests were made with 

Gage  IF-l-WES mounted flush in a rigid concrete base  in the SBLG 

(Figure 3»10).    Several depths of sand cover were placed over the 

mounted gage for testing.    This arrangement approximated the design 

condition of flush mounting in a very rigid (relatively unyielding) 

structure at a soil  (sand in this case)  interface.    The test speci- 

men was loaded statically by fluid pressure transmitted through a 

rubberized membrane. 

The static response of Gage IF-l-WES under this test condition 

is shown in Figure S-H-    It can be seen from this figure that the 

gage does,  in fact,   indicate higher than applied pressures, and at 

an essentially constant level at loadings above 100 psi.    These data 

support the basic design hypothesis.    Tests on stiff,  free-field 

soil stress transducers,  reported in Reference 10, yielded similar 

data. 

Several dynamic tests were made under the same test conditions 

as the  static tests.    Pressure histories  (Figure 3.12) were "clean," 

showing very little noise.    Signal rise times ranged from 0.2 to 

0.h msec.    The oscillations appearing on the record are character- 

istic of the test chamber and not of the gage itself.    (This 

phenomenon is discussed briefly in Reference 10.) 
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3.2 FS GA.GE 

A smaller gage was needed for use on model structures and, 

since preliminary results with the IF gages were promising, a 

smaller transducer was designed using the same principles. This 

gage, designated FS-1, was made of aluminum and was designed for 

higher strain levels so that conventional foil strain gages could 

be used. This requirement led to a rectangular (rather than 

square) cross section in the load column. Figures 3.13 and 3.1^ 

show construction details. 

This gage was originally designed to be cast into the model 

structure in order to reduce weight of mounting flanges, etc. Fig- 

ure 3.15 shows the gage mounted in a cylinder of "sandcrete," a 

sand-fiber glass resin mixture. All tests of this gage were made 

in this mount. Later versions of this gage had threaded housings. 

Design calculations embraced the same equations as those for 

the IF gage (Section 2.2) and are not repeated here. A listing of 

gage characteristics is given in Table 3.1. 

The effects of environmental temperature changes on gage output 

were investigated and found to be insignificant, amounting to ap- 

proximately 0.37^- ^e/^F. This was, primarily, the result of the low 

thermal sensitivity of the foil strain gages and the close electrical 

balance achieved in the circuit. 

Mechanical loading of the cell face produced a linear response 
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up to 12,000 pounds applied force.    Static calibration tests were 

conducted up to 500 psi in the SBLG with Gage FS-1 buried in dense, 

dry Cook's Bayou No.   1  sand at depths of cover  of l/2,  1,  3-1/2, 

and It inches.     In addition to the static  tests,   two dynamic tests 

(nominally at 100 and 200 psi) were made at the 16-inch depth of 

burial.    A plot of the applied versus measured pressures is shown 

as Figure 3.16.    The data are from the third loading cycle since 

slopes shifted with each cycle up to the third.    After the third 

cycle,  the specimens had stabilized and little change was noted in 

measurements taken between the third and sixtv   loading cycles. 

Static  stresses were greater than the surface load by approxi- 

mately 1 percent at the l/2-inch depth, 8 percent at 1 inch,  and 

6 percent at 3-1/2 inches.     The measured stress at the 16-inch depth 

was 2k percent less than the  surface load.    This value was common 

for both the static and dynamic conditions. 

A plot of normalized stress  (ratio of measured  stress    P      at 
m 

depth to the applied surface pressure    P    ) with depth (Figure 3.17) 

shows the stress falloff to the 16-inch depth as well as sidewall 

friction effects  in the test chamber.    The  sidewall friction curve 

was mathematically constructed from equations developed in Refer- 

ence 11.    The low stress recorded at the 16-inch level was probably 

due to sidewall friction. 
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3.3    M-l GAGE 

An airblast gage design earner as a logical extension of 

the  structure-interaction gage development,  since satisfactory- 

results were obtained from airblast measurements made with IF-5-KB 

mounted in the firing tube of the SBLG (Section 3«1>5)'    The major 

differences from the stress gage design are increased column deflec- 

tion and a cross-section change from square to rectangular similar 

to the FS-1 design.    The structural elements were fabricated from 

type ^16 stainless steel.    A drawing of the gage is shown as Fig- 

ure 3.l8.    Figure 3.19 shows the complete transducer with cable 

connector attached. 

Because of the relatively low strain levels expected to de- 

velop,  solid-state strain gages were employed in the same manner 

as in the IF gage.    The strain gages selected for this transducer 

were P-type silicon similar to those used in Gage IF-l-WES.    The 

gage factor for this lot was 52.1 with a resistance of 117.9 

+ 1.7 ohms.     It was felt that with the lower gage factor (about one- 

half that of the gages used on IF-l-WES), the accompanying thermal 

sensitivity vculd be reduced comparably.   This assumption was borne 

out in testing. 

The design pressure limit of 500 psig was chosen as a practical 

limit with allowance for 100 percent overload without damage to the 

gage.    The design calculations followed the same method as for the 
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two previous gage types (Section 2.2).    Gage characteristics are 

listed in Table 3.1. 

Tests were made to determine gage response both statically and 

dynamically.    Static pressure calibrations up to 500 psig showed the 

gage to be linear for this range. 

Dynamic tests were made with the gage mounted in the shock tube 

end plate as shown in Figure 3.20.    A step pulse air shock was ap- 

plied in each test. 

With hard-mounting (metal-to-metal)  the gage was extremely 

acceleration-sensitive (Figure 3-20a).    Additional tests were made 

to determine the effectiveness of shock-mounting and the relative 

contributions of pressure and acceleration on the gage output. 

Figure 3.20b shows the hard-mounted gage to be very acceleration- 

sensitive;   in this test the pressure was isolated from the gage  face 

with a small plate.    A cast silicone rubber shock mount virtually 

eliminated the acceleration signal when the shock wave was not 

allowed to strike the gage face (Figure 3.20c).    Figure 3.20d shows 

an acceptable pressure measurement made using the rubber mount. 

These tests clearly demonstrate the importance of shock-mounting in 

severe acceleration environments. 

Teflon and nylon proved to be quite satisfactory as shock- 

mounting materials in later tests.    Both materials have the advantage 
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over silicone rubber in rigidity and strength, and are recommended 

for use with the OSS gage. 
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STRAIN GAGES 
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Figure 3.2    IF gage assembly. 
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Figure 3.k    Strain gages mounted on load column of IF gage. 
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Figure 3-9    IF gage firing tube  pressure measurements. 
Firing tube dimensions are in inches. 
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Figure 3.10 Gage IF-l-WES mounted in concrete base 
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a. Stress gage attachment on load column. 

b. Gage components and assembled gage. 

Figure 3.1^ FS gage assembly. 
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Figure 3.16 Response of Gage FS-1 in da-y sand. 
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CHAPTER k 

CONCLUSIONS AND RECOMMENDATIONS 

^ The basic principles of the family of gages developed in this 

research have been demonstrated to be sound.    Simple,  reliable, 

linear,  rugged transducers can be made using the end-loaded piston 

design.     It was also determined that these gages may be used for 

measuring airblast pressure as well as soil pressure.    The end- 

loaded piston design has several advantages over thin,  diaphragm-type 

gages which are normally available commercially for airblast measure- 

ment.    The column element deforms linearly and, due to its  stiffness, 

is usable over a great range of pressures when instrumented with 

sensitive piezoresistive sensors.    The mass of material in the column 

acts as an excellent heat sink and allows considerable pressure-time 

resolution before transient thermal effects are imposed on the gage 

output.     The IF gages were used with excellent results to measure 

pressure levels of approximately 5,000 psi inside the firing tubes 

(detonation chambers) of the blast generator.    Such measurements 

are difficult to make because of attendant heat and acceleration 

which tend to obscure the pressure information.    The one commercial, 

high-pressure airblast gage available for testing (claimed to be 

usable up to 60,000 psi) failed completely at less than 5,000 psi.    A 

comparably placed IF gage produced a satisfactory output in the same 

test. 
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Because of the gages' stiffness, overregistration occurs when 

measurements are made in soils. It should be pointed out that the 

gage registration, however, is not a simple function of moduli 

ratios, but is affected to large extent by structure and medium 

placement. In this light, it remains for the structural designer to 

consider carefully the gage mount as well as the transducer itself 

that will meet the requirements that the gage deform equally with 

the surrounding structure (for flush mounting), and that proper 

coupling is achieved between the structure (or structural element) 

and the medium. The IF gage was found to overregister statically by 

about 25 percent when mounted in a stiff steel plate under sand 

cover. 

The FS gage has proven satisfactory for use in thinner walled 

structures (model structures). It is basically a miniaturized version 

of the IF gage. Overregistration for the FS gages is less than that 

for the IF gage due to the higher compliance of the FS gages. Maximum 

overregistration is about 10 percent for very shallow soil cover, and 

there is essentially no overregistration for the gage mounted on 

deeply buried, concrete-like structures. 

The IF gage and FS gage can be used interchangeably. The con- 

trolling factors are size and mass allowable and environmental pres- 

sure level. IF gages may be used on large, stiff structures sub- 

jected to surface pressures up to 20,000 psi or in high fluid 
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pressure environments such as firing tubes or detonation chambers. 

FS gages are recommended for vise on thinner walled, more compliant 

structures at lower test pressures (2,000 psl or less). 

The M-l alrblast gage can be used as a structure or fluid pres- 

sure gage, but is limited to pressures under 1,000 psl. Capacity of 

this (and other) designs can be Increased by enlarging the area of 

the load column. 

Additional research is recommended to evaluate the gage perform- 

ance more completely in static and dynamic soil tests. A range of 

soil types from coarse dry sand to moist fat clays should be investi- 

gated. Future research on gages for measuring soil pressures on 

structures should be concentrated on development of small gages for 

use with models and thin-walled structures. An additional require- 

ment exists for reliable methods of emplacing such gages from within 

the structure when access to the exterior is prohibited by backfill or 

native soil. 
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