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MONITORING OF PRESTRESSED CONCRETE PRESSURE VESSELS
1. AN OVERVIEW OF CONCRETE EMBEDMENT STRAIN INSTRUMENTATION
AND CALIBRATION TEST RESULTS FOR SELECTED
CONCRETE EMBEDMENT STRAIN METERS

D. J. Naus C. C. Hurtt

ABSTRACT

Instrumentation for prestressed concrete pressure ves-—
sels (PCPVs) 1is required to determine strain distributions,
deflections, stresses, temperature distributions, cracking
magnitudes, forces in prestressing, and free moisture con-
tents. These quantities are utilized to assess the safety
and reliability of PCPVs for short- and long-term operation,
the correctness of calculations and assumptions of analyti-
cal techniques, and the complex behavior of the vessels,
especially their structural integrity for extended periods
of time.

Numerous commercial concrete embedment instrumentation
systems are available for indicating strains, stresses,
loads, and moisture content. Since instrumentation is so
vital in providing continuing assurance of the safe opera-
tion of the PCPVs, it is imperative that the information
provided by these devices have a high degree of reliability.
However, before manufacturer's claims for these systems can
be accepted a priori, laboratory evaluations need to be con-
ducted.

This report, the first of a series related to instru-
mentation embedded in concrete, presents results of cali-
bration tests on strain meters. The approach was divided
into two phases: (1) an overview of meter performance
criteria for PCPV applications and techniques for strain
measurements in concrete and (2) procurement of commer-
cially available gages and their evaluation to assess the
reliability of manufacturer-supplied calibration factors.
Calibration test results for gages embedded in 15.2-cm-diam
by 54~-cm cylindrical concrete specimens indicated that cali-
bration factors should be determined (verified) by embedding
samples of the gages in test specimens fabricated using a
representative wix and Lhat furcther research should be con~
ducted on other measurement techniques based on inductance,
capacitance, semiconductors, and fluidic principles.



INTRODUCTION

Instrumentation of prestressed concrete pressure vessels (PCPVs) is
required to determine strain distributions, deflections, stresses, tem-
perature distributions, cracking magnitudes, forces in prestressing, and
free moisture content. These quantities are utilized to assess the safety
and reliability of PCPVs for short- and long-term operation, the correct-
ness of calculations and assumptions of analytical techniques, and the
complex behavior of the vessels, especially their structural integrity
for exteuded perluds vl Liwe. '

Numerous commercial concrete embedment instrumentation systems are
available for indicating stresses, strains, loads, and moisture coatent.
Since instrumentation is so vital in providing a continuing reassurance
of the safe operation of PCPVs, it is imperative that the information pro-
vided by these devices have a high degree of reliability. To provide in-
éight into performance of these instruments, laboratory investigations
are being conducted. These investigations have a twofold objective: (1)
to evaluate current commercially available systems and (2) to provide data
for modification of existing designs and/or development of new syslems.

This report, the first of two related to evaluations of commercilally
available strain meters for concrete embedment, presents results of calil-
bration tests conducted on selected meters. The approach was divided into
two phases: (1) an overview of strain meters for concrete embedment and
(2) an experimental evaluation to assess the reliability of manufacturer-

supplied calibration factors.

STRAIN METERS FOR CONCRETE EMBEDMENT

Performance Characteristics for PCPV Applicalivus

The measurement of strain (or stress) in concrete structures is much
more complex than it might appear. Concrete is a heterogeneous material
composed of a hydrated portland cement paste matrix which may contain un-
hydrated.cement particles, voids, water, and fine and coarse aggregate
particles.. Behavior of the concrete system is a function of the rela-

tive .quantities of its constituents and their response to loading and
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environmental influences. Characteristics of concrete include a non-
linear stress-strain response, time-dependent deformation such as chang-
ing values of elastic modulﬁs and strength properties, and differences in
tensile and compressive behavior. To further complicate strain and stress
measurements in concrete, the loadings are often biaxial or triaxial;
measurement of one quantity can influence the results of another quantity;
and the instrumentation system,which must be embedded in the coﬁcrete can
disturb the continuity of the material if the instrument is not properly
matchéd to the concrete properties. Instruments designed for PCPV appli-
cations must be able to operate in the alkaline-humid environment of con-
crete and also to survive elevated temperatures and low-level radiation
for the design life of the PCPV, which is often 20 to 30 years.

Strain meters for embedment in concrete structures should incorporate

as many as possible of the following desirable gage characteristics:

1. The gage length should be a minimum of eight to ten times the maxi-
mum aggregate size to provide an accuracy within #2.5%*% (Ref. 1)
for average strains along the gage length.

2. The shape, size, and stiffness of the gage should be such that. the
gage minimizes the disturbance of the concrete it replaces.

3. The bond between gage and concrete should be such that slip is pre¥
vented and overall change in length along the gage length is the
same for gage and concrete. 4 |

4. The gage should have long-term stability (one year or more) with
maximum random drift of possibly 10 ue at 66°C and 20 pe at 150°C
where measurement errors introduced are 1 to 3%. Larger drift with
time and temperature is acceptable if systematic and correctable,2

5. The gage should have a sensitivity of approximately 1 ue with ac- .
curacy of 3 ue and a repcatability of 6 ue (Ref. 2).

6. The gage should have a range of 6000 pe in compression to 2000 ue
) .

N

tension.
7. Gage materials should be watertight and resistant to corrosion and

should not creep with time.

*Where impractical due to space restrictions, a gage length four
times the maximum aggregate size will provide an accuracy within *5%.



8. The gage should be easily installed and sufficiently rugged to with-
- stand construction factors.
9. Linear gage response isAdesirable.

10. Gages within the same manufacturing batch should provide the same
results.

11. The coefficient of thermal expansion of the gage should match that
of the concrete within which it is to be embedded or the temperature
sensitivity of gage should be defined so that corrections may be
easily made.

12. The gages should be capable of prolonged operation at 66°C and a
minimum of one week operation at 90°C.

13. The gages should be capable of surviving low-level radiation.

14. The gages shall incorporate temperature measurement capability with
an accuracy of *1°C.

15. The gages must have dynamic capability.

16. Gage costs and power requiréments should not be excessive.

17. The gages should be amenable to remote monitoring and automated data

acquisition systems.

In reality, all the above criteria cannot be met; the meters are generally
designed to incorporate as many of the above desirable characteristics

as possible.

Design Considerations

As noted above, a device for embedment in concrete to measure
strains should precisely match the concrete's elastic and viscoelastic
properties, coefficients of thermal expansion, and volume stability of
the material it replaces. Since concrete properties are viscoelastic
and time dependent, complete matching of the embedded meter and the con-
crete material it replaces presents an insurmountable task. As a result,
the various meters are designed so that errors introduced by the physi-
cal property mismatch are as small as possible; that is, fof strain mea-
surements the deformation of the strain meter and the displaced concrete

are as nearly equal as possible or have a constant ratio to each other.



Hast,3 of Sweden, was one of the first to investigate the effect of
gages (inclusions) embedded in concrete such as shown in Fig. 1. In the
figure, the inclusion is presented as a solid cylinder of radius R and
length L with an equivalent modulus of elasticity Ep embedded in concrete
with a modulus E,. Load was transmitted from the concrete normal to the
plane rigid end surfaces of the meter. Assuming linear elasticity, Hooke's

Law yields the following relationships:
€, = 0/E, 5 €y = p/Ey - oo @

However, indicated strains, £,, were not equal to éctual strains, €,, due
to physical property mismatch. Hast derived equations based upon the work
of Boussinesq” in the field of stress concentrations, relating stresses

in an embedded gage and the surrounding concrete to the modular ratio of
the meter to concrete (E,/E,), meter slenderness ratio (L/r), and concrete
Poisson's ratio (v). Loh® modified Hast's approximate relationship to
produce the following relation for calculating the theoretical error in
strain indicated by long, slender, cylindrical meters embedded in an in-

finitely large homogeneous, linear elastic hody where L > w(7 — vZ)R:*

2
€, — €4 Ee) L 2 —-%-(1 —v?) .
Error = — = . (2)
e TR E,, 17— V2 '
T+ m

o2
c 2 7 (1 ve)

Equation (2) is presented graphically in Fig. 2 for a concrete with a
typical Poisson's ratio (0.2) and for modular ratios (Ep/Es;) and slender-
ness ratios (L/R) representative of most commercially available strain

meters.

*Reference 5 also presents a similar expression for meters with
L <m(1—v2)R.



Error introduced by dissimilar moduli

Most solutions to the problem of an inclusion embedded in a solid
body such as presented in Fig. 1 utilize linear elastic solutions such
as was done by Hast. Loh's modification to Hast's approximate relation-
ship, Eq. (2), indicates the effects of a modular ratio (Eh/Eb) other
than 1. As noted from the equation or Fig. 2, the error in indicated
strain is negative whenever the ratio is greéter than 1 and positive when
less than 1. Optimum design of a meter would minimize differences in the
modular ratio, which, due to the nonlinearity and time dependence of the
conérete stress-strain curve, changes with time. Figure 2 indicates that
this occurs when Em/Eb is low; however, as noted, errors of 47 or greater

may still be obtained depending on the L/R ratio.

Error resulting from meter geometry

Equation (2) and Fig. 2.present the effect of the L/R ratio on in-
dicated strain error. The figure shows that to minimize the strain error,
the L/R ratio should be as high as possible when the modular ratio- (E,/E,)
is other than 1.

A related study by Cooke and Seddon! was conducted to determine the
effect of the ratio of meter-gage length to maximum aggregate size on
errors in indicated ;train. Well-graded concretes with maximum aggregate
sizes from 0.95 to 0.13 cm were used for specimen fabrication. Bonded
" wire resistance strain gages with gage lengths of 2.5 and 1.27 cm were
used for measuring strains, and a 7.62-cm optical extensqmetef»was used
as the standard for strain values. -Results indicate that to'keep strain
errors less than 5%, the gage length to maximum aggregate size ratio
should be at least 4. To reduce errors to less than 2.5%, the ratio
should be 8 to 10.

Errors resulting from coefficient of thermal expansion mismatch

Wherever possible, a meter for embedment in concrete is designed so
that its coefficient of thermal expansion and that of concrete are as
nearly identical as possible. Generally, it is unlikely that the coef-

ficient of thermal expansion for the concrete is known prior to placement.



Since concrete coefficients can range from as low as 6.7 uym/m/°C to as
high as 10.8 um/m/°C, close matching of coefficients of the meter and
concrete is difficult and significant errors in strain can occur as tem-
perature changes. Thermal strains generally are considered as a linear
function of temperature over the temperature range of interest; there-
fore, if the average coefficients for both the meter and the concrete and
the temperature at the meter location are known, corrections can be easily
made. However, it is generally desirable that the meter and concrete co-

efficients be reasonably close to reduce thermal incompatibility.

Errors resulting from mismatch of Poisson's ratio

Differences in Poisson's ratio between the meter and the toncrete
matrix within which it is embedded influences the state of stress and
deformations in the region of the meter. - Loh?® derived equations for
stress measurement errors and concluded that errors resulting from
Poisson's ratio mismatch were insignificant. Similarly, the influence
of Poisson's ratio mismatch does not significantly influence the strain

response of the meter (low transverse sensitivity).

Review of Measurement Techniques for Concrete
Embedment Strain Meters

Strain measurements provide data to assess the distribution of
stress, creep, and shrinkage of concrete and their efféct on prestress-
ing and penetrations and data for design refinement. Problems of strain
measurements in PCPVs arise from the concrete environment and reactor
operation which involves highly alkaline and humid conditions coupled
‘with elevated temperatures and relatively low radiation levels.

Essentially six basic methods have been utilized for measurement of
strains in concrete: (1) electrical resistahce, (2) vibrating wire, (3)-
.electrical inductance, (4) electrical capacitance, (5) fluidic principles,
and (6) mechaﬁical.methods. An overview of these methods is presented
in the following sections, and.information on several of the more commonly
available gages for concrete embedment is presented in Table 1. For more

detalled informatlon on the above methods, see Ref. 6.



Table 1.

Ccncrete embedment strain gages

Gage Strein Temperature < . ) , Apprc<imate
< o ti Fead
Type length range range e?i:‘;;gif)’ at::tt.i\r' on requi:erc;:rt\ts cost/gage Comments
(cm) (um,m) (°C) N (0.5. $)
Electrical resistance
Plastic encapsulated 1-13 +20,000 tc +15,00C —20 to +80 10 2.11 Strain indicatoz 5—22 Stability in moist enviren-
Type A ' ment questiznable, volume
change of plastic
Plastic encapsulated 25 50,000 —100 to +121 5-1> 2 Strain indicator 30 Good resistance to grease and
Type B aclds; szability in moist
environment questionable
Single wire 5-15 +20,000 —200 to >315 5—1 2 Straia indicatoc 55150 High-temperature use, smzll
cross secticn requires
, careful placement
Unbonded wire Type A 10-15 390D 65 5 Bridge circuit 35-75 Proven reliatility
Unbonded wire Type B 10-25 +500 to —:000 —30 to +70 6 Bridge circuit 35240 Proven reliatility
Unbonded wire Type C 5-10 +5000 —20 to +100 51> n2.5 Strain indicator 30-70 Temperature compensated
Semiconductor? 0.16—1.3 +3000 to —10,0C0 —16 to +800 50-250 Bridgz circuit 1625 Very limited concrete appli-
cations, stzble, high-
temperature use, sensitive
Vibrating wire
VWSG Type A 7-14 >1000 80 0.5 0.96 x 10”3 Period or 3535 Used exteasively, additional
frequency meter sealing recommended
VWsG Type B 14 >1000 80 0.5 3.00 x 1073 Period or 75 Used exteasively, additional
frequency meter sealing recommended
VWSG Type C 12.7 4000 —40 to +66 1.0 b Period or L50 Wire tension easily adjusted
frequency meter temperatire measurement
capability
VWSG Type D 13 3000 0.5 2.60 x 103 Period or 160 Temperature measurement
frequency meter capability, stability poor
in moist envirorment
vwsG Type E 10 3000 —40 to +80 0.1 2.01 x 10”3 Period or 150 Temperature measurement
frequency meter capability ’
VWSG Type F 3.& 1000 —10 to +70 1 1.20 x 1073 Period or 125 Temperature measurement
frequency meter capability
VWSG Type G 13.3 2000 —10 to +70¢ 1 3.00 x 10~3 Period or 125-200 Temperature measurement
frequency meter . capabilicy
Inductance
WES gage? 10.2 30,000 +10 200-300 Stable, low gage modulus

Carrier amplifier -

limited number of gages
fabricated

aIncluded for comparison purposes; gages of these types

Strain determined frcm table supplied with gages which

cMay be specified for temperature range —30 to +200°C.

were not evaluated under this study.

accounts for monlinearities.



Electrical resistance methods

Strains are indicated by length changes of a small-diameter elastic
wire or thin foil. The length changes are sensed as changes in resistance
in an electrical circuit. Devices which utilize this principle include
bonded encapsulated or enclosed metal resistance meters, unbonded metal
resistance meters, and semiconductor meters.

Bonded encapsulated or enclosed strain meters are based on the same
wire resistance-deformation principle as the uﬁbonded meters. The two
basic gage types are (1) a standard electrical resistance strain gage
such as an SR-4 or foil gage encapsulated in a plastic material or en-
closed in a metal envelope and (2) a strain-sensitive wire filament in-
sulated by a highly compacted magnesium oxide powder and enclosed in a .
small-diameter stainless éteel tube.  Standard strain gage signal condi-
tioning equipment is used to convert the small deformations (resistance
changes) to strains. Advantages and limitations for each type of gage

are listed below.

Plastic encapsulated

Advantages

e low cost
e wide range

e ease of placement

Limitations _

e limited ability of the encapsulant to provide a good moisture
barrier

e volume changes of the encapsulant due to water absorption and high
thermal expansion’ .

o self-heating effects produced by low thermal conductivity of plas-
tic encapsulant '

e strain gradients caused by a relatively thick encapsulant

o creep of the encapsulant
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Metal encapsulated

Advantages

e high length-to-equivalent diameter ratio

o good moisture resistance ,

Limitations
e high coefficient of thermal expansion

- @ difficulty in achieving proper embedment and alignment

fragility of the meter

‘possible deterioration of bond between meter and concrete under

cyclic loading

Wire filament

Advantages
e high length-to-diameter ratio

e wide strain range

e use to temperatures greater than 300°C

Limitations : ~
o difficulty in determining the gage factor

e apparent strain differences during temperature cycles

Examples of bonded encapsulated or enclosed strain meters include the
Japanese polyester mold gage, the BLH encapsulatéd gage, the Valore gage,
and the Ailtech integral lead gage.

To protect the gaging sysﬁem, the unbonded electrical resistance
meters consist of a casing which contains either a small-diameter elas-
tic wire or a thin metal strip to which are attached conventional strain
gages. Length changes due to small casing deformations are sensed as
changes in resistance. These small changes in resistance are measured
by using a Wheatstone bridge for the elastic wire and a conventional
strain gage signal conditioning circuit for the thin metal strip. Advan-

" tages and limitations of the gages are listed below.

Advantages
e relatively low cost

e ease of readout by simple electronic equipment or automated data

logging system
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e ecase of placement
e availability of a large number of gage lengths
e built-in temperature compensation in some cases

e temperature measurement capability

Limitations

e sensitivity to changes in electrical resistance of leads and con-
tact points

e limited temperature and strain ranges

e sensitivity to temperature changes in some cases

e requirement of an air-pressure line for some gages

Unbonded metal resistance meters include the Carlson strain meter, Kyowa
strain meter, Texas Measurements strain meter, and the Monfore standardiz-
ing strain gage.

Applications of semiconductor strain gages for measurement of strains
in concrete are very limited. They offer advantages and limitations as

listed.

Advantages

e high strain sensitivity

e good stability

o increased tolerance to leakage

e meter miniaturization
Limitations
e poor linearity (especially at elevated temperatures)

_® relatively high cost

e requirement of expensive and sophisticated readout circuits

Vibrating wire methods

Acoustic methods relate resonant frequency measurement to deforma-
tion changes. The most common type of acoustic gage is the vibrating-
wifé strain meter, which consists of a tensioned steel wire housed within
a cylindrical tube and clamped between two end flanges. Also contained
in the gage adjacent to the wire is an electromagnetic plucking .coil. A

pulse uf current supplied to the coil causes the wire to oscillate, thus
. /
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inducing an alternating current in the plucking coil which varies at the
same frequency as the wire. Strains are obtained from the natural fre-
quency reading of the wire, which is proportional to the square of the
distance between the end flanges. Temperature measurement capability is
‘also generally incorporated into the gages so that the readings may be
corrected for temperature effects. Advantages and limitations are included

below. ~

Advantages
e long-term stability and reliability

e high accuracy
e strains not affected by lead 1eﬁgth
e readings taken by portable period (or frequency) or automatic data

logging systems

Limitations

e limited strain and temperature range

e careful sealing of meter required to prevent ingress of water
e results influenced by vibrations in vicinity of gage

® rclatively cupeneive

@ size is too large for small model tests

-

e temperature compensation required

Numerous vibrating-wire strain meters are commercially available for con-

crete embedment.

Electrical inductance methods

Electrical inductance meters use eléctromagnetic and eléctrostartice
fields as displacement sensors; that is, mechanical movement varies the
reluctance of a magnetic circuit. Listed below are the advantages and

limitations associated with these gages.

Advantages
e long-term stability

e parts unstressed so creep is negligible : -
e wide strain range
e high output with good resolution

e low stiffness which permits monitoring of concrete strains at early

concrete ages
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Limitations
e relatively high cost
o difficulty in making temperature corrections

e possible temperature dependence of the ferromagnetic properties

Applications of inductance meters to concrete strain determinations are
quite limited. One of the few known inductance meters for concrete embed-

ment has been recently developed in Vicksburg, Mississippi.’

Electrical capacitance methods

Electrical capacitance strain meters relate changes in capacitance,
as sensed by changes of separation or area between elements, to displace- -

ments. Advantages and limitations are listed below.

Advantages

e operation under adverse environments
e high sensitivity and output

e linearity

e wide strain range

e rapid data acquisition permitted by automatic self-balancing bridges

Limitations

e relatively expensive

e questionable long-term stability

e problems presented by long cable lengths and temperature compensa-

tion

Only one documented application of electrical capacitance for a concrete
embedment gage has been' identified;® however, this was over 20 years ago
and temperature compensation, long-term stability, and measurement cir-

cuits presented major problems.

Fluidic methods

Fluidic metering methods for strain measurements utilize a liquid or
gaseous fluid as the signal medium and pressures and flows as the signal
quantities. In a typical application a fluid passes through a nozzle to

a closely adjusted plate and then returns to the supply. If the distance
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between the nozzle and deflecting plate changes, the resistance (pressure)
to flow changes. Circuiting of the meters is analogous to a Wheatstone
bridge circuit for wire resistance strain gages. Associated advantages

and limitations are included below.

Advantages

e good accuracy and sensitivity
e heat and radiation resistance
e capability for4self—temperature.compensation

e ease of operation

Limitations

° unprern 1ong-térm stability

e requirement of highly skilled craftsmen for faBrication

e additional transduéing devices (electrical) required  for automatic
data acquisition systems

Fluidic meters for concrete embedment such as an air-operated needle-

9

. nozzle system” are préséntly being developed in Europe for PCPV applica~

tion.

Mechanical methods

Conventional mechanical and optical-mechanié¢al methods such as the
Huggenberger gage, Tuckerman optical extensometer, or the Whittemore gage
are not suitable for internal concrete strain measurements. However,
one such system under development in Germany, the Bowden-wire system,1°
may have potential PCPV applications. One such device consists of a
2.5-mm-diam thick-walled annealed stainless steel tube confaining a
single hardened steel wire coupled to a transducer which converts the
mechanical displacements into electrical signals. Advantages ana limita-

tions are included below.

Advantages
e displacements and Integrated strains may be transmitted along

arbitrary curves on the surface as well as inside concrete

e relatively independent of radiation effects
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Limitations
o low sensitivity
o temperature-induced errors if coefficients of expansion of wire,

tube, and concrete are not matched

* As with the fluidic method, mechanical concrete embedment gages are in

the developmental stage.

EVALUATION OF STRAIN METERS FOR CONCRETE EMBEDMENT

Numerous commercial strain meters are available for measurement of
strains in concrete. To demonstrate the continuing safety of PCPVs, it~
is imperative that the values obtained from these meters be extremely re-
liable. Rather than accept manufacturer's performance claims without
question, it is desirable that the accuracy of these meters be evaluated
experimentally. To establish performance reliability trends for available
strain meters, a representative sample of strain meter types was obtained
for evaluation.* These meters are noted in Table'l along with manufac-
turer-supplied general gage characteristics such as gage length, strain
range, sensitivity, calibration factor, readout requirements, and cost
factors. Accuracy of the meters, identified by the reliability of the
manufacturer's calibration factor, was estabiished by means of calibra-
tion tests. Related studies were also conducted to establish a calibra-
tion test specimen geometry and to identify, if possible, the influence

of maximum size aggregate and modular ratio.

Calibration Test Specimen Geometry

Prior to conduction of the main calibration test series, a limited
laboratory study was conducted to select a test specimen geometry. Three
sets of specimens were cast using the same mix design (gravel/cement ratio

= 2.64, sand/cement ratio = 2.04) except for water/cement ratio (0.42,

*The large number of different types and brands of strain meters
available necessitated that the study restrict itself to meters readily-
obtainable in the United States. .
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0.50, 0.58), which was varied to produce different strength concretes.*
-Each specimen set consisted of cylinders having diameters of 0.05, 0.08,
0.10; and 0.15 m and constant length-to-diameter ratios of 3.54. Embedded
in each specimen was an unbonded wire Type A gage aiigned with the speci-
men axis. After curing in a laboratory environment for approximately six
months, two 0.l1-m surface strain gages were applied to each concrete
specimen at 180° intervals and connected in series to compensate for
specimen bending if it should occur. The specimens were loaded in uni-
axial compression to failure with surface and embedded strain gage read-
ings obtained at specified intervals.

Figure 3 presents stress-strain plots obtained from the surface
strain gages and embedded gages. It can be noted from the figure that
the strains from surface gages were always less than strains from the em-
bedded gages at the same stress level. No significant difference between
embedded and surface strain gage results was noted when strength effects
were compared between data sets; however, the difference between low and
high strengths for the test series (31.9 vs 41.2 MPa) was probably not
significant enough to show a data trend. This effect will be investigated
later. The important thing to note is that as the specimen diameter in-
creased there was a trend toward better agreement between surface and em-
bedded gage results. This is more obvious in Table 2, which presents a
summary of test results for the calibration specimen size test series.
Figures 4 to 6 are plots of ratio difference vs surface strain. for mixes
5, 6, and 7, respectively. A comparison of differences between manufac-
turer-supplied and actual calibration factors obtained from the slopes
of "best-fit" straight lines of surface gage strain vs embedded gage
ratio difference shows that the 0.05- and the 0.15-m—-diam cylinders
averaged 39.5 and 14.57%, respectively. Based on these results, a 0.15-m-
diam by 0.54-m-long test specimen was selected for the calibration test

series.

*Properties of the mixes for the water/cement ratios of 0.42, 0.50,
and 0.58 are presented in Table 4 as mixes 5, 6, and 7, respectively.

s
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Table 2. Calibration specimen size test series
(unbonded wire Type A gages)

. Cylinder Calibration CY11P9eT pi.ctic Calculated Calibration
MLX  4iameterd factor failure  dulus calibration factor
No. (cm) supplied stress (GPa) factor difference

PP (wpa) (%)

5 5.1 532 26.4 26.7 294 +44 .7

5 7.6 537 21.7 27.1 274 +49.0

5 10.2 530 29.2 33.9 407 +23.2

5 15.2 532 41.2 30.8 492 +7.5

6 5.1 538 21.8 20.1 407 4+24.3

6 7.6 529 24,1 30.9 238 +55.1

6 10.2 533 29.4 31.6 374 +29.9

6 15.2 538 34.4 29.9 443 +17.7

7 5.1 534 19.6 18.4 269 +49.6

7 7.6 e 24.3 25.2 e e

7 10.2 529 26.5 23.9 444 +16.0

7 15.2 2

531 31.9 30.8 434 +18.

aCylinder length-to-diameter ratio equals 3.54.

bPercent difference = [(gage factor supplied — gage factor calcu-
lated)/gage factor supplied] X 100%.

cBad embedment gage.

Calibration Tests of Concrete Embedment Strain Meters

Calibration factors were determined for the strain meters noted in
Table 1. Type II portland cement was used throughout the investigation.

" Crushed limestone coarse and fine aggregates used were obtained from a
local supplier. Aggregate gradations for the various mixes are presented
in Table 3, and mix designs and plastic and hardened concrete properties
are presented in Table 4, '

The 0.15-m-diam by 0.54-m-long calibration test specimens were cast
in molds fabricated from standard polyvinyl chioride water pipe which had
beeg cut to length and the ends milled so that they were plane. Contained
within each specimen was an embedment strain meter aligned with the cylin-
der axis. Alignment of the gage was maintained by small-diameter wires
extending radially from the gage. The molds were meticulously filled with

concrete, and the gage was protected so that concrete was not permitted



Table 3.

Aggregate gradations
(cumulative weight percent retained)

Coarse aggregate

Combined fine and coarse aggregate

Sieve Fine
designation aggregate ' Series A Series_ B Series C Series
No. 1 No. 2 No. 3 mixes? mixes? mixes® mixes
3.81 cm
1.91 ¢m 1.05 95.11 1.44 2.07 23.93
0.95 cm 46.11 99.90 29.54 42,34 31.63
No. & 0.22 97.53 92.71 100.00 39.12 55.98 38.59 38.51
No. 8 7.95 100.00 100.0C 100.00 44.17 59.88 44,25 44,25
No. 16 43.64 100.00 100.0¢ 100.00 65.82 75.44 65.86 65.87
No. 30 64.26 100.00 100.0¢ 100.00 78.32 84.43 78.35 78.35
No. 50 78.00 100.00 100.00 100.00 86.65 90.42 86.67 86.68
No. 100 89.59 100.00 100.00 100.00 93.68 95.47 93.69 93.75
No. 200 95.64 100.00 100.00 100.00 97.35 98.11 97.36 97.41
Minus No. 200 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Fineness modulus A2.84 5.98 7.40 7.95 4,39 5.06 4.07 4.63
,aSeries A mixes included mixes 1, 2, 3, 4, and 14 of Table 4.

b

Cseries C

dseries D

Series B mixes
mixes

mixes

included mixes 58 anc¢ 1521 of Table 4.
included mix 12 of Takle 4.
included mix 13 of Takle 4.

8T



Table 4. Properties of concrete mixes

Plastic concrete properties Hardened concrete properties
Mix Relative weight, SSD basis -
No: Unit Slump Air Elastic modulus Elastic modulus Failure
Cement Sand Gravel Water <“weight content initial cycle failure cycle stress
' (kg/md) (M % (cra) (GPa) (MPa)
1 1.00 2.8% 1.85 Q.56 2410 ©15.2 1.8 33.1 31.4 34.0
2 1.00 2.84% 1.85 0.56 2420 10.8 2.2 26.7 22.5 , 24.9
3 1.00 2.84% 1.85 0.56 2430 8.9 2.0 26.3 23.3 24.9
4 1.00 2.8% 1.85 D.56 2410 14.0 - 2.3 7 30.4 28.2 33.4
5 1.00 2.0% 2.64 0.42 ‘ ‘ ' 31.8 41.2
6 1.00 2.04 2.64 . 0.50 ‘ : o 30.6 34.4
7 1.00 2.0% 2.64 0.58 ' o ~ 30.0 31.9
8 1.00 2.02 2.60 0.49 . - 30.5 - 29.9 38.5
.12 1.00 2.83 1.85 0.56 2350 1.9 3.8 27.9 25.9 30.0
13 1.00 2.83 1.85 0.56 2410 0.8 24.6 25.8 24.9
14 1.00 2.85 1.86 0.56 2370 . 3.8 3.6 30.4 28.7 31.2
15 1.00 2.04 2.64 0.40 2440 1.3 2.6 36.3 36.1 41.8
16 1.00 2.0% 2.64 0.60 2370 >15.0 1.4 23.7 22.9 20.2
17 1.00 2.04% 2.64 0.50 2400 15.2 2.0 27.7 26.7 28.0
18 ~ 1.00 2.0% 2.64 - 0.50 2380 8.3 3.0 27.7 ©26.4 27.0
19 1.00 2.04% 2.64 0.50 2400 10.2 2.1 28.2 27.3 31.4
20 1.00 2.02 2.60 0.49 2450 2.5 - 2.2 30.3 31.1 38.3
21 1.00 2.02 2.57 0.48 2420 2.5 2.3 30.4 31.0 30.9

6T
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tb fall directly on the gage and alter its alignment. Compaction of the
concrete was done externally with a vibrating table. Approximately 4 hr
after casting, the cylinders were capped with a neat cement pastel(water/
" cement ratio = 0.30) which had been mixed 1 hr, allbwed to set 1 hr, and
remi;ed 3 min prior to use. After the concrete was cured (>28 days),
three sets of mechanical gage points with 0.20-m gage lengths were placed
at 120° intervals around the circumference of each specimen, and two 0.1-
m electrical resistance strain gages were placed at 180° intervals on the
circumference of the cylinder and connected in series to average bending
effects which might occur. Strains obtained from the mechanical gage
points and surface strain gages were used as reference values for the em-
bedded gage strains.

At least two calibration specimensvwere tested for each of the 14

strain meters noted in Table 1. The test procedure consisted of

1. calibrating load and strain gage response,

2, taking zero readings,

3. loading the specimen in compression to approximately 50% of its ulti-
mate load in 22.2-kN increments with readings (mechanical, surface,
and embedded gages) taken at each load increment,

- 4. unloading in 22.2-kN increments with readings taken at each increment,
rechecking and rezeroing load and strain calibrations,

6. reloading the specimen in compression to specimen failure with sur-

face and embedded gage readings taken at each 22.2-kN increment.

Figure 7 presents the calibration test setup.

Gage calibration factors were determined from surface gage strains
for each of the embedded gages tested. Mechanical gage strain values ob-
tained during the initial load cycle were used as a chedk for surface
strain gage results. Calibration factors for the bonded-wire resistance
gages and the unbonded-wire Type C gage were calculated by multiplying
the manufacturer-supplied calibration factor by the reciprocal of the
slope of the "best-fit" straight line through the surface gage strain vs
embedded gage strain data. Unbonded-wire calibration factors were cal-
culated by determining the slope of the '"best-fit'" straight line through

the surface gage strain vs gage ratio difference data. Vibrating wire-type
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strain meter calibration factors were calculated by determining the slope
of the "best-fit'" straight line through the surface gage strain vs the
difference in frequency squared of the vibrating wire gage. Test data

for the bonded-wire gages are presented in Figs. 8 to 12, 13 to 16, and

17 to 27 for the plastic encapsulated Type A, plastic encapsulated Type

B, and single-wire gages, respectively;. Figures 28 to 44, 45 to 48, and
49 to 52 present test data for the unbonded-wire gages Types A, B, énd C,
respectively. Test data for the vibrating wire gage Types A to G are
presented in Figs. 53 to 55, 56 to 57, 58 to 62, 63 to 64, 65 to 66, 67

to 71, and 72 to 83, respectively. Table 5 presents a summary of results
for the calibration test series. Variations in gage factor for a particu-
lar gage may be attribuﬁable to the concrete mix; that is, since all gages
of one type may not have been embedded in concrete from the same mix,
there may be'different degrees of bleeding at the upper flange of the gage
and this has been shown to influence calibration results.!! These re-
sults show that differences between manufacturer-supplied and experi-
mentally determined calibration factors were significant enough in all
cases that calibration tests Should be conducted prior to the use of a
particular gage. These tests should be conducted by embedding samples

of the gages from the specific batch in test specimens appropriately

" sized and fabricated from a representative concrete mix.

Effect of maximum aggregate size on embedded strain meter

performance

It is generally recommended that the gage length of embedded gages
be at least three to five times the size of the largest maximum aggregate
size. These conclusions are derived largely from the work of Cooke and
Seddon! in which bonded-wire resistance gages with gage lengths of either
1.27 or 2.5 cm were altached to the surfaces of specimens fagbricated from
concretes with maximum aggregate sizes ranging from 0.13 to 0.95 ecm. To
substantiate that this is also true for strain meters embedded in con-
crete, a limited test seriles was conducted.

Specimens with the same geometry as the standard calibration test
specimens were used in the study. Either unbonded-wire Type A or VWSG

Type G strain meters were cast in concretes having either 0.95, 1.91, or



Table 5. Summary of test resmlts for 15.2-cm-diam by 54-cn calibraticr. test cylinders

Initial load cycle Failure load cycle
. Calibration s : ; . . .
Gage type Sage Mix factor ngmum Elastic Calculated Calibration Cy]'.}nder Elastic Calculated Calibration
0. No. X stress X . factor faiiure X X factor
supplied . nodulus calibration ;g a ~__~  modulus -calibration X a
level (GPa) factor difference stess (GPa) factor difference
{MPa) - (%) (M?a) (63
Electrical resistance
Plastic encapsulatad Type A 1 1 2.11 14.5 32.1 2.27 —7.6 33.9 31.7 2.36 —11.8
’ 2 3 2.11 17.1 24.4 1.56 +26.1 23.4 20.5 1.55 +26.5
3 3 2.11 17.1 28.2 2.18 -3.3 3.4 23.9 2.14 —1.4
4 19 2,11 14.5 30.6 1.95 +7.6 2.1 27.9 1.88 +10.9
5 Z1 211 4.3 29.0 2.09 +1.0 3.8 29.5 2.11 0
Plastic encapsulated Type B 1 18 2.00 14.5 29.8 1.92 +4.0 27.3 28.0 1.83 +8.5
2 19 2.00 14.% 26.5 1.96 +2.0 2&.7 27.4 1.84 +8.0
3 18  2.00 14.5 27.5 1.79 +10.5 2%.9 26.5 1.78 +11.0
4 19  2.00 4.5 28.1 2.07 -3.5 31.4 28.5 2.02 -1.0
Single wire 1 3 2.00 17.2 24,8 1.63 +18.6 ? 22,1 20.2 1.74 +13.0
2 4 2.00 17.2 30.5 1.65 +17.5 3.6 29.2 1.71 +14.5
3 4 2.00 17.2 32.3 1.94 +3.0 3€.1 31.6 2.02 -1.0
4 21  2.00 14.6 30.3 1.54 +23.0 3C.6 31.9 1.63 +18.5
5 21 2.00 14.8 31.8 1.98 +1.0 26.2 31.7 2.20 -10.0
6 16 2.00 J.8 22.2 1.54 +23.0 2z.3 21.6 1.51 +24.5
7 17 2.00 . 15%.6 8.9 1.82 +9.0 3G.3 27.4 1.75 +12.5
8 15 2.00 17.2 35.1 1.38 +31.0 43,8 34.1 1.52 +24.0
9 15 2.00 17.2 5.1 1.41 +29.5 41.4 35.0 1.50 +25.0
10 122 2 00 17.1 28.7 1.63° +18.5 29.3 25.0 1.73 +13.5
11 13° 2.00 12,2 20.8 1.31 +34.5 22.4% 22.0 1.45 +27.5
Unbonded wire Type A 1 2 528 17.1 25.8 422 +20.1 24.9 20.8 429 +18.8
2 2 532 17.1 26.3 451 +15.2 25.2 21.8 469 +11.8
3 4 53 17.% 29.7 449 +16.2 33.9 26.3 433 +19.2
4 20 27 1s.€ 24.9 526 0 38.0 27.0 520 +1.3
5 16 27 17.1 23.4 444 +15.7 24.1 21.1 440 +16.5
6 16 529 9.8 24.4 487 +7.9 19.0 25.5 474 +10.4
7 17 536 la.6 28.8 433 +19.2 27.6 26.7 431 +19.6
8 17 526 l=.6 28.8 468 +12.7 30.3 27.5 463 +13.6
9 15 541 17.1 34.4 503 +7.0 41.4 -35.8 515 +4.8
13 15 535 17.1 36.2 520 +2.8 41.0 35.5 519 +3.0
11 5 532 41.2 31.8 492 +7.5
12 6 528 34.4 30.6 443 +17.7
13 7 531 31.9 30.0 434 +18.2
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Table 5 (continued)

Calitration

Initial load cycle

Failure load cycle

Gage type Cage Mix factor Maximum Elastic Calculated Calibration Cy%inder Elastic Calculated Calibration
No No. X stress X X factor failure N . factor
supflied modulus calibration . a modulus calibration e a
level (GPa) factor difference stress (CPa) factor difference
(xPa) (%) (MPz) (%)
Unbonded wire Type A 14 122 539 17.1 25.0 507 +5.9 27.9 23.8 504 +6.5
‘continued) . 15 12° 533 17.1 27.4 474 +11.1 28.2 26.1 471 +11.6
16 13° 544 12.2 28.7 453 +16.7 29.2 30.3 454 +16.5
17 13° 532 12.2 28.3 361 +32.1 25.6 ©  28.8 356 +33.1
Unbonded wire Type B 1 3 636 17.1 26.8 504 +20.8 26.0 23.9 515 +19.0
2 17 655 14.6 24.4 551 +15.9 25.9 24.4 566 +13.6
3 20 617 14.6 30.5 573 +7.1 37.0 30.5 545 +11.7
4 20 638 14.6 31.2 579 +9.2 36.6 30.3 581 +8.9
Uakonded wire Type C 1 20 2.43 14.6 30.9 2.33 +4.1 41.1 31.5 2.60 -7.0
2 20 2.34 14.6 29.2 2.46 -5.1 38.3 31.4 2.55 -9.0
320 2.44 14.6 33.1 2.85 —-16.8 38.7 33.5 3.05 —25.0
4 14 2.52 17.1 32.3 2.84 -12.7 31.4 30.9 2.86 -13.5
Vibrating wire
WSG Type A 1 1 0.96 x 10-3  17.1 36.0  0.60 x 10-3 +37.5 34.1 34.8 0.64 x 1073 +33.3
2 3 0.96 x 1003 17.1 25.7 0.75 x 10-3 +21.9 25.9 27.6 0.78 x 10-3 +18.8
3 3 0.96 x 103 17.1 27.7 0.77 x 10-3 +19.8 26.8 23.5 0.72 x 1073 +25.0
VWsSG Type B 1 1 3.00 x 1073 17.1 34.8 2.75 x 1073 +8.3 34.1 32.9 2.58 x 1073 +14.0
2 2 3.00 x 10-3 17.1 28.0 2.44 x 10-3 +18.7 23.9 25.1 2.71 x 10-3 +9.7
3G Type C 1 14 NA 17.1 30.6 3.17 x 10-3 +41.og 30.3 28.7 3.37 x 10-3 +27.64
2 14 NA 17.1 28.3 3.64 x 103 +19.7 31.9 26.4 3.76 x 10°3 +17.44
3 18 NA 14.6 27.3 3.35 x 1073 +27.5d 29.9 26.7 3.59 x 1073 +29. 44
4 20 NA 14.6 30.5 3.68 x 10-3 +19.79 39.2 31.9 3.68 x 1073 +25.4d
5 20 NA 14.6 32.8 3.35 x 1073 +28.9d 37.8 33.4 3.49 x 1073 +30.54
YW3G Type D 1 1 2.60 x 1073 17.1 32.9 3.00 x 10-3 —15.4 3£.0 29.9 3.03 x 1073 ~16.5
2 17  2.60 x 1073  14.6 _  27.4 2.82 x 10-3 -8.5 26.0 27.7 2.89 x 1073 -11.2
YWSG Type E 1 1 2.0: x 1073 17.1 31.9 1.75 x 10-3 +12.9 33.2 30.1 1.68 x 1073 +16.4
2 2 2.0 x 1073 17.1 26.1 1.83 x 10-3 +9.0 24.4 21.2 1.90 x 1073 +5.5
YWSG Type F 1 8 1.20x 1073 17.1 "30.5 1.15 x 1073 +4.2 38.5 29.¢ 1.10 x 1073 +8.3
2 18 1.20 x 10~3 14.6 26.1 1.00 x 1073 +16.7 26.7 24.4 0.95 x 10°3 +20.8
3 19 1.20 x 1073 14.6 27.7 1.07 x 10-3 +10.8 33.2 25.6 1.07 x 10-3 +10.8
4 1 1.2 x 103 17.1 30.9 0.98 x 103 - 421.0 34.5 28.8 1.00 x 1073 +19.4
5 2 1.24 x 1073 17.% 27.4 1.08 x 10-3 +12.9 25.9 23.5 1.09 x 10-3 +12.1

¥4



Table 5 (continued)

Initial load cycle Failure load cycle
. Calibration . . . . . .
Gage type Cage Mix factor Haximum Elastic Calculated Calibration Cy}1ndfr Elastic Calculated Calibration
No. No. X stress N . X . factor failare X . factor
supplied "+ mocdulus calibration . a ) modulus calibration . a
level (Pa) factor difference strase (GPa) factor difference
(MFa) ‘ %) (MPa) ' (%)
VWSG Type G 1 4 3.00 x 1073 17.1 3G.2 2.37 x 10°3 +21,0 33.0 27.8 2.33 x 1073 +20.7
2 4  3.00 % 1073  17.1 28.7 2.26 < 1073 +24.7 28.1 24.8 2.14 x 1073 +28.7
3 4 3.00 = 1073 17.1 30.9 2.25 < 1073 +25.0 34.3 29.2 2.24 x 1073 +25.3
4 20 3.00 » 1073 14.6 29.3 2.65 =« 10-3 +11.7 38.3 30.3 2.50 x 1073 +16.7
5 1€  3.20 = 10-3 9.8 23.5 2.63 < 10-3 +12.3 19.0 21.4 2.63 x 10-3 +10.7
5 16 3.00 = 1073 9.8 25.2 2.16 =< 10-3 +28.9 16.6 24.9 1.82 x 10”3 +39.3
7 15 3.00 x 10-3 17.1 39.9 2.19 < 10-3 +27.90 41.5 39.2 2.14 x 1073 +28.7
3 15 3.90 = 1073  17.1. 37.0 2,22 x 10-3 +26.0 . 41.6 37.0 2.23 x 1073 +25.7
9 120 3.00 x 1073 17.1 28.8 2.22 x 1073 +26.0 32 5 27.1 2.23 x 103 +25.7
1w 122 3.00 x 1003 17.1 29.8 2.27 x 10”3 +24.3 31 7 27.3 2.31 x 1073 +23.0
11 13¢ 3.00 x 1073 12.2 2L.8 2.25 % 1073 - 425.0 24 2 23.4 2.52 x 1073 +15.0
12 13¢ 3.00 x 1073 12.2 2%2 2.36 x 1073 +21.3 23.3 24.4 2.24 x 1073 +25.3

Gpercent difference = [(gage factor suppliéd — gage factor cal-ulated)/gage factor supplied] x 100%.
b0.95 cm maximum aggregate size.
©3.81 cm maximum aggregate size.

dGage factor not supplied so difference represents difference in moduli obtained from surface
2ages and from manufacturer's calZbration table.

e
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3.81 cm maximum aggregate sizes.* Gage-length-to-maximum-aggregate size
ratios thus varied from 2.7 to 10.6 for the Specimens containing the
unbonded-wire Type A gages and from 3.5 to 14.0 for those containing the
VWSG Type G gages. Casting, curing, and testing of the specimens fol-
lowed the same procedure as for the calibration specimens.

Table 6 presents a summary of the results obtained from the test
series. As the gage-length-to-maximum-aggregate size ratio for the un-
bonded Type A meter changed from 10.6 to 5.3 to 2./, the average percent
difference between manufacturer-supplied calibration factors and experi-
mentally determined calibration factors increased from 9.1 to 16.6 to
24.8; however, for the VWSG Type G meter where the ratio changed from
14.0 to 7.0 to 3.5, the calibration factor average percent differences
remained relatively constant at 24.4, 24.9, and 20.6, respectively.
Relative results obtained from the embedded gages and from the surface
wire resistance strain gages ‘used by Cooke and Seddon,! Binns and Mygind,l?
and Peattiel3 are presented in Fig. 84. Similar trends are apparent for
both the wire resistance and embedded gages. Offset of embedded gage
data from surface strain gage data is a function of both the type of em-
bedded gage (modular ratio) and the fact that the gages are measuring
internal rather than surface strains. The data thus verify that the
ratio of meter gage-length-to-maximum-aggregate size should be at least

3.5.

Effect of modular ratio (E,/E,) on embedded strain meter
performance ‘

Equation (2) presents the theoretical error in strain indicated by
long, slender, cylindrical meters embedded in an infinitely large homo-
geneous, linear elastic body. Figure 2, which is a grapﬁical representa-
tion of Eq. (2), shows that for meters with constant length-to-radius
retios, the magnitude of the error in indicated strain increases as the
modular ratio (Eﬁ/Ec) increases (negative error) or decreases (positive

error) from unity. Theoretical errors have been calculated for the gages’

*Aggregate gradations for the 0.95, 1.91, and 3.81 cm maximum aggre-
gate slze mixes are presented in Tahle 3 as Series C, A, and D mixes,
respectively.



Table 6. Summary of test results for effect on meter performaace
of gage-length to maximum—aggregate size ratio

Inizial load cycle Failure load cycle
. Gage length-  Calibration . . Lo . ) . .
Mix to-diameter factor Maximim Elastie Calcula:zed Calibration Cy}lnder Elastic Calculated Calibration
No. o - stress . factor failure . - factor
ratio supplied ) modulus  calibra:zion . : a modulus  calibration . a
level (GPa) factor difference stress (GPa) factor difference
* , (MFa3 - (%) (MPa) %
Unbonded wire Type A
12 10.6 539 S 17.1 25.0 537 ‘ +5.9 0 27.9 23.8 504 +6.5
12 10.6 - 533 17.1 27.& 474 +11.1 28.2 26.1 471 +11.6
2 5.3 528 17.1 25.8 422 +20.1 24.9 20.8 429 +18.8
2 5.3 532 17.1 25.3 451 +15.2 25.2 21.8 469 +11.8
4 5.3 536 17.1 29.7 449 +16.2 33.0 26.3 433 +19.2
13 2.7 544 12.2 23.7 453 +16.7 29.2 30.3 454 +16.5
13 2.7 532 12.2 23.3 351 +32.1 25.6 28.8 356 © +33.1
VWSG Type G
12 © 14.0 3.00 x 10~3 17.1 28.8 2.22 x 1073 +26.0 32.5 27.1 2.23 % 1073 +25.7
12 . 14.0 3.00 x 1973 17.1 29.8  2.27 x 1073 +24.3 31.7 27.3 2.31 x 1073 +23.0
4 7.0 3.00 x 1073 17.1 30.2 2.37 x 10~3 +21.0 33.0 27.8 2.38 x 1073 +20.7
4 7.0 3.00 x 1073 17.1 28.7 2.26 =< 1073 +24.7 28.1 24.8 2.14 % 1073 +28.7
4 7.0 3.00 x 1073 17.1 30.9 2.25 = 1073 +25.0 34.3 29.2 2.24 = 1073 +25.3
13 3.5 3.00 x 1973 12.2 21.8 2.25 < 1073 +25.0 24.2 23.4 2.52 = 1073 +16.0
13 3.5 3,00 x 1073 12.2 23.2 2.36 x 1073 +21.3 23.3 24.4 2.24 = 1073 +25.3

%percent difference = [(gage factor cupplied — gage factor calculated)/gage factor suppli=i] x 1007%.

9t
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evaluated in the calibration study; the results are summarized in Table
7. Differences between manufacturer-supplied and calculated calibration
factors are also presented in the table. Theoretical errors in each
case were less than experimentally determined differences between the
embedded gages and the reference surface gages. This discrepancy was
probably attributable to the idealization of both the concrete and the
embedded meter when deriving the theoretical expression, .

Two meters, unbonded-wire Type A and VWSG Type G, were further ex-
amined to see if an error trend could be established as a function of
modular ratio. The meter selection was such that the Type A meter repre-
sented meters with a modular ratio less than 1 and the Type G represented
meters with a modular ratio greater than 1. Unfortunately, the scatter
in experimental data and the relatively small range in modular ratios

did not allow for the establishment of a data trend for modular ratios.

CONCLUSIONS

This study was the first of a series in which instrumentation for
embedment I1n concrete 1s being evaluated. The approach was divided into
two phases, an overview of strain meters and the performancé criteria
which they must meet for PCPV application, and an experimental evalua-
tion of the reliability of manufacturer-supplied calibration factors.

The following conclusions can be derived from the study:

1. Gage calibration factors should always be determined using rep-
resentative samples from the particular batch of gages to be used,.

2, Calibration test specimens should be of sufficient size to pro-
vide reliable results and should be fabricated using a representative
concrete mix. ‘ |

' 3. Gage selection should match the application; that 1s, a gage
suitable for use in a model structure may not be suitable for a proto-
type structure due to insufficient éage length,

4, Results indicate that research should be conducted on other mea-
surement techniques based on inductance, capacitance,'semiconductors,

and fluidic principles in an effort to improve meter accuracy.



Table 7.

Comparison of theoretical and experimental strain errors

Experimentally

Gage Equivalent Theoretical-
. cross—-sectZon Length-to-  Modular ratio determined
Gage type length X . error
(cr) radius radius ratio range (2) diff?rences
(cm) (%)
Plastic encapsulated Type A 6.0 0.45 13 0.1100-0.1700 +9.0 to +9.6 —11.8 to +26.5
Plastic encapsulated Type B 25.4 0.22 113 0.0800—0.0900 +#1.2 —1.0 to +11.0
Single wire 10.2 0.05 200 1.8700—3.2400 —.6 to —1.7 —1.0 to +27.5
Unbonded wire Type A 10.3 0.80 13 0.0001—0.0002 +12.0 +1.3 to +33.1
Unbonded wire Type B 10.0 1.00 10 0.0088—0.0095 +15.7 +8.9 to +19.0
Unbonded wire Type C 10.4 5.00 21 0.0020—0.0030 +47.3 —7.0 to —25.0
VWSG Type A 7.6 0.32 24 0.1800—0.2700 +#4.6 to +5.2 +18.8 to +33.3
VWSG Type B 14.0 0.32 44 Not available +9.7 to +14.0
VWSG Type C 12.7 0.79" 16 0.7800—1.00300 D to +2.0 +17.4 to +30.5
VWSG Type D 12.7 1.02 12 1.1500-1.2500 —-1.7 to —2.8 —11.2 to —16.5
VWSG Type E 10.2 0.71 14 +5.5 to +16.4
VWSG Type F 8.9 0.24 37 1.0500—1.3400 J to —1.3 +8.3 to +20.8
VWSG Type G 13.3 0.32 40 0.8800-1.6100 J to —2.2 +10.7 to +39.3

8¢
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Fig. 1. Inclusion in a solid body.



30

ORNL-DWG 78-4527

48 -
I I T T T 11Tl
o |- . . i
14 - . —
2+ —
i T ==
o — R =
z "2
g
e
» "4
a -~
Eo L LR=250 — _\—
o L/R=200 — __—
2 L/R=150
z 80
« Em| 7R 1-v2
& 1o 'TE] T 2-1—”‘(1-1/2) .
= ERROR = X 100%
(4 IR Em ATV
~12 U Ee 2-7—'1_—R(1-u2)
v=0.2
-14 |- :
"L/R =100
-16 |- L/R =50
L/R =20
-18 . L/R =10
o L1ttt
01 0.2 05 10

Fig. 2. Theoretical percentage error indicated by strain meters em-

bedded in a solid as a function of slenderness ratio (L/R) and modular’
ratio (Ep/Ep) for Poisson's ratio = 0.2.



31

ORNL-DWG 77- 3951

--- SURFACE GAGE
—— EMBEDDED GAGE

UNBONDED WIRE TYPE A

i il : :
— T 0
30 | wk=0575 "/
72k
— N 7/
7 //
20 [~ o ‘ 4 ! -3
- ‘v - I' // ]
. - / 7 p
— Ve /; / iy E5=30.86P0 _|
/ / / o S 2
/ / J » (8.6 x10%ksi)
o/, 7/ . y J £.=26306r0
; /E;=18.4GPa(267x10°ksi) ; BAD EMBEDDED GAGE JE=2390Po347:10%ksid  J  (382010%ksi) {4
= EE=8.O7GP0(|.|Txlosksi) H Es=25-26P°(3.65"03l=i) I £'E=2|.2 6Pa(3.08x10>ksi) $=15.2cm(6in.)
0 7/ g=Siemi2in ! ¢=76cm(3in) ¢=10.2¢m (4 in.) / '
o I | I | I y | L\~ | 1 0
o] 1000 2000 3000 [¢] 1000 2000 3000] 0] 1000 2000 3000‘ [¢] 1000 2000 3000
C ¢
L l I [ [ [ | | [ [
/ / /7 -5
w/c=0.500
30 . ,,'/ /
5 .~ ! — 4
o s ! =
s — - / / v
-~ -~ ’ 1 x
[%2] PR /, ~ II / [I —4 3 ;
0 20 [~ S ;S 7 i/ / o
’ ’ ! ) w
g ’ / i / I/ 1, E
n - ’1/ ll / ,/ ,I n n
w / 4 i 2w
2 0 ,7 ! i ifs=29.9spu Y
§ 4 £=20.16P0(2.91%10%ksi) | /Es-so.sepo(a.aauo’usi) l,?e's=31.scpo(4.59uo3usn 2_‘::;';’36:‘” a
@ ,'/ £;=15.6GPo(2.26:10%ksi) | / £ =12.86P0(1.86310%si) ¥ £, =23.4GPo(3.39x10%ksi) / oan10d Cor Y
2 ¢=5.1cm(2in) i/ ¢=7r.6cm3in) é=10.2¢m (4in) - ¢‘_,'5.2c,,:‘?'s’in., g
S o [N I S /28 R " A W' A B 08
¢’ 0] 1000 2000 3OOC‘)‘ [v] 1000 2000 SOO(J)‘ o] 1000 2000 3000, O 1000 2000 3000
| I L T I [ | I [ I | . .
90 — III \\ — 6
w=0.424 Y
L /’/ —s
4
30 , 7
s I/ I, — 4
— AR /"‘ / .
/ / ’ y
/ L=~ 7 / [/
0o~ / 7/ R !/ J 13
T4 / 4 1/ i
4 Fd 4
[} / / l’/ ’ -2
I/ /7 i £,=30.8 GPa
10. = /Es-zs.v GPo(3.87x10%ksi) | /E5=27.1 GPo(3.93x10%ksi) 1 £=339 6P0(4.92 10 ksi) (4.46 x 103 ksi)
14 L =174 GPa(2.52x10%ksi) ,'/ £ =130 GPe(LSOxlOsksi),'/ £.=26.0 GPa(377x10%ksi) ! EE“ZB-BSGP" -1
¥ #=5.1cm(2in) {/  $=T.6cm(3in) / $=10.2 ¢m (4in.} (4.48 x10%ksi)
[ _ ‘ J P=1D.2LM (61A)
o | I I I A L4} [ ' 0
o] 1000 2000 3000 o] {000 2000 3000 O 1000 2000 3000 (o] 1000 2000 3000
e, STRAIN (ucm/cm)
Fig. 3. Effect of specimen size and concrete strength on embedded

gage perfofmance (w/c = water-to-cement ratio by weight; Eg Young's
modulus obtained from surface strain gages; Ep = Young's modulus obtained
from embedded strain gages; ¢ specimen diameter).



ORNL-DWG 78-4447

H NO. 1, MIX NO. § s NO. 2, MIX NO. §
gma SPECIMEN DIAMETER = 5 { CM gsm SPECIMEN DIAMETER = 7.6 CM
F : F [

A A

c c

€ 2500 Eosen |

G G

A A

G G

E 2000 E2pea |

S i S

T T

R R

A 1589 A1sea |

I / I

N N

1989 wioed |

1 I

[ c

R R

0. 0

S:ee Sm I~

T T

R R

A A

Ia . I1a . —
N [) 2 E] 4 3 N [) ] H 3 4 3
1 RATID DIFFERENCE ) RATIO DIFFERENCE

H NO. 3, MIX MO, § . H ND. 4. MIN RO. §
FM SPECIMEN DIAMETER = 19.2 CM gm ) SPECIMEN DIAMETER = 15.2 CM
A A

c ¢

€ 25e0 E2see |

[ 6

A A

6 G

£ 2000 E2gee |

s s

T T

R R

A 1589 A15e9 |

I I

N N

M 1080 nioea |

I 1

¢ c

: :

0

gSee Os00 |

T T

R R

A A
. 1e Ig .
N ") 2 3 4 3 N ) | 2 3 4 [3
ek RATIO DIFFERENCE ) RATIO DIFFERENCE

Fig. 4.

Iffect of specimen

size, mix 5.

(43



ORNL-DWG 78-4448

3 NO. |, MIX ND. & S NO. 2, MIX NO. 6
R 3008 SPECIMEN DIAMETER = 5.0 CM gseeo ) SPECIMEN DIAMETER = 7.6 CH
F F :
A A
c [4
€ 2500 €500 |
G [3
e A
G
€ 2080 €2000 |
s s
T T
R R
A 1580 A1Se8 |
1 I
N N
n 1000 M1800 |
1 I
c c
: :
0 .
§50@ gse8e L
7 T
R R
A A
Ig . —_— Io "
N ) 2 3 4 s N [) 1 2 3 4 S
(2) RATID DIFFERINCE (1) RATIO DIFFERENCE
S NO. 3, MIX.Nn.O S NO. 4, MIX NO. 6
gsm SPECIMEN DIAMETER = 10.2 CM gam _ SPECIMEN DIAMETER = 15.2 CM
F F
A A
c c
E 2500 € 2500 |
G - G
5 s
[
E 2000 €2000 |
s s
T 7
R R
A 1509 ases |
I 1
N N
n 1820 niooe | M
I I
c c
: :
D
3500 gsee |
T T
R R
A A
Io - . 1o — N
N 2 E3 4 3 N ) 1 2 3 “ s
te) RATIO DIFFERENCE (e RATIC DIFFERENCE

£e

Fig. 5. Effect of specimen size, mix 6.



ORNL-DWG 78-4449

ZH>DV AL MO»6H MOP*>TMTCOV
g & § § 8
§ & & & &

@
8

ZHPD=-VODVOHI
@

z

NO. 1, HIX NOL 7
SPECIMEN DIAMETER = 5.1 CM

| 2 3
RATIO DIFFEEENCE

] NO.3, MIX MO 7
3 Y SF =
R3080 SPECIMEN DIAMETSF = 10.2 CM
F
A
c
E2s00 |
]
A
G
E2eap |
s
T
R
;|see L
N e
/ /
M 1089 L /
I
c
o
gses L
T
R
A
n Ig " —_
5 N ) 1 = 3 4 S
b EATIO DIFFERENCE

NO. 4, MIX NO. 7
SPECZMEN DIAMETER = 15.2 CM

s
u
R3680 _
F
A
c
€250 |
]
A
G
Ezea0 |
s
T
R
A1500 L
I
N
n1892 |
I
c
o
9sea {
T
R
A
Ie
N [)
{e)

2 3 4 s
RETIO DIFFERENCE

Effect

c¢f specimen size, mix 7.

ve



Fig.

1.

Calibration test setup.

ORNL-PHOTO 6049—77

GE



36

ORNL-DWG 78-4450

C: CALIBRATION TEST CYLINDER
g 1500 PLASTIC ENCAPSULATED TYPE ‘A’, NO. 1, MIX NO. |
F INITIAL LOAD CYCLE
A
C
E 1259
G
A
G
E uwaf
s
T
R
A 758 |
I
N
M 5ee |
T
c
R
0
s 250 |
3
R
A
B i A ek A A i
N e 258 500 758 1800 1258 1500
(a) EMBEDDED GAGE STRAIN, MICROSTRAIN
s CALIBRATION TEST CYLINDER
g 3000 PLASTIC ENCAPSULATED TYPE “A‘, NO. 1, MIX NO. |
F LOAD TO FAILURE
A
£
2s00|
G
A
G
E 2000
3 P
R e
A 1seel //,///r
I
N
n 1eeel
I
c
5
pe 500 |
T
R
A
I %] L - " L i i
N ] 500 1228 1500 2000 2500 3000
(h) EMBEDDED GAGE STRAIN, MICROSTRAIN
Fig. 8. Surface strain gage vs embedded gage output (plastic

sulated gage,

Type A, No. 1).
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Fig. 9. Surface strain gage vs embedded gage output (plastic encap-
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38

ORNL—-DWG 78-4452

s CALIBRATION TEST CYLINDER

g 1588 PLASTIC ENCAPSULATED TYPE ‘A’, NO.3, MIX NO. 3
F INITIAL LOAD CYCLE

A

£ 12sq

E 250

o]

A

G

E laaak

s

T

R

A 750 L

I

N

M S8o | 3

1

c

R

(o]

s 250 L

T

R

A

Io . . . . . s
N ) 250 500 750 1900 1250 1509
@ EMBEDDED GAGE STRAIN, MICROSTRAIN

\4.

s €&l TRRATION TEST CYLIMPER

g 3g20 PLASTIC ENCAPSULATED TYPE “A‘, NO. 3, MIX NO. 3
F LOAD TO FAILURE .
A

c

€ 2sea

G

A

G .

€ 2000

s

T

R

A 1509

1

N

M 10881

I

c

6

s 5ee |

T

R

A

1o . . N . N »
N ) 509 1000 1568 2008 2500 3000
h EMBEDDED GAGE STRAIN, MICROSTRAIN

Fig. 10. Surface strain gage vs embedded gage output (plastic en—
capsulated gage, Type A, No. 3). :



39

ORNL—-DWG 78—4453

5 CALIBRATION TEST CYLINDER .
gtsae PLASTIC ENCAPSULATED TYPE ‘A‘, NO.4, MIX NO. 19
F INITIAL LOAD CYCLE
A
C
€250 |
o ,
A
G
€Eia00 |
S
T
R
A758 |
I
N
MS@8 L
I
c
R
0
s2se |
3
R
A
Ig . . A N s S
N ) 250 500 758 1000 1250 1500
{a) EMBEDDED GAGE STRAIN, MICROSTRAIN
F
5 CALIBRATION TEST CYLINDER
g 3000 PLASTIC ENCAPSULATED TYPE ‘A‘, NO. 4, MIX NO. 19
F LOAD TO FAILURE
A
c .
E 2500
G
A
£ 2000
E 2pa0
s
T
R
A 1500
1 T
N
M 1809l
I
c
R
0
5 See |
T
R
A
Io N a N N . )
N ) 580 1080 1500 2000 2500 3200

S

EMBEDDED GAGE STRAIN, MICROSTRAIN

Fig. 11. Surface strain gage vs embedded gage output (plastic en- -
capsulated gage, Type A, No. 4).



40

ORNL-DWG 78-4454

‘| s CALIBRATION TEST CYLINDER
g 1500 PLASTIC ENCAPSULATED TYPE ‘A‘, NO. S, MIX NO. 21
F [ " INITIAL LOAD CYCLE
A
¢
€ (280
G
A
6
E 1000} B
s
T
R
A 788 |
I
N
M S@9 L
T
c
R
)
S 258 |
3
R
R
I o N . . . N s
N ) 250 see 758 - ) 1250 1500
@) EMBEDDED GAGE STRAIN, MICROSTRAIN
S CALIDRATION TEAT CTLINUER
v PLASTIC ENCAPSULATED TYPE ‘A‘, NO. S, MIX NO. 21
R 3008 )
P LOAD TO FAILURE
A
¢
€ 2500]
G
A
6
E 2008|
S
T
R
A 15e8}
T
N
M 1000L
T
c
5
S see |
T
R
A
b G| N N N N N s
N 0 500 1028 1500 2000 2500 3000
M EMBEDDED GAGE STRAIN, MICROSTRAIN
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Fig. 21. Surface strain gage vs embedded gage output (single wire
gage, No. 5).
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Fig. 22. Surface strain gage vs embedded gage output (single wire .
gage, No. 6).
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Fig. 23. Surface strain gage vs -embedded gage output (single wire.
gage, No. 7).
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Fig. 24. Surface strain gage vs embedded gage output (single
No. 8).
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Fig. 25. Surface strain gage vs embedded gage output (single wire
gage, No. 9).
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Fig. 26. Surface strain gage vs embedded gage output (single

Jgage, No. 10).
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Fig. 27. Surface strain gage vs embedded gage output (single wire
gage, No. 11).
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Fig. 28. Surface strain gage vs embedded gage output (unbonded wire
gage, Type A, No. 1).
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Fig. 29. Surface strain gage vs embedded gage output (unbonded wire
gage, Type A, No. 2). -
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Fig. 30. Surface strain gage vs embedded gage output (unbonded

gage, Type A, No. 3).
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Fig. 31. Surface strain gage vs embedded gage output (unbonded wire

gage, Type A, No. 4).
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Fig. 32. Surface strain gage vs embedded gage output (unbonded wire
gage, Type A, No. 5).
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Fig. 33. Surface strain gage vs embedded gage output (unbonded wire
gage, Type A, No. 6). ’ ’ )
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Fig. 34. Surface strain gage vs embedded gage output (unbonded wire

gage, Type A, No. 7).
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Fig. 35. Surface strain gage vs embedded gage output (unbonded wire
gage, Type A, No. 8).
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Fig. 36. Surface strain gage vs embedded gage output (unbonded wire

gage, Type A, No. 9).
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Fig. 37. Surface strain gage vs embedded gage output (unbonded wire
gage, Type A, No. 10).
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Fig. 38. Surface strain gage vs embedded gage output (unbonded wire
gage, Type A, No. 11).
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Fig. 39. Surface strain gage vs embedded gage output (unbonded wire
gage, Type A, No. 12).
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'AFig. 40. Surface strain gage vs embedded gage output (unbonded wire
gage, Type A, No. 13). ’
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Fig. 41. Surface strain gage vs embedded gage output (unbonded wire
gage, Type A, No. 14).
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Fig. 42. Surface strain gage vs embedded gage output (unbonded wire
gage, Type A, No. 15).
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Fig. 43. Surface strain gage vs embedded gage output (unbonded wire

gége. Tvpe A, No. 16),
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Fig. 44. Surface strain gage vs embedded gage output (unbonded wire
gage, Type A, No. 17).
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Fig. 45. Surface strain gage vs embedded gage output (unbonded wire .

gage, Type B, No., 1).
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Fig. 46. Surface strain gage vs embedded gage output (unbonded wire
gage, Type B, No. 2).
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Fig. 47. Surface strain gage vs embedded gage output (unbonded wire
gage, Type B, No. 3).
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Fig. 48. Surface strain gage vs embedded gage output (unbonded wire

gage, Type B, No. 4).
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Fig. 49. Surface strain gage vs embedded gage outpdt (unbonded wire
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Fig. 50. Surface strain gage vs embedded gage output (unbonded wire
gage, Type C, No. 2).
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Fig. 51. Surface strain gage vs embedded gage output (unbonded wire
gage, Type C, No. 3).
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Fig. 53. Surface strain gage vs embedded gage output (VWSG, Type A,
No. 1).
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Fig. 54. Surface strain gage vs embedded gage output (VWSG, Type A,
No. 2).
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Fig. 55. Surface strain gage vs embedded gage output (VWSG, Type A,
No., 3).
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Fig. 59. Surface strain gage vs embedded gage output (VWSG, Type C,
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Fig. 61. Surface strain gage vs embedded gage output (VWSG, Type C,
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Fig. 63. Surface strain gage vs embedded gage output (VWSG, Type D,
No. 1). :
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Fig. 64. Surface strain gage vs embedded gage output (VWSG, Type D,
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Fig. 66. Surface strain gage vs embedded gage output (VWSG, Type E,
No. 2).



95

ORNL—-DWG 78-4509

< CALIBRATION TEST CYLINDER

P 1se, VWSG TYPE ‘F’/, NO. 1, MIX NO. 8

f INITIAL LOAD CYCLE

A

C

€ yose

G

A

G

€ 1o00]

5

T

R

A 750 |

I

N

M See |

I

c

R

o

s 2se |

2

R .

A

I g . o . " . "

N ) 258 500 750 1800 1250 1500
@) 'DELTA FREQUENCY SQUARED X E-83
5 CALIBRATION TEST CYLINDER
Esaaa N VW36 TYPE ‘F/, NO. 1, MIX NO. 8
F LOAD TO FAILURE

A

c

Eogen |

G

A

s

E2eo0 |

3

T

R

A1s@0 |

I

N

Mie80 |

I

c

R

0

ssee |

3

R

A .

Ieg N o . — — 4
N ) 500 1000 1500 2000 2500 3000
) DELTA FREQUENCY SQUARED X E-83

*  Fig. 67. Surface strain gage vs embedded gage output (VWSG, Type F,
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