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ABSTRACT

A small strain gage was developed for the measurement of static and
dynamic strains when embedded in soil samples. The gage itself consists
of two sets of two coil discs; associated instrumentation includes electronic
driving, amplifying, and recording circuitry. One set of coils is embedded
in soil as the strain sensing element; the other is externally positioned to
serve as a reference. The principle of operation is that of an air core
differential transformer with a null balancing system to permit accurate
measurements of small strains,

The gage is a reliable precision measuring device. Results of static
and dynamic evaluations prove that the coils can be consistently placed in
soil specimens within the spacing and alignment requirements. Thus, the
gage accurately defines the relative position of two points in the soil and
accurately measures the change in spacing of these points when the specimen
is strained,

All indications are that the gage is well suited for the measurement of
strain in soil and that with further investigation of the ;Efect of gage presence
and appropriate modifications to reduce this effect, the gage may be used to
reliably measure both static and dynamic strains within a very small gage
length,
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1. INTRODUCTION

The objective of the program was to design, develop and verify
the operation of a small gage to measure strain in soil. The gage was
intended for the laboratory study of small soil samples under both static
and dynamic loading conditions.

To determine strain, the change in spacing between two points a
finite distance apart, must be known. The relative displacement of two
points in soil may be measured in two ways, First, the absolute displace-
ment for each point may be determined, the differential displacement being
the difference between the two. This method requires either a fixed dis-
placement reference outside the soil mass, or integration of acceleration or

velocity measurements.

A fixed displacement reference is impractical for most dynamic
applications. Integration and subtraction of the resulting numbers, which
are usually large as compared to their difference, introduces error of the
magnitude of the measurements.

The second, more practical scheme is direct measurement of
differential displacement. This may be accomplished by a transducer con-
necting two gage points (coupled strain gage). Gages of this type have been
developed and are available. Their use as a soil strain gage has usually
been on a larger scale for field testing. The principal disadvantage of this
type gage is the presence of the transducer which requires physical con-
nection between the gage points. Such a physical connection introduces a
body foreign to the soil within the gage .ngth, influencing the natural
response of the soil to deformations. Furthermore, it complicates place-
ment in that moving linkages must be Protected from binding due to inter-
ference of soil particles.

It appeared feasible to develop a gage which would have no
physical connection between the gage points (uncoupled strain gage), thus
eliminating the linkage and its disturbance and restraint on the surrounding
soil. A device based on a transformer principle of operation had previously



been used at the Armour Research Foundation to detect defects in rolled
steel plates. Preliminary investigations indicated that this principle could
be adapted to use as a soil strain gage. This gage would be essentially an
air-core differential transformer, the sensing elements being the primary
and secondary windings. Considering the advantages offered by an un-
coupled, direct measuring gage, we decided to direct the major effort to
the development of a gage of this type.



2. PURPOSE AND SCOPE OF INVESTIGATION

Ideally it is desirable to measure strain at a point. Physically
this is not possible. Instead, it is necessary to determine an average
strain obtained by measuring the change in spacing of two points a finite
distance apart. The purpose of this research was to produce a gage to
reliably make strain measurements in soil. Reliability of measurement is
meant to include: first, that the output of the gage accurately represents
the relative initial position of two points in the soil and subsequent dif-
ferential movements of these points; and second, that the movements
measured are those which would have taken place had the gage not been pre-

sent.

The program consisted of the following phases: (1) feasibility
study and prototype gage design, (2) bench evaluation of gage performance,
(3) evaluation of embedded gage performance for accuracy of measurements
under static and dynamic loads, (4) preliminary study of the significance of
gage presence on the measurements made, and (5) final gage design and
fabrication. ' '

Phases (1) and (5) were continuous throughout the program. Once
it had been established that the gage concept was feasible and a prototype
gage was constructed, an optimum design was sought through refinement of
the sensing elements and the backup electronic equipment.

Work on phase (2) began immediately after the development of
the prototype gage. This work was conducted in sufficient detail to deter-
mine adequately the suitability of the gage for use in soil. The third and
fourth phases were conducted simultaneously. The fourth phase was by far
the most difficult. Proper evaluation would require a comparison of dif-
ferent gage sizes in a controlled test series in which all parameters
involved could be evaluated. Neither the range in gage sizes nor the time
required for such a study was available for an investigation of this type.
Instead, it was decided to conduct a simple test in which gage performance
as defined in phase (3) could be thoroughly evaluated and from which some



feeling for the effect of gage presence could be obtained. This investigation
served quite satisfactorily for its primary purpose, and at the same time
established, beyond any doubt, the necessity of a thorough study of the
effects of gage presence.



3. GAGE DESIGN AND DEVELOPMENT

3.1 Design Criteria

The design criteria for the soil strain gage were based upon
considerations of the measurements to be made, the ideal concept of strain,
the operational environment, soil-gage interaction, and problems of gage

placement.

The measurements to be made were (1) initial gage length in soil
and (2) changes in this length as the soil deformed. The physical signifi-
cance of the results depends on the accuracy with which these measur ements
can be made. It is imperative that the gage be sensitive to small differential
axial movements, yet be insensitive to the lateral and rotational movements

created by lateral and shearing strains.

Strain cannot be determined ideally, i.e., at a point. It is
necessary instead, to use an average strain obtained by measuring the
change in spacing of twovpoints a finite distance apart. Obviously, only
when the strain is uniform in the zone between the gage sensing elements is
the measured average strain equal to the true strain. This physical limita-
tion becomes most significant in the determination of strains produced by a
passing ‘shock wave. Under these conditions, the strains will change most
rapidly in the vicinity of the shock front. Hence, the strain in the region
between the gage elements will be very non-uniform as the shock front
passes from one gage element to the other. The severity of this limitation
in actual application will depend upon the rise time of the wave front, but it
is clearly desirable to make the gage length as small as possible,

Frequency response is also important in dynamic me;lui'gment-.
High-frequency response determines the minimum rise time the gaie is
able to sense. In practice, rise time may vary from almost instantaneous,
as would occur at the soil surface under an air shock, to the gradually
applied static load. Thus, the greater the range of frequency response, the
greater the range of application of the gage.



Considerations of operational environment dictate that a gage
designed for use in soil must necessarily be insensitive to soil type and to
the moisture which the soil may contain.

Soil-gage interaction creates a difficult problem. Ideally, it
would be desirable to design a gage which would match perfectly the
characteristics of the soil which it displaces. Practically, this is not pos-
sible. The characteristics of soil vary not only with soil type, such as
clays, sands, and silts, but variations occur within any one type depending
on moisture content and degree of compaction. One can only hope to mini-
mize interaction effects by making the size of the inserted components as
small as possible and by designing the gage so that it is actuated with a
minimum resistance to free movement of the soil. For dynamic applications
it is also desirable to have the density of the gage components in the same
range as the density of the soil in order to minimize inertial effects.

Problems associated with gage placement must also be taken into
consideration in gage design. Since the gage under consideration is intended
for laboratory use, the problem of gage placement is not as acute as in the
case of a gage intended for field use. Frequently field measurements are
desired in natural soil deposits. Meaningful in situ measurements with an
embedded gage require extremely careful gage placement. Excavation for
gage insertion must be accomplished with a minimum of disturbance to the
surrounding soil. The gage must either be directly coupled to the natural
soil or the soil around the gage must be replaced in such a manner that the
natural characteristics are identically reproduced, virtually an impossible
task. Even if the gage is directly coupled to the natural soil the excavation
must be refilled. Differences in the characteristics of the backfill and the
natural soil deposit may influence the response of the soil in this region.
Field tests conducted in a controlled area which is excavated and then back-
filled still pose difficult problems. These tests are usually large scale and
a mechanical method of compaction such as large rollers is used. If gage
orientation or alignment is critical a special means of compaction probably
will be required in the area of the gage. This introduces the problem of
trying to duplicate on a small scale the compactive effort applied to the
remainder of the test area. If the gage is inserted after preparation of the



entire test site then the same problems exist as for in situ measurements.
In laboratory studies most specimens are remolded and in such cases the
gage may be embedded as the specimen is formed. However, some latitude
must be provided in the required gage alignment in the soil and provision
must be made for placement of the soil in the vicinity of the gage to ensure
homogeneity throughout the entire specimen.

The requirements of measurement and operation which the gage
must possess may be summarized as foilows:

(1) accurate determination of gage length

(2) sensitivity to small changes in gage length

(3) insensitivity to effects of lateral and shearing strains
(4) small gage length

(5) wide range of frequency response

(6) small size

(7) offer no resistance to movement to actuate the gage

(8) density in the range of soils in which it is used

(9) tolerable requirements of alignment to allow placement

(10) permit placement of soil in gage vicinity.

3.2 Gage Design

The gage concept found to most satisfactorily meet the established
criteria was the uncoupled strain gage. The gage consisted of two small
coils of copper wire embedded in the so0il with a second set of identical coils
external to the soil, each set of coils representing a primary and secondary
transformer winding. In this transformer configuration, the primary coils
are series connected to an a-c power source, and the secondary coils are
series connected to a receiving circuit. Each set of windingsg when
closely spacedg is linked by a magnetic field whose rate of change, bucause of
the a-c excitation, induces an alternating voltage in the secondary winding.
The magnitude of the induced voltage is a function of distance between wind-
ings, flux path permeability, strength of excitation and number of turns.



An initial experimental-circuitry setup (Figure 1) indicated that
it was feasible to use this principle in the design of a soil strain gage. Two
sets of coils are used to increase sensitivity to differential movements.
This is necessary because the percentage voltage change measured across
one sensor coil for small changes in spacing is small. However, with the
two sets of coils connected so that the resulting signal is the difference of
the individual coil outputs, the percentage change in output voltage is greatly
increased. This voltage was amplified to increase sensitivity so that changes
in spacing at least as small as lper cent of the nominal spacing could be
detected. This arrangement is referred to as a null-balance system.

Scnsor Coils
/~ (secondary windings)

Hewlett Hewlett
Packard Packard
Oscillato VTVM

+ W
(50 kc)

D+iver Coils
(primary windings)

Fig. 1 STRAIN-GAGE CIRCUITRY




Figure 2 shows the basic components of the air-core differential-
transformer setup for the application as a soil strain sensor. When the
driver coils (primary windings) were energized with a high frequency
a-c current, voltage was induced in the pickup coils (secondary windings).
The spacing of the embedded coils was then determined by adjusting the

external micrometer mounted coils until a null was obtained.

The accuracy with which gage length (initial coil spacing) can be
determined (when perfect alignment conditions exist) depends on the uniform-
ity of coil construction. If the driver coils were identical,'then the mag-
netic fields generated would also be identical. Simila}ly if the pickup coils
were identical, then the induced voltages would be identical for the same
spacing. The best fitting was obtained by constructin’g a number of gages
and checking them in pairs by trial and error. By this procedure it was
possible to make the null spacings agree within 1 per cent over a minimum
range of spacings of 0.2 in. to 0.5 in.

Perfect alignment conditions cannot, of course, be realized.
This would impose too great restrictions on placement, and even if perfect
initial alignment were possible, lateral and shearing strains might produce
some lateral relative displacements. To reduce sensitivity of the device to
small misalignments, the driver coils were made larger in diameter than
the pickup coils. This was accomplished by winding the driver coils with a
greater number of turns and a larger inside diameter. A ratio of two to one
was used for both the number of turns and the inside coil diameter. This is
contrary to efficient transformer design because induced voltage is directly
proportional to the number of winding turns. However, in this manner the
area of uniformity of the magnetic field created by the driver coil was
greater than the cross sectional area of the pickup coil. This allowed the
pickup coil to move laterally within this uniform area with negligable effect
on gage output. The actual amount of movement allowed is dependent on the
coil spacing and varies somewhat with the uniformity of coil construction.

Investigation of ID ratios of 4:1 showed slight improvement in
performance, but it was decided the advantage gained was not great enough
to justify the corresponding increase required in driver coil OD.

e bl S G o, N s i
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Fig. 2 PICTORIAL DIAGRAM OF SOIL STRAIN GAGE
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Minimum coil size was dictated by considerations of sensitivity
and the physical limitations on winding. Initially, coils were wound with
500 turns on the driver coils and 250 turns on the pickup coils. It was '
found that this could be reduced to 300 turns on the driver and 150 on the
pickup without seriously impairing the sensitivity of the gage. Number
40 wire (Formvar Magnetic wire) was considered the smallest size practical
to work with. As technique in working with the wire and winding coils
improved, it became possible to wind the coils to a thickness of 1/32 in.
These coils were then molded in an epoxy which served as insulation against
moisture and contributed the necessary sturdiness. A covering of 1/64 in.
was provided on each side of the coil, making the total encapsulated coil
thickness 1/16 in. The outside diameter of the coils was made 3/4~in. to
accomodate the required number of driver coil windings and to allow the
lead connections to be encapsulated.

The density of the coils, as constructed, was approximately
120 1b per cu ft. This is in the range of most soils and in this respect is
considered to be quite satisfactory.

While the coils, differentially connected, represent the basic
elements of the gage, electronic circuits to amplify, demodulate, indicate
signal levels and maximize sensitivity, as well as the adjustable precision
coil mount are necessary parts of the gage apparatus and had to be designed
specifically for this system.

The strain-gage electronic components consist of a crystal con-
trolled 50-kc oscillator and drive~coil power amplifier. The pickup coils
are connected to an amplifier, which in turn is connected to a ring demodu-
lator, filter, and meter. The 50-kc oscillator is a standard component
manufactured by Delta-F of Geneva, Illinois. The unit is powered by a
Dessen-Barnes 30-volt, 325-milliampere power supply.

Figure 3 is a circuit diagram of the complete system. The 50-kc
Delta-F oscillator has an output of approximately one volt at 600 ohms.
This signal is amplified by transistor Q 1 to a level of approximately 10 volts
measured at the output of the 10-turn winding of the transformer Tl to which

-1 -
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the driver coils are connected. The pickup coils are connected differentially
so that for equal spacing between the two sets of sensor and driver coils the
resultant output is zero. When the spacing of the two sets is different, a
small differential voltage appears at the input of the amplifier. Once
amplified, the signal of interest is the envelope of this high-frequency car-
rier, since it is this amplitude which is proportional to the coil spacing. To
separate the envelope from the high frequency carrier, the signal must be
demodulated A conventional ring demodulator was used. This type de-
modulator is sometimes called a synchronous detector and permits operation
with a suppressed carrier. The demodulator output, therefore, is zero
when the carrier input is zero or nulled, and is either positive or negative
in polarity when the two sensor coil voltages are not equal. The polarity
depends on which coil has the larger voltage, thereby indicating whether the
coils which would be embedded in the sample have moved closer together or
farther apart. The maximum signal level with one set of coils placed close
together and the others set far épart is 20-v peak-to-peak measured across
TP1 on the rear of the unit. The capacitors, Cé in the collector circuit of
the second amplifier Q3 and C7 in the driver coil circuit provide filtering of
harmonics and correct phase error. The response of the electronics is
restricted to 10-kc by the output filter which follows the demodulator circuit.
A meter is provided for accurate nulling along with sensitivity range con -
trols.

A Dressen-Barnes Model 20-30 transistor power supply is built
into the instrumentation package. A circuit diagram of the supply is shown
on Figure 4. '

The shock-front rise time which the gage can sense is governed by
the reaction time of the entire circuitry. The oscillator produces a 50-kc*
signal and theoretically the gage should sense a shock rise time of 20 sec.
However, lag is introduced throughout the circuitry as each component
functions. The reaction time of this system as a whole is of tixe order of
75 p sec. This is felt to be suitable for most applications.
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Figiu-e 5 displays the components which constitute the soil strain
gage in its finalized form. These consist of two sets of coils, the adjustable

precision coil mount, and the electronic auxiliaries,

Conventional trouble-shooting techniques should be employed in
servicing this instrument. For aid in servicing and maintaining the instru-
ment the following information is included in Appendix I: Component parts
listing (TableI- 1), Component parts location (Fig.1-1), the Dressen-Barnes
parts list(TablcI-2),and the Dressen-Barnes power supply manual.

3.3 Operational Procedure

There are four controls on the soil strain gage instrumentation
package. Three are on the front panel and the other is accessable from the
side of the instrument. The following procedure should be followed in

alignment of the instrument to assure accuracy:

(1.) Place both sets of coils on adjustable micrometer coil mounts
The rods on which the coils are mounted are nonmetallic to avoid
any distortion of the magnetic field. The micrometer head pro-

vides mechanical means of accurate adjustment of coil spacing.

(2.) Before the instrument power is turned on observe the meter
reading. If the meter reads off the zero mark, adjust the meter

zero adjustment control to obtain a zero reading.
{(3.) Turn on power.

(4.) Allow unit a minimum of 15 minutes warm up time to reach a
stable operating temperature. Place the range selector to the
calibrate position and observe the meter reading. If the null
meter does not read zero connect a CRO or an a-c voltmeter to
TP-2 (on the rear of the instrument) and ground, and observe the
voltage level Adjust the demodulator balance controls (on the
side panel) to obtain a d-c null and a minimum a-c level. If the
meter reads only slightly off null, a-c level may be neglected and
adjustment of one of the demodulator balance controls to obtain null
is sufficient. The adjustment should be checked periodically dur-
ing testing.

- 15 -
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(5 ) Adjust the micrometer coil mounts so that both coils are
spaced at about 0.4 in. (or approximately the expected embedded
spacing). Place the range selector switch on low sensitivity.

If the meter moves far off null, and there is little or no effect by
adjustment of the micrometer, the coils are differentially con-
nected and one coil connection must be reversed. If coil connec-
tions are reversed, recheck null in the calibrate position as null
may change slightly. With coil connections properly established,
move the range selector switch to high sensitivity and adjust both
micrometers to the same setting. Release the set screw locking

‘the stationary coil position (on the coil set which is to serve as
the external reference coils). Adjust this stationary coil position
to obtain null, and lock the stationary coil in position. This
compensates for nonuniformities which may exist in the generated
magnetic field at approximately the expected test spacing, and

also for any difference in the thickness of the coil epoxy coating.

(6) The -ange selector switch should now be placed in the off
position. The coils which are to serve asthe embedded sensing
elements may be removed from the micrometsr mount and
inserted in the test specimen.

Note: Do not remove the coils from the micrometer mount
with the range selector switch on high or medium sensitivity
positions or the resulting rapid off-scale indicator move-
ment may damage the meter
Upon completion of specimen preparation the range selector switch
should be set to low sensitivity and the externally mounted coils adjusted by
the micrometer screw to obtain a null at the indicator. The next procedure

depends on whether the imposed loading on the specimen is to be static or

dynamic

= For static measurements the following procedure is recommended:
Set the range selector switch to high sensitivity. This makes the gage
sensitive to differential movements of the order of 0.3 per cent of the coil
spacing. As the specimen is deformed, continually renull using the micro-

meter head to reposition the externally mounted coils. The spacing of
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these coils will then follow the spacing of the embedded coils.

For dynamic measurements a different procedure must be used
since it is not possible to continually renull. In this case, it is first nec-
essary to estimate the maximum change which will occur in coil spacing.

The externally mounted coils are then offset by this amount and the sensitivity
controls adjusted to give maximum sensitivity without overdriving the amplifier.
Gage output is also fed to an oscilloscope where sensitivity controls again

must be adjusted to maintain the signal on the scope over the entire range of
movement expected. With both strain gage and scope sensitivities set, thz
gages are then calibrated. This 18 done by moving the externally mounted

coils through a series of incremental changes and noting the corresponding
signal displacement on the oscilloscope. These displacements are of opposite
phase but equal magnitude to those which are caused by identical differential

movements of the embedded coils under an applied dynamic load.
The following procedure is suggested for oscilloscope calibration!
(1.) The oscilloscope selected should have a d-c vertical
amplifier.

(2.) Make an estimate of the maximum coil spacing change expected.
it the scope set to sweep repetitively at some reasonable rate
(0.5 or 0.1 milliseconds per division) null the output by observing

the meter.
{ 3.) Set this line at the top of the scope face.

{4.) Separate the coils on the precision coil mount, from the null

position to the distance estimated in step 2.

(5.) Adjust the gain of the scope so that this level is represented
by the sweep line near the bottom of the scope face.

( 6.} Return to null and photograph that line.

( 7.) Photograph a line spaced a desired distance down (sucha 1 cm
from the null line or that which would be produced by adjusting the
coils 0,005, 0.010, or 0.020 in. further apart from null). Photo-
graph a series of sweeps in equal increments, and then return to
null.

-18 -



(8.) Adjust scope sweep rate to that estimated to be appropriate
for the test.

(9.) Adjust the scope sensitivity so that only one complete

sweep will appear during the test. The instrument is now ready

to record the transient strain pulse. Figure 6 i8 an example of how
the calibrated scope face would appear in the photograph.

A complete operation manual will be issued with the soil strain

gage for convenience in maintaining and operating the equipment.
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4. EVALUATION OF GAGE PERFORMANCE °

4.1 Bench Evaluation of Gage Performance

The principle of operation of the soil strain gage relies on the
exact uniformity of the magnetic fields between the two sets of coils; one
set placed in the soil, the other placed on a precision-adjustable coil mount.
Because the lines of flux of the magnetic field are influenced by the permea-
bility of the medium in which they exist, the initial investigation examined
the possible effect of soil and moisture upon the magnetic field of the em-
bedded coils. Sand, kaolinite clay, illite clay, and bentonite were used for
this investigation. Both sets of coils were placed on the precision mounts
and adjusted to a null position. Each soil in the air-dry state was then
placed in turn around one set of coils, and the coils renulled at various gage
spacings. In no case was the accuracy of null affected by the presence of
the soil. The procedure was then repeated with water added to the soil;
again no effect could be detected on the null position.

One set of gages was then immersed in water to ensure that ade-
quate protection against moisture was being provided by the epoxy coating,
and to determine if the difference in flux permeability between air and water
affected the performance of the gage. Again no effect could be detected.

A soil containing iron might be, it was thought, the worst condi-
tion in this respect. To check this the gage was embedded in dry kaolinite
clay containing iron powder. Mixtures of 2 per cent and 4 per cent of iron
powder by weight were placed around one set of coils.

The results of this investigation are presented in Figure 7. Per
cent error in spacing is based on the true spacing of the coils surrounded
with soil. Disagreement in coil spacing in air (without soil surrounding
either gage) is due to slight nonuniformities in coil construction, as seen it
is only 1 per cent at 0.2-in, spacing and within 0.5 per cent from 0, 3-in,
to 0, 6-in. spacing. The addition of 2 per cent iron powder has ho effect.
The difference in this curve and that for air is within the capability of deter-
mining null, The addition of 4 per cent iron powder results in a curve
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almost identical to the first two, out to a spacing 0.5-in., except that it is
shifted upwards about 1 per cent. Beyond 0.5-in. sensitivity diminishes
rapidly and the reliability of the gage is considered to be questionable.

Four per cent magnetic mineral content is considered to be as high a per-
centage as would normally be found in soils. If a soil with higher magnetic~
mineral content were encountered, compensation could be made by inserting
soil of the same type between the reference coils. If identical conditions
were produced in the spacing between the embedded coils and reference coils,

this source of error would be eliminated.

Sensor

Driver -7 e
H \N—" /__ } (rotational)
U /_ — _?___ .

X (lateral)

'-‘—I—-—* (longitudinal)

Fig. 8 COIL POSITION PARAMETERS

The effect of lateral and rotational misalignment was next
investigated (Figure 8). To examine these effects one set of coils was
positioned on a machinists jig to allow lateral and rotational movements.
The other set was positioned on the micrometer mount. The system was
energized and the coils nulled at a spacing of 0.100 in. The coils on the
micrometer mount were then displaced 0.001 in. and the differential voltage
recorded. The system was then renulled and the coils on the jig laterally
displaced until the same differential voltage was generated. This displace-
is the amount of lateral misalignment which will cause a 1 per cent error in
the determination of gage spacing. Lateral displacements required to pro-
duce 2 per cent and 3 per cent error in spacing were similarly determined.
The coils were then realigned laterally and the rotation which caused the dif-
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ferential voltage for 1 per cent change in spacing to be generated was deter-
mined. This procedure was then repeated at coil spacings of 0.2, 0.3, 0.4,
and 0.5 in. Table ] summarizes these results.

TABLE 1

COIL MISALIGNMENT FOR PERCENTAGE ERROR IN DETERMIN-
ATION OF COIL SPACING

Lateral Misalignment, Rotational Misalignment,
. (in.) (deg)
Gage Spacing, 1
(in.) Per Cent Error
1% 2% 3% 1%

0.1000 + 0.020 1+ 0.030 + 0.036 +5
0.2000 +0.032 + 0.045 + 0.060 +8
0. 3000 + 0.040 +0.058 +0.072 +8.5
0.4000 + 0.050 + 0.068 + 0.082 +9
0.5000 + 0.060 +0.078 +0.090 +11

The performance of the gage with respect to rotational misalign-
ment is felt to be adequate. Experience gained in working with the gage has
shown that there is sufficient latitude tolerable to allow for proper placement.

Lateral misalignment is more of a problem with respect to place-
ment. While the gage is much less sensitive to lateral motion than to axial
motion, the lateral motion required to produce 1 per cent error in the nulled
spacing is of significant magnitude with respect to percentage of spacing
distance (approximately 15 per cent at 0.2 in. spacing and 12 per cent at
0.5 in. spacing). In terms of actual distance this allows only 0,06 in, at
0.5 in. spacing, implying rather stringent requirements on placement of the
coils, especially if some method of physical disturbance is used to compact
the specimen.
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The effect of initial misalignment upon determination of incre-
mental change was also investigated. For static measurements this effect
can be seen from the data in Table 1, (since statically one continually re-
nulls the system to determine the change in coil spacing). For example, if
the coils were misaligned 0.06 in. laterally at 0.500 in. spacing, the expected
per cent error in determination of spacing would be 1 per cent. Movement
of the coils inward to 0,2000 in. spacing without further increase in mis-
alignment would increase this error in determination of spacing to only 3 per
cent. Dynamic measurements, however, rely on monitoring the differential
voltage generated when the coils are displaced from the null position.
Measurements were made to determine if any significant difference in the
generated output for a given differential displacement of the coils from null

occurs with the coils aligned versus misaligned.

The procedure followed was to null the gages when aligned, and then
axially to displace the reference coils on the precision mount 1 per cent of
their spacing. The coils were renulled by laterally misaligning the other
coils. The reference coils were then moved through a series of incremental
changes over a range of + 20 per cent of the coil spacing and meter output
determined. The system was then renulled and the incremental changes in
spacing of the misaligned coils to produce these same meter readings deter-
mined. This procedure was then repeated for rotational misalignment.
Figures 9,10, 11, and 12 show the results obtained for spacings of 0.3 and
0.5 in.

Figure 9 presents the data for lateral misalignment at 0.3 in.
épa.cing. As seen, the output for both coils is identical for movement of the
coils together, which simulates compression of the specimen. For outward
coil movements, simulated tension, the greatest difference in gage spacing
for the same generated differential voltage is 0.002 in. occurring from about
0.03 in, to 0.04 in. incremental change. This represents a maximum error
of 7 per cent in the determination of incremental change at about 10 per cent

tensile strain.

Figure 10shows the data for rotational misalignment at 0.3 in.
spacing. The curves are virtually identical to those for lateral misalign-
ment and the same comments apply.
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Figure 11 shows data for lateral misalignment at 0.5 in. spacing.
The variance in the curves in the compressive direction represents an error
in determination of incremental change which gradually increases from zero
to 0.001 in, at 0.02 in. incremental change, or approximately 5 per cent
error at 4 per cent strain. This per cent error then remains constant
throughout the entire range of gage sensitivity. For outward movement of
the coils the error increases gradually to approximately 10 per cent at
4 per cent strain. Apgain it then remains almost constant throughout the

range of gage sensitivity.

Figure 12 is for rotational misalignment of the coils at 0.5 in.
spacing. Correlation is much better in this case with essentially no error
for compressive movement of the gage up to approximately 12 per cent strain.
The error then increased to about 5 per cent at the ultimate range of gage
sensitivity. In tension there was essentially no error up to 4 per cent strain.

Beyond this, an error of approximately 5 per cent was found.

The above performance of the gage is felt to be satisfactory. It is
unlikely that strains greater than 4 or 5 per cent will be encountered with
soil in tension. Ten per cent is probably maximum in compression under

dynamic load.

4.2 Static Evaluation of Gage Performance in Soil

Evaluation of the gage under static loads was undertaken to deter-
mine (1) the ability to consistently place the coils within the design tolerances
of lateral and rotational alignment, (2) the effects of lateral and shearing
strains which would tend to create further misalignment of the coils, and

(3) the effect of gage presence upon the induced strain field.

It was not felt that all these effects could be adequately studied in
this program. A thorough investigation of the effect of gage presence would
require comparison of relative gage size in a controlled test series. A range
in gage sizes was not available and since the gage was in the developmental
stage, initial study had to be restricted largely to the first two effects. It
was decided, therefore, to conduct a simple test in which these effects could
be properly evaluated and at the same time some feeling for the effect of
gage presence could be obtained.
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The test selected was the unconfined compression test using
cylindrical specimens of kaolinite clay. A range of moisture content was
used to investigate the effects of varying soil stiffness. Figure 13 lists the
characteristics of the kaolinite clay and shows the unconfined compression
load-deformation curves for the extremes of water contents used. These
data indicate the range in soil stiffness examined. Because the testing
procedure followed was directed towards strain comparison, complete

load-deformation records were not obtained for every test.

By using a clay as the test medium, a check could be made of
misalignment introduced in placement and any further misalignment produced
by straining the specimen by carefully slicing through a tested specimen to
expose the coils and then mechanically measuring the gage spacing. This was
then compared with the final position as determined by gage output.

Investigation of gage effect was limited to a comparison of gage-
computed strain with average strain computed from total deformation of the
specimen and with strain computed from surface measurements. These sur-
face measurements were used to compute strain graphically in the following
manner. The original position of horizontal lines marked at intervals long-
itudinally on the specimen, as measured from a stationary reference point,
were laid off as the abscissa. The measured absolute movement of each line
was plotted as the ordinate. The slope of the obtained plot is the strain. As
such, it was thought that a uniform strain field might be generated in the
specimen up to 3 to 4 per cent strain. However, this was definitely not the
case. Although these comparisons cannot indicate the degree to which the
presence of the gage influences soil response, they do provide some estimate
of the significance of this effect. Tests were conducted with two coil sizes.
The first coils developed for the project were 0. 15-in, thick by l-in. dia-
meter. The final coils were 1/16-in, thick by 3/44n. diameter.

The procedure used was as follows: remolded specimens were pre-
pared in molds 2.8 in. diameter, 4-in. high and 2.8-in. diameter, 6-in. high
which were lightly coated with grease to facilitate specimen removal. The
clay was compacted in layers using a Harvard Miniature compaction tamper.
The gage was inserted in the specimen at approximately mid-height during
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preparation. Tests were conducted with the gage embedded at the axial center
and at the periphery of the specimen. It was found necessary to stabilize the
relative coil position while the soil was being compacted to maintain proper
coil alignment. This was accomplished by inserting a 1/16 in. diameter rod
through the center of the two coils. The rod was withdrawn after completion
of the specimen. After the specimen was removed from the mold, a knife
edge was used to score the surface horizontally at intervals, to provide a

means for measuring surface strains.

The specimens were then tested in unconfined compression; total
specimen deformation was recorded by means of a dial gage. The method of
loading was controlled strain modified in that loading was halted at intervals
to permit surface measurements to be made with a cathetometer equipped

with a vernier scale to permit measurements to the nearest 0,005 cm.

After completion of the test the specimen was carefully cut in
layers until the top of the first coil was exposed. A dial gage was then
positioned above the gage as shown in Figure '! Several readings were
taken over the gage face and an average value was obtained. The specimen
was further cut until the second coil was exposed. Again several dial gage
readings were taken and the average was obtained. The difference of these
two values less the thickness of the upper coil was used to get the clear coil
spacing. These measurements are felt to be accurate to within 1 or 2 per
cent. Table 2 is a tabulation of final coil position as measured mechanically
and as determined from reference coil position for all tests.
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Fig. 14 DIAL GAGE APPARATUS FOR DETERMINA -
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TABLE 2

FINAL COIL SPACING

Coil Spacing - (in.) Per Cent
Test Mecliarzxicl:)a::ych::: sured, Reference Coil ?dlefiellt'zerr;:el:ts

1 0.353 0.3485 1.27
2 0.445 0.4574 3.02
3 0.365 0.3640 0.27
4 0.420 0.4257 1.36
5 0.391 0.3993 2.12
6 0.273 0.2703 0.99
7 0.409 0.4142 1.27
8 0.501 0.4950 1.22
9 0.493 0.4805 2.10
10 0.410 0.3927 4.20
11 0.311 0.3228 3.80
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The per cent error was computed assuming the mechanically measured
distance to be the correct spacing. This error includes the effects of both
misalignment in placement and any additional misalignment resulting from
lateral and shearing strains in deforming the specimen. As may be seen,
the largest error is 4.2 per cent with the average being 2 per cent or less.
These results definitely established the reliability of the physical measure-
ments of the gages under static load applications.

Figures 15 to 21 compare gage computed strain to average strain,
Figure 15 shows the ratio of the strain computed from gage output to the
average strain for the larger gage embedded in the center of 4-in.- high spec-
imens. It may be seen that this ratio is usually greater than unity. This is
as might be expected since in the shorter specimen end effects would be
relatively much greater. The adhesion of the specimen to the end plates
tends to make the clay stiffer in those regions. Because of this, the strains
at the center of the specimen would be expected to be greater than the
average. Figure 16 is a similar plot for the smaller gage. Again it can be
seen that the ratio is greater than unity. Very little difference in strain
results from the difference in gage size. It is suprising that in some instances
the gage strains are as much as 20 per cent greater than average at only

2 per cent average strain,

Figure 17 is a graphical solution for strain based on surface
measurements for test no. 5 (see Table 2) with the smaller gage. On this
basis it appears that the periphery strain is fairly uniform along the speci-
men length and compares well with average strain up to about 5 per cent strain.
This is typical for those cases in which the gage was embedded in the center
of the specimen. Above 5 per cent strain, the correlation is not as good, due
to distortions on the surface resulting from the formation of failure planes.

Since the strain appeared to be uniform longitudinally along the
specimen surface, it was decided to place the coils at the periphery.
Figure 18 shows the ratio of gage computed strain to average strain for gages
embedded at the periphery of the specimen. As can be seen, the ratio rapidly
becomes less than unity for the small gage and is much less than unity for the
larger gage embedded in a softer specimen, The strain, as computed from

- 36 -



surface measurements, also becomes distorted (Figures i9 and «0),. The
curves tend definitely to flatten out in the region where the coils are located.
It is believed that the effect of gage presence was more pronounced at the
periphery due to boundary conditions since there was much less soil sur-
rounding the gage forcing it to move together

Following these experiments, the gages were centrally embedded
in 6-in long specimens and again loaded statically. It was anticipated that
here end effects should be reduced resulting in a more uniform distribution
of strain throughout the specimen Figure 2! shows the ratio of gage strain
to average strain for both size gages. In these tests the stiffness of the soil,
assuming the stiffness to vary inversely with the moisture content, was the
dominant factor Both gages recorded greater than average strain in the stiffer
soil and less than average strain in the softer soil condition. This was
probably due to a combination of two effects, i e., (1) the coil was very stiff
in comparison to soil, hence, the stiffer the soil the less the stiffness mis-
match, and the less the effect of gage presence, (2) at the higher moisture
content the soil is above the sticky limit and adheres to foreign materials,

thereby further complicating the soil-gage interaction problem.

Another factor which was considered was the location of failure
within the specimen. If a failure plane occurs through the gage length
(Figure 22a), it is quite understandable that gage strain could be greater than
average strain only over the length ll while the strain is computed from 1.
However, the gage experiences slippage over its entire length Figure2?b
depicts a possible failure intersecting the coil discs. It is probably that
this type of failure occurred in test no 11 (Figure2'). While the actual
location of the shear planes with respect to the coils could only be estimated
on this test because the gage was centrally embedded, it did appear that the
upper sliding wedge of the specimen was definitely above the coils. As is
suggested in Figure 27'b, this tends to force two so0il wedges out and can ;
cause extremely high stresses in the gage area, producing strains much
greater than average Figure 2:.c shows a possible failure plane outside the
gage area Average strain in this case would be increased by any slippage
along the failure plane while the gage would be sensing only the compression
of the specimen away from the failure zone. This could explain the reluiltn

:
H
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Absolute Cross Section Displacement, Ax, (in.)
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.200}~ /
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. 100 ’
o
q
. 050
0 1 2 3 ’ 4 o
Initial Cross Section Position, ) (in.)
19 STRAIN BY GRAPHICAL DIFFERENTIATION, LARGER COIL

EMBEDDED AT PERIPHERY OF 4-IN. LONG SPECIMEN
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Absolute Cross Section Displacement, Ax, (in.)

0.400

0.350

0.300
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0.100
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Fig.
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— ] X
x, }' f RS
h—
Slope = 0,0563
Average Strain = 0,103
Gage Strain = 0.0485
e
.
x
= 2
/e Slope = 0.0256
Average Strain = 0.0510
Gage Strain = 0.0265
e
B A 1 Slope = 0.0128
i Average Strain = 0.0260
] o Gage Strain = 0.0122
A
. L |
0 1 F] 3 4

Initial Cross Section Position, x, (in.)

20 STRAIN BY GRAPHICAL DIFFERENTIATION, SMALLER
COIL EMBEDDED AT PERIPHERY OF 4-IN. HIGH

SPECIMEN
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T |
i

’ (b) (c)

Fig 22 POSSIBLE LOCATIONS OF FAILURE PLANES:
{(a) Through Gage Lenjth, (b) Through Coil Discs,
(¢c) Outside Gage

e —

of test no 2 (Figure 15), the only test in which gage strain was less than

average strain for the gage centrally embedded in a 4-in. ~high specimen

It is felt that location of failure planes may be significant even at
less than |l per cent strain. From Figure 14, it may be seen that the slope .
of the load-deformation curve begins changing at approximately 0. 02 in
deflection. In the specimen, this corresponds to 0.33 per cent strain. This
change in slope could indicate the formation of failure planes and the begin-

ning of effects discussed above at small percent strains.

In summary, it appears that the presence of the gage does distort
the strain being measured to some extent With the coils placed at the spec-
imen periphery, surface measurements are distorted. This shows up as
increased soil stiffness in the vicinity of the gage It is believed the effect
of the gage is more pronounced at ‘he periphery where there is less soil
surrounding the coils forcing movement together There is probably greater
effect of gage presence in very soft clay than in stiff clay due to greater dif-
ferences in the relative rigidity of the coils and soil and the increased
adhesion between the softer soil and the coils. Conclusions relating to gage
gsize cannot be drawn in that the nonuniformity of strain throughout the speci-

men is of far greater significance than the difference in gage sizes used.

Tests were next conducted to compare strain from gage output with
average strain in sand specimens. These specimens wer: formed by pouring
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sand into a 2. 8-in -diameter, 6-in -long mold with a rubber membrane lin-
ing. The sand was poured from a height of 18 in. to produce a medium-
density (approximately 106 1b per cu ft, Figure 22) specimen. The gage was
inserted as the specimen was prepared using the following procedure: Sand
was poured to a predetermined level, near mid-height of the specimen. A
coil was placed on the sand surface, positioned in the center of the mold by
a 1/16 in diameter rod inserted through the center of the gage. Sand was
then poured to a second predetermined level from 1/4 to 1/2 in. higher.
The second coil was then slid down the rod and centered at this level. A
slight amount of additional sand was then poured and the rod removed.
Preparation of the specimen was then completed. A vacuum was applied to
the base of the mold and the membrane liner sealed over a cap at the top of
the specimen. The mold walls were then removed and the specimen was

ready for testing

Tests were again conducted applying a controlled rate of strain.
Figure 23 shows the ratio of gage strain to average strain for both size coils.
Gage strain was less than average strain for all but one measurement. The
nonuniformity of strain throurhout the specimen and location of failure planes”
probably contributed significantly to scatter However, it appears that gage
size effects in sand were more critical than in clay. This may have been due
to frictional resistance between the sand particles and the coil discs, a con-
dition similar to that which occurred in clays with high moisture content. In

fact, the results were very similar

4 3 Dynamic Evaluation of Gage Performance in Soil

Evaluation of the gage under dynamically applied loads has to date,
been confined to verification of gage output. For this investigation, the coils
were embedded at the periphery of a remolded clay specimen. The pro-
cedure of specimen preparation and gage insertion was identical to that
followed for the static tests. After removal of the specimen from the mold
it was trimmed rapidly to expose the edge of the coils. A Fast:: camera was
then positioned to record coil movement during transit of an applied shock

load caused by dropping a weight on the specimen,
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Gage sensitivity and calibration varied with coil separation or
spacing. Because of this, calibration was required after the coils wo. o
embedded in the test specim~n and this separation determined. Calibration
was, however, a short and simple procedure which was accomplished im-
mediately prior to testing, thereby eliminating possible errors which might
have introduced changes with time and temperature. The procedure was

that given in section 3.3.

Load was applied by means of a falling weight. The specimen
was positioned beneath a 3 in. diameter tube through which a 5-1b weight
was dropped from a height of 8 in. Gage output was recorded on an oscil-

loscope which was triggered as the weight left the tube.

A plot of gage spacing versus time was then obtained from both
the oscilloscope record and from the high speed motion pictures Figure:
is an enlargement of the oscilloscope record with plotted check points obtain-
ed from the film As can be seen, the correlation is quite good. The
scatter is of the order of magnitude of the accuracy with which the film can

be analyzed
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5. CONCL USION

A gage operating on the principle of an air-core differential trans-
former and a null-balance system appears to offer a satisfactory method of
measuring strains in soil. With proper electronic amplification and record-
ing circuitry, the gage is extremely sensitive to small axial differential
movements, yet is relatively insensitive to the effect of lateral and rotational

displacements such as might be produced by lateral and shearing strains.

The instrument is adaptable to a wide variety of soil-strain

measurement applications and has many additional desirable features.

(1) There is no physical transducer between the driver and sensor
coil in the soil sample. As such, the soil may be placed more
uniformly within the gage length and actuation of the gage offers no
resistance to the movement of the soil. This is a significant
improvement over a mechanically coupled gage which not only
complicates uniform placement of the soil but also requires that
protection be given to the moving linkage to prevent binding by

interference of soil particles.

(2) The instrument has a wide frequency response theréby making
possible the measurement of transient strains with rise times of

less than 75 microseconds.

(3) Precise spacing of the two coils as they are being insert:ed in

the sonil is not required.

(4) In static tests, accuracy of better than one per cent of initial
spacing can be attained Calibration for dynamic tests can be
made quickly, simply, and precisely, providing accuracy on the

order of two per cent of initial spacing

(5) The sensor and driving coils can be made in different sizes

to most readily adapt to the specific application.

Tests have shown that the gages can be consistently placed within
the design tolerances to produce a high degree of accuracy in measurement.
The method of placement used in the tests has the disadvantage that with-
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drawal of the rod used to align coil position while the specimen was being
formed leaves a small hole, but this is not believed to be significant. For
specimens constructed with only a slight amount of agitation, such as a
poured-sand specimen, the coils may be placed quite satisfactorily in small
specimens by eye, while in large specimens a plumb bob vonld allow suf-
ficiently accurate placement. However, for samples which require a heavy
agitation, such as a procter hammer for compaction of clay, some means
must be used to stabilize the coil positions until the compaction of the soil
in the vicinity of the gage is completed.

The gage suffers the drawback of all gages, in that by its very
presence in the soil, it influences somewhat the phenomenon which it is
meant to measure. Tests results have given an indication of the distortional
effects of this gage on the strain field in its vicinity but additional investiga-
tion is required to fully evaluate gage performance This effect does appear
to be of significant magnitude when embedded in sand. When embedded in
clay, the effect of gage presence appears to be much less pronounced and,
in fact, may be negligible in stiff soils. Detailed conclusions as to gage
effects in either medium cannot be made without further detailed study It
would appear desirable, however, to reduce the coil-size spacing ratio.

This may be accomplished by further refinement in electronic instrumenta-
tion to permit fewer number of coil windings and by winding the coils with

finer wire.
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6. RECOMMENDED FUTURE WORK

To evaluate the significance of the effect of gage presence and to
reduce this effect by refinement and modification of the gage, it is recom-
mended that the following studies be undertaken:

6.1 Soil Mechanics Studies

(1) Make up a number of identical coils and put them in various

size molds to obtain a range of over-all gage sizes.

(2) Prepare large soil specimens, perhaps 6 in. in diameter, in-
serting a number of gages at various positions radially from the
center at the same cross-section near the top, center, and bot-
tom of the specimen. Strain would then be obtained from (a) the
output of each gage, (b) total deformation of the specimen, and
(c) a surface measuring technique. Careful analysis could be
made as to location of failure planes. Results could then be

analyzed to determine trends relating to gage size-spacing ratios.

(3) Prepare smaller specimens, 3 in. and ] in. in diameter in as
reproducible a manner as possible. Test these without gages and
with gages of varying sizes. Both load and strain could be

recorded and aaalyzed to determine if any effect in over-all load-

strain characteristics of the specimen can be related to gage size.

(4) Prepare specimens in a slurry and consolidate with gages in
place. The soil should be quite uniform throughbut these speci-
mens, including that in the vicinity of the gages. Thus, the
influence of specimen nonuniformity due to preparation and gage
inscotion should be reduced to a minimum. Tests would be con-
ducted as in (1) and (2) above. Results again would be analyzed to
determine trends related to gage size. Comparison of any trends
established here would be made with those established in (1) and
(2) above to determine if the method of placement causes any

significant changes in strain.



6.2

Electronic Studies’

Alternate Coil Design

(1) Modify present arrangement of coil pairs to replace pick-

up coils by a thin flat metal plate The two driver coils in this
case would be balanced in an inductance bridge circuit As the
coil and metal plate move together the coil inductance changes,
thereby producing a proportional unbalance in the inductance
bridge circuit. Preliminary investigation of this principle has
been made and sensitivity appears to be of a satisfactory magnitude.
Modification of the present electronic amplifying equipment will
be necessary to make a more detailed examination. If this
principle proves satisfactory, investigation could be conducted as
to the feasibility of using structural models as the replacement
for the pick-up coil Thus, an extremely useful tool for the study

of the soil-structure interaction problem may be developed.

(2) Investigate feasibility of applying the principle of operation

of the present gages to develop a gage for field use. This would
necessarily mean using larger coils and more refined instrumenta-
tion Itis recommended that a preliminary investigation be made

to determine the size coils which would be required

Improvement of Coil Design and Electronic Auxiliaries

(1) Study just how small the gages could be made and still retain
enough scusitivity so that small changes in coil separation can

be detected within accepi~le tolerances Coil sensitivity in the
normal direction is related to the number of turns of the coil and
the sensitivity of tl.e electronic equipment. It is obvious that
fewer turns reduces the size of the coil. However, this also
causes a loss in coil sensitivity From the concept of soil-gage
interaction, il is advisable to make the gages as small as possiblz.
However, there exists some minimum size under which the low
sensitivity becomes prohibitive, regardless of the degree of

refinement attained in instrumentation.
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(2) Undesirable coil sensitivity to tranaverse and rotational
movement seems to be related to the ID of the driver coil and

the OD of the sensor coil. Present data on this effect are limited
but it seems reasonable that there exists some OD senuor.—ID
driver ratio that will give the lowest sensitivity to these move-
ments and not distort the uniform magnetic field. By finding the
most adequate ratio to give the lowest sensitivity, the possible
movement of one coil in relation to the other in these directions

becomes maximized.
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APPENDIX I

ELECTRONIC AUXILIARY COMPONENTS
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TABLE I-1

COMPONENT PARTS LISTING

Stocknumber or Manufactur erJ

Component Manufacturer ldeatification Numbar
e e - Pr—
Dressen-Barnes
Pow :r Supply Electronics Corp. Model 20-30
Oscillator Delta-F P.S. Model 20-30
Pot-Core T1 & T2 . Type F671-H
Cup Core (4) General Ceramics CF 214
R1,R9 Standard items 4. 7K
R2 availablt? any 33K
electronic supply
R3,R10 house. 47Q
R4 ! 3300 2wW
R5,R6 100Q
@ R7,R8 47K
S [R11 ; 1K
= |rR12 | 22K
& |R13 : 82K
R15 3 1K 1W
R16 ! 1K
R17,R19,R20,R26 10K
R18 20K
Cl1 | Standard items .25MF
M electronic supply
2 |C3,C4 . house. 0.05MF
§_ cé | 0.01MF
8 Cs8,C9 ' 0.02MF
Clo0 i 0.003MF
2 wlq1, Q3 2N 696
5 5 QL,Q Texas Instrument
; oiqQ2 ! 2N 338
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TABLE 1-1(Cont )

Stocknumber or Manufacturers
Identification Number
L

D1, D2, D3, D4

Component Manufacturer
o — 4$7 —
Silicon Diodes Sylvania

IN914

.P Filter

United. Transformer

UTC LP Filter LMI 10, 000

Corporation
Fare) Met = SimBnsnn Model 1329 ( 1"0-0-100 Micro-~
ammeter)
Transistor Holder and ! IERC-Magnuson
Heat Sink (2) Associatas IERC TXB-032-037B
Steatite Ceramic
nsulation Switch Oak 57F637
lug ~mphenol Amphenol M58106 A145-5P

.

COILS The driver cuile (300 turns) and the sensor coils {150 turns)
were manufactured for the Armour Research Foundation by
the Rockviile iidiana plant of DORMEYER INDUSTRIES
These coils are identified as Part Numbers 3701 and 3702

on a Dormeyer quotation dated 15 January 1963, in response
to an Armour Research Foundation Purchase Order No 53560.
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10K Pot Located
on Front Panel

R20
10K Located C8 C5 R1l R2¢
on Front Panel i !
100 ohm |, ya i ; 47K O0—— c4
pots locat k6 N\ 02 ' O -1 R8
ed on right Tl o 1K
side of o D=, =0 _.I..E
chassis R5 10MFD =
a X
» \{ 003MF O-—HF—Of Tg
Bottom 47K —C10 479 '
R1 ——O-VA—-0 R10-O-\\ O O_0O
‘ Z5MF Y~ ¢y % [~ RT7
c1 —+ -0— O \ O—%,,\/-\—O—-—~~—- R9
33K .02 ME_ 05MF
R2Z —+ O~ -0 4 O——+—0 C3
47Q
R3 — 1 O—'v.-O Rl2- 00— - Rr13
3300 .01 MF
R4 —1 0—/‘3vx\,—0 < o— o0 Cé
2 Watt 10 MFDN
cz —+—0 ——H F——0 & ?"_'_" c17
Jumper — - O—u—0 -3-
[a)
DI —} - O—K—O ©X L
x -k
N K Te
D2 O—>+—0 T2 g RI15 E'—‘
E
Jampe.r -+ O——m—=0 g
Jumper —t ~O————=0 O
10K
p3 —t -O—>—O0 O~ NVv-O—-R17
20K
D4 — -O—FK—O O-'VWw-O——Ri1s8
0K
Jumper -0 O O—;\/V¥‘O_"“Rl9
1K
O—-v~O—-—R16

Fig. I-1 ELECTRONIC CIRCUIT COMPONENT LOCATION
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DRESSEN-BARNES ELECTRONICS CORPORATION &

| SPECIFICATIONS FOR STANDARD UNITS (ror moditications, see tabie)

INPUT: 108 to 125 volts AC, aingle phase 80 to 400 cycles per second,
REGULATION: For a line change from 105 to 125 volts AC the maximum output voltage
change is 10 millivolts,
For a load change from zero to maximum rated current, the maximum
output voltage change i3 10 millivoits,
RIPPLE: The maximum ripple 18 1 millivolt RMS under 1]l conditions within rated
operating range.
QUTPUT 800 kilocycles 1,5 obms. Impedance may be reduced as desired by
IMPEDANCE:  adding capacitance externally across the output.
TRANSIENTS: No turn-on or turn-off tnnllcnu. No transtenta due to line voltage
ge. The 1 load tr nt 7 y time {s 100 microseconds.
OVERLOAD This series of DC power supplies is protected againet overiosd by s DC
PROTECTION: fuse.
CONTROLS: A voltage control accessible from the top of the case varies the output
voltage over the range specified for sach individusl mode! (See-OUTPUT).
TERMINATIONS:  Solder terminals are the standard input and output terminations for this
series of DC power supplies.
MAXIMUM OPER-
ATING AMBIENT: 30 degrees centigrade
OVERALL 8IZE: 2-7/0 inches wide, 3-1/4 inches high, 4 inches deep.
WEIGHT: Net: 3 pounds; Shipping: 4 pounds,
OUTPUT:
Model | Nom.| Volt. [ Current | Model | Nom. | Voit. | Current | Model | Nom. | Volt.iCurrent
Volt. | Adj. (MA) Volt. | Adj. (MA) Voit. | Adf. | (MA).
(%) (%) (]
20-2 2 210 150 20-13 | 13 25 800 20-32 | 32 28 300
20-3 |3 210 150 20-14 | 14 1] 500 20-36 | 36 18 e
20-4 4 +10 %0 20-18 | 18 1] 475 20-40 | 40 4 %0
20-3 8 2§ 150 20-18 | 16 1] 475 20-48 | 48 18 28
0.6 |86 11 150 20-18 | 10 1] 430 20-80 | 60 28 3
207 |7 F1] 650 20-20 | 20 28 425 20-85 | 83 1) 200
0-8 |8 18 600 20-22 | 22 F1 400 30-60 | 60 28 178
20-9 |9 1] 850 20-24 | 24 1] 375 20-18 | 18 28 138
20-10 |10 1] 350 20-26 | 26 1] 350 20-80 | 80 26 138
0.1 111 2] 350 5. 20-90 | 90 48 100
20-13 |12 £3 850 20-100 | 100 £8 100
MODIFICATIONS: 1If your 30-Series Power Supply model mumber has an "M" suffix, £ is a
- modified unit. The following table defines various standard modifications:
Modification Modification
Code (Suffix Code (Suiftx
to Model No) | Description or Modification to Model No) | Description or Modification
M1 Octal Plug (instead of solder M80 M1 and MT0
terminals) M2 M1, MT80 and MT2
M2 M1 and MT3 M8 M1, MT80 and MTI
M M] and MT3 M4 M1, MTS0 and MT4
M4 M1 and MT4 M8s M1, MT00, MT3 and MT3
MS M1, MT2 and MT3 M86 M1, MTS0, MT2 and MT4
M6 M1, MT2 and MT4 M8? M1, MT80, MT3 and MT¢
M? M1, MT3 and MT¢" MT0 210% adjuet (instead of 29%)
MT3 Remote Sensing MT2 MTH0 and MT3
MT3 Remote Voltage Adjust MT MTH0 and MTS
MT4 Remote Fuse MTH MTH0 and MT4
MTS MT2 and MT3 MTeS MT90, MT2 and MTS
MTS MT2 and MT¢ MTOS MT90, MT2 and MT¢
MTY MTS and MT4 MT®? MT90, MT3 and MT4
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DRESSEN-BARNES ELECTRONICS CORPORATION &

il GENERAL DESCRIPTION

3-1.

mm-nmzomncnnrmmuwncm
justable to :5% and £10% of nominal voltage st output currents irom sere to

rated current (see Specifications, page 3, for individual model numbers and outpute).
The supplies are regulated againet changes in line and/or load eonditions. The infor-
mation in this manual is general and covers all 20 o

Insert A" for a circuit diagram and replacement parts iist of your power supply.

FLOATING OUTPUT

The plus (+) and minus (-) output teraiinals are insulsted from chassis ground.
output terminal may be grounded. Several supplies may be comnected
higher voltage by contacting the factory for instructions. Parallel operstion of
supplies is not recommended.

i
E!E

When a 20 Series Model Power Supply is received, inspect it for any damage %t may
have received in shipment.

Operate the power supply to make certain that it is functioning satistactorily (see
Paragraph §-2, CHECK-OUT PROCEDURE).

IV OPERATING INSTRUCTIONS

4-1.

4-8.

INPUT AND OUTPUT CONNECTIONS

‘The input and output terminal designations are showsn adjacent to their respective
terminals. See Figure 1 and Insert A schematic

VOLTAGE CONTROL
voltage control will incrense the outpwt voitage whea rotated in & clochwise dires-

Fig 1-2 Top and Bottem View and Mountiag Dimensions of Power Supply ‘
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V CRCUIT DESCRIPTION (see Fig.. :/ Based on cireuitry typical of 30 Series modules
‘The input voltage is applied directly to translormer T1.

The AC output of T1 is divided Into two secondary windings and rectified by diodes CR1
and CR2-CRS.

The DC output from diode CR1 is smoothed by an R-C [iler (capacitors C6 and C6 and
resistor R13) and used for bias supply voltage.

The DC output from CR3-CRS is smoothed by capacitors C1.C2. A short circult limiting
resistor (R1) absorbs most of the voitage ahead of transistor Q1 under & short circuit
surge. This limits the wattage across QI to a value below its maximum dissigation
specification.

The DC voltages across capacitors C1-C3 and C5-C8 will change with changes ia output
load current and/or input voltage conditions. The voitage across capacitors C1-C3 is
always higher than the output voltage of the power supply.

To regulate the output voltage, a series regulator is connacted between fuse F1 and the
negative (-) output terminal, This regulator consists of & power transistor, Q1. This
transistor 1s 80 controlled that it will always abeorb the difference between the uaregula-
ted voltage st F1 and reguiated output voltags of the power supply.

A steady reference voltage of approximately 3 volts is provided by the Zener diode 23,
This reference voltags s connected to the base of transistor Q4, through resistor RS,
Resistors RS and R14 comp te for line changes by allowing & small compensating
current to flow through 2.

Resistors RT to R11 form a voltage divider string. biasing the base of transistor QS
approximately equal to the base of Q4. If the voltage across one of the resistors is held
constant, the oupwt voltage is constant. The siring resistor, RS controls the output
voltage swing.

I the voltage across resistors R7-R11 should change, the bias on the bases of the
difference amplifier, Q4-QS would no longer be equal. This change is amplilied at the
collector of Q4 which drives Q3. The output from Q3 is amplified by Q3. The owtpat of
Q2 controls the series regulator Q1. A few millivoits change across R7-R1l will otqu-
tely control the voltage across the series regulator. The change in voitage across the

series regulstor is always the amount required to prevent further change ia voltage
across R7-R11 and therefore change in output voltage.

A fuse, F1, located between R1 and O1, protects the circuit components from overioad.
I an overload occurs, the fuse blows culting off the voitage to the series regulater sad

the output current drops to sero.
I ALA " -
" R -
+* [ ) 1.
” P b 3 n +
]
© -] c1eg
. o
M *
(]
*
Pig.r- @ Circutt Schematic
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VI MAINTENANCE

e-3,

¢-8,

CLEANING

The inside of the uait may become conted with dust which impairs proper cooling. RNe-
move the perforsted case every few months (depending os dust conditions) and remove
any dust accumulation from the case and components. Case removal instructions are’
pristed on the side of the uait.

CHECK-OUT PROCEDURE; REGULATION & RIPPLE AND IMPEDANCE

For check-out of the 30 Beries DC Power Supplies againet Dressen-Barnes’ Specilications,
see Figures 3 and ¢,

MAXIMUM AND MINDMUM OUTPUT VOLTAGE SETTING

The output voitage shouid swing £8% or £10% of the. nomina) voitage of the power supply.
(See Specifications, Page s ¢, for individual model sumbers and outputs). i the eulput

is too low or too high, it will be necessary to change the values of resisters RY
and/or R10 by changing the valwe of thelr shunt resistors RS and/or R11, mno
decreases the output voltage and shusting R7 increases the output voitage.

OVERLOAD PROTECTION

Each model of the 20 Series Power Supplies must be operated with the proper valee for
fuse, T1. The fuse value is designated on the nameplate of ench wnit,

TROUBLE LOCALIZATION

8.

TROUBLE PROBABLE CAUSE SOLUTION
No DC output 1. Fuse Fi blowa 1. Replace fuse
2. Open trassistor 3, Replace trassistor Q1
Ql, Q2 or Q3, first. Thon Q3 and Q3
High DC output t, Shorted series 1, Replace transistor Q1.
voltage reguintor
transistor Q1.
3. Shorted difference 3, Replace matebed puis,
Q’tnplum tranaistor Qé and Q8.
DC outpat veltage 1. Defuctive Zener 1. Replace Z3 and/er 31.
erratic hgh ripple diode 23 or Z1,
2, Defective resistor 3. Repiace RT and/or RI0,
R7 or R10, .
Power supply will 1. Defective series 1. Replace
act regulate anlm transistor transistor Q1.
PARTS REPLACEMENT

Refer tc Lablel-2 for circuit diagram and replace-
ment parts list of your power supply.
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4.

1.

VARIASLE AUTOTRANSFORMER

, |,

"

tisvy

AAAA

Connect the power supply AC input to the variable sutotransformer as shown,

Connect AC voltmeter M1 across output of variable autolransformer as shown,

Connect load resiator Ry, to the output terminals of the power supply through switeh SW1
and DC ammeter M3, The load resistor Ry, should be such that the rated Joad current is
obtalned with rated output voltage.

Connect a differential voltmeter, M4, DIRECTLY to the power supply cutput termimals,
1\o differential voltmeter must NOT be connected to the load or to the 'lru going to the

Connet an AC vacuum tube voltmeter, M2, with shislded leads to the output terminals
of the power supply.
LOAD REOUMTION CHECK
Var ranalormer for 1185 volts as indicated by M1,

b.cluoloudnnb. SWI, and adjust load resistor RL, for rated output current &5 indicated
by M3 with the power supply output set at rated voltage.
¢. The load regulation can be messured by alternately opening and closing switeh SW1 and
observing the voltage change on the differential voltmeter, M4,
LINE REGULATION

current, SWiclosed, vary the line voltage as indicated by M1 from lﬂ

to 133 voits by means of the variable autotransiormer. The line reguistion can be ob-
nrnd om the differential voltmeter, M4,

mAcwuvomoutnulwm mdom:modmm the ripple
may be gbserved on the AC vacuum tube voltmeter M2

Fig: I~ 4 Test Setup for Regulation and Ripple Check

1.
3,

AC VTVM

———tO L4 |._.__._.o
-
e [0 48 e iourn | St
3 o Fiores | oscusaron
el 'Y 3,

1.8:0

Connect output of power supply as indicated above, Connections to instrument case
grownds should be observed, All connections should be ss short as possidble.

Adjust the power supply output voltage to rated value, In case the rated output voltage
excesds the maximum input voitage rating of any of the test instruments, set the sutput
vollage t0 & value that does not exceed the DC input rating of the instruments,
Mmmdmmwntmamlmulyoommnhdhndmrdhm
Set the AC vacvum tube voltmeter range to 100 miliivolts full scale.

Wikth the vacuum tube voitmeter connected to point .M}nlt mmdt&
varisble oscillator until a reading of 100 millivokts is ned on the vacuum tube velt-
meter.

6. Comnect the vacuum tube voRtmeter to point 1,

The impedance in ohms at the particular frequency setting of the varfable oscilistor ¢
oqual t0 the vacuum tube voltmeter reading ta millivolts divided by 10.
For sach frequency at which the impedance 1o measured, recheck the drop acrose the 10
oh-rulnor (vackum tube voltmeter on point 3) for a 100 millivolkt reading.

The DC impedance of the power supply is equal to the load regulation of the power supply
divided by the rated load current.

Fig. I-5 Test Setup for Impedance Check
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